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WO 2006/ 030014 PCTI EP20051054559 1 HEMI Pl EZCELECTRI C
STRUCTURES W TH ZERO ALLOY DI SORDER Thi s invention
celates to manufacturing of sem conducting substrates
&ﬂffbo&)&ﬁ 1i4n maki ng el ectronic conponents ThePcr.l%Pla lsfoddsso
onal n o? the invention nmay be defined 5 in general as
preparation of |ayers of sem conducting materials
based on nitride on a support. Genera]. presentation o
prior art Sem conducting materials based on nitrides of
[l ]0 elenents in the perio&ic tabl e occupy an
increasingly inportant place in thy, electronic and
optoel ectronic fields. These materials intended for
manuf acturing of HEMI (H gh Electron Mbility
Transistors) are used to make 15 electronic circuits
dedi cated to high frequency and high power
applications. Such materials based on nitrides of |11
el ements present a nunber of advantages - as an
illustration, they WD 2006/ 030014 PCTI EP2005/ 054559 2
do not require doping the material contrary to what is
known in materials such as materials based on arsenide.
An exanpl e HEMI made on a sem conducting materia
based on III1-N, or nitrites of IIl elenents ( an, G,
5 A)/N is showm in Figure t. The material includes a
barrier layer 20 made of @Galliumand Alum niumnitride
(Al GaN) devel oped on a S channel |ayer 21 nmade of

Galliumnitride (GN), itself devel oped on a support.
22 HEMT PIEZOELECTRIC STRUCTURES WITH ZERQ ALLOY DISORDER

This invention relates to manufacturing of
semiconducting  substrates for use in wmaking electronic
components.

The technical demain of the invention may be defined
in general as preparat on of layers bf semiconducting

materials based on nitridz on a support.

General presentation of prior art

Semiconducting mate-ials based on nitrides of III
elements 1in the period.c ‘table occupy an increasingly
important place. in the electronic and optoelectronic
fields.

These materials intended for manufacturing of HEMT
(High Electron Mocbility Transistors) are used to make
electronic circuits dedizated to high frequency and high
power applications.

Such materials bas3:d on nitrides of III elements

present a number of advantages - as an illustration, they
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10 The HEMI transistor al so conprises a source
electrode 23 and a drain electrode 24 on the front
face 25 of the barrier layer 20 of AlGN, and a grid
el ectrode 26 between the source electrode 23 and the

won2eger3@iiect rode 24. Due to the presence of PRCTUEPHOUMMIA

the Al GaN barrier 15 layer 20, the barrier Layer has a
wi der prohibited energy band than the channel |ayer.
21 of GaN. Silicon inpurities in the ALGN barrier
| ayer 20 supply electrons to2the crystal that tend to
accurmul ate in a region 27 with the |owest potential (a
quantun well) just under the interface 20 28 between
Lhe AbGANRALEL Clackayer ;20 and e Galeehapnel. uiAyers
21, This forms a s el ectrons 27 that” forns
tlvxmwrdllunemsmnadlselselchr on e (2] DEG sed e armbelu.cuey of
el ect LANS, cllmn ltehl ”? hi g)h Si nce .t. hn WA e
physi caIIy separ a g4 2%‘ Fom si ['i con at oms" r&s]
thescAl GalN bar+nerokbayertr20@es AFt haughelthentsr gt s]tru,dl(es,
conduct | ng%i,mat er{ als based on Il1-N were

qu/%éd'dut’h?"ﬁjtlﬁqe §768, 'the real advantage of this

type ohenaiffdrala1on] y- RREaMea Clreat-iaft alayeR tyPemade of
conduction was obtained in a GaN channel |ayer WD
20060300149 PCHEP2G05/ 054559 3 (PFf %\Nediewe lpReRet Phg 2
ofhablde dindes by N.gbi %fdﬁml‘&%nﬁ niddideviens based ¢
on AlGaN GaN structures with two-- di mensional el ectron
GEyed op9d11) mcwrivave Alch better 5 characteristics
than the gphfe [ p c ther .. r.a od
syst ens h971$ %gﬁﬂgiosﬁ%ﬁct ??jg {ngar{]lge{]ll % sgbgsjmgtcgnbl %?Erl\(lxe
f20r mrad vergrain nﬂbvain(xde §émrmonﬂwctfm:n$ysﬂaem WISt o it hehe

&%h&?g%ngaigscéélof Al %urand a grid electrode 26 between

maieLJa]'
di

the source electrode 23 and the drain electrode 24.

Pue Lo the presence of Aluminium in the AlGaN barrier
layer 20, the barrier layer has a wider prohibited energy
band than the channel layer 21 of GaN. Silicon impurities
in the AlGaN barrier layer 20 supply electrons to the
crystal that tend to accuwulate in a region 27 with the
lowest potential (a quantun well) just under the interface
28 between the AlGaN barrier layer 20 and the  GaN channel
layer 21.

This forms a sheet of electrons 27 that forms a two-
dimensional electron gas (2 DEG). The mobility of electrons
in this gas 1is high since they are physically separated
from silicon atoms residing in the AlGaN barrier layer 20.

Although the first studies on semiconducting materials
based on III-N were carriad out in the 1970s, the real
advantage of this type of naterial only became clear after

p type conduction was obtained in a GaN channel layer



|0 - a prohibited hand width varying from0.8 eV to
6.2 eV, the possibility of nmaking continuous alloys of
Al GaN, thus enabling the production of heterostructures

' degree of freedom a very weak c [ 1.
\S%(iﬁoo Oglrfet er msmatch between galliumnit rf@ﬁ@%o@%w
and Alunlnlun1nitride (AIN), so that conpl ex
structures can be nmade w thout creation of crystalline
defects: Aa/a = ;ar n-aAl. Pl/ac?N 1lo 20 where: arae,

is the mesh parameter of GaN, 3 ar.1N is the mesh
paranmeter of A 1N, Aa/a is the mesh paranmeter m snatch
(a mesh paraneter msmatch |l ess than or equal to 1%is
t héol st oby amguBst irpsevtonbiphicocohebentii g owt blemicals

- excellent electronic properties (good nobility of

el ectrons, high saturation speed, high breakdown

field) ' De v o%l l ?nt her mal ?Ecgﬂﬁjjﬁnhesqhu%{v%l I thU hgooc%o-

t her mal propertles dISSIpa

2086403004 1IPCH1ER2005/ 094259 19 the phesencRuef aetter

strong polarisation field to obtain |arge charge

on O

>trah@f@#ts@f1r$tﬂm dilwenst 'hato el egangang gagesue ps DEG) .other
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based cmaml@baaat cahg Ilnjit(?]\é:ld RArd il agl yrconcersimgat hery
nmobility of charge carrier.; and the charge density

n1con@upt|ng materials based on I11-N 5
6 sF1'dr marices t han sem conducting materials

ma F%

Mob? 9 ¥4 e éﬁ&ﬁg@“‘é‘é{ftrqrersysiBmFY’bWtLHk—? 61 AP B9 V?Fé%lflc

of rproauct.i on of the material, nobility and the
current density per unit surface area of

- a prohibited band width varying from 0 8 eV to
6.2 eV,

- the possibility of making continuous alloys of
AlGaN, thus enabling the production of heterostructures
with a large degfee of fr=zedom,

~ a very weak crystalline mesh parameter mismatch
between gallium nitride GaN) and Aluminium nitride (ALN}),
so that complex structures can be made without creation of

crystalline defects:

Aa/a = (aga—amn/dgan = 1%
where: . agan 15 the mesh parameter of GaN,
. asiy 1s the mesh parameter of AlN,
. Aa/a is the mesh parameter mismatch (a

mesh parameter mismatch less than or equal to 1% 1s the
sign of a quasi pseudomorphic coherent growth),

- excellent electronic properties (good mobility of
electrons, high saturation speed, high breakdown field),

- excellent thermal and chemical stability,

- good thermal properties (dissipation of heat),
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Al GaN GaN structures will be governed by four
preponderant paraneters: the defect density in the
| ayers I'lH 15 - the surface roughness (RM5) and the
chem cal roughness at the A 1GaN GaN interface (alloy
w0314 i n the AJ GaN barrier layer) 119, 28¢T{ERZI05/054559
di stance fromthe electron gas (2 DEG to the
interface, that can be nodul ated by inserting a spacer
20 (undoped potential barrier) to limt diffusion of
electrons at the interface 471 - the state of strain
in the HEMI structure (in the Al GaN and GaN | ayers)
that has an influence on the piezo- electric field 1221
(there is ahs0paBRséMLNSE SPANLANEOYS 1221Rat A6k SaLeDd to
field in wrtzite heterostructures 171 that ,
pRERE Pt IFheReechargal eFanst ef YO WO'OBOENG30GEECt ron
PEH-EP290p£Qp4559 5 Charge density Exceptional charge
transfers observed in AlGaN GaN structures (n, - 1020
- 3 xTheisfem,) acaitmdiiced gy @astparalicubased on  III-N
lari Llon field: the piezoelectri.c 5 .polarisation._,.
PR, B3k SR, A QmilPel, oy e sor il SRR as
Haeetr oon Mykilkssycdransistoy @ERrezoa HEME) . cAh&aiN iGaN the
structures_have a Wirtzite type hexagonal structure.
Bi° igJéVe8¥r$Q?ﬁﬂﬂ 5?F§b&?bﬁ”6$ﬁ§?n%?%%9?IQﬁﬂSﬁéﬁ:
centrosymretry of this Wirtzite structure. 10 There are
several nodels that describe the piezo- electric
Nebar i &4t ¢ briéofidhbie ' The sinplest is the Anbacher
et al prgpdele [Gind 1At Jig DLehbyoSUTE Ied helaterial,
with reference to Figure 2. Starting fromthis nodel,
imobit it possil bl ket oudetrer niave iWhatemateritalsuple adret ees of

Q%&SN?EaN structures will bhe governed by four preponderant
parameters:

- the defect density in the layers “M,

- the surface rouvghness (RMS) and the chemical
roughness at the AlGaN/GaN interface (alloy disorder in the
AlGaN barrier layer) nggou

- the distance from the electron gas (2 DEG) to the
interface, that c¢an be modulated by inserting a spacer
(undoped potential barrier) to limit diffusion of electrons
at the interface '?4,

- the state of strein in the HEMT structure (in the
AlGaN and GaN layers) that has an influence on the piezo-
electric fielad ¥ (there 1s also an 1intense spontaneous

polarisation field in wurtzite heterostructures 1231 ¢ hat

participate in the charge transfer).
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15 influence on the charge density of transistor
structures nmde on 111-N based seni conducti ng
materials. A substrate conpris:ng a Ga (Al) layer in

, face 1 or gromh face is shown in [i
W@B@ﬁ@éﬁﬁ ate conprises a support 2, a G&aN Cﬁgﬁ%ﬁézﬁoﬁwsw
20 layer. 3, and an Al GaN barrier |ayer 4. The support
2 is a semconducting or non-sem conducting material ..
For exanple, the support 2 may be nade of SiC or Si.
The GaN channel Layer 3 is deposited on the front face
5 of the support 2. This @GN channel |ayer 3 is
rel axed. The Al GaN barrier.. 25 layer 4 is |ocated on
t hehdrgmtddhede y6 of the GaN channel layer 3. This
AlGaN harrier layer 4 is strained. The Al GaN barrier ,
| ayer £4EPAACRRT GafhandS ybéd'é?fleedf \/\ﬁBF“él'Y(eJ\lr epr eééﬁ’ﬁ’%/c’dlq
the Jragtion of,4 he ( 3N al-toy. WO .
oG BEaB s PO Epofth] 0eags6. &0 T TherverdOigduced by a
expartatulelrect rpeldiiadat,iohhe tiitedld: pol @td sat poazdebdakric
Pof ai, AlGi..,.NGN structure along an axis
[olb‘blicfr]lﬁas“-é’auille}ti-th‘él%u%ﬁ oAl 3P d5dRraRohs Piezo induced
poh agH satdanohi @bdi Pse, airdnai piezoglieehbrhemppl ari sation
5 field PPE i nduced by strair in the Ai.,;Gl_;,N
barri e®lICaléFaNg strygeuspontianeods Holtaditsativne fhetaponal
P;séggdtdfel @@eEQeeléﬂbriccﬁhéaifgggﬁﬂﬂ %Ei%@%gEeg'ffbm non-=
expressed as a function of. spontaneous pol arisation
corsttamsynoft Gl ¢f urhim fricdel {GaN)rucdnde Al um ni um
y hitride, (AL19], assun a linear varigtion: 1  REX),
= 0.5 <%0, 9% Vmg}(??) m\%é’?é thrae"pr CeERT S hgh%ILgrQZJ
f raalctdtan cof pbher Abs Gaon, ; Nheabheyon The'hsi geiapléde is the
spont aneous pol arisation field Po will depend on the
paPredahgrofett lvd -cripsiedl .1 iheke 16| &8sk ERY SUBNGEiSE dofbed ow

S%Bﬁ%(%k%ekeSQQpE$Sﬁf&L£% §?'E{¥PEL%¥%Qbm this model, it 1is

possible to determine what material parameters have an

influence on the charge density of transistor structures
made on 1IT-N based semiconducting materials.

A substrate compris:ng a Ga (Al) layer in the front
face 1 or growth face is shown in Figure 2.

This substrate comp:ises a support 2, a GaN channel
layer 3, and an AlGaN barrier layer 4. The support 2 is a
semiconducting or non-semiconducting material. For example,
the support 2 may be made of SiC or 3i. The GaN channel
layer 3 is deposited on the front face 5 of the support 2.
This GaN channel layer 3 1is relaxed. The AlGaN barrier
layer 4 is located on th: front face 6 of the GaN channel
layer 3. This AlGaN barrier layer 4 1s strained. The AlGaN
barrier layer 4 is an Al.Ga;-x:N type alloy where =z

represents the molar fraction of the Al,Ga;-,N alloy.
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(Alumnium Indium in front face (growth face), the
spont aneous pol arisation field Psp is negative (in
other words is opposite to the Gowh axis [0001]),

W§Q§J6%§ h§ the spontaneous polarisation fi e'l‘éﬁﬁz&ﬁiogﬂs%

e growth 20 face 1 towards the support
pi ezo-el ectric polarisation field PpE(x) in the AI,
G3_;.N barrier layer 4 is expressed as a function of
pi ezoel ectric constants El (3) and e31l (x) of the alloy
Al,Gl. <N 25 PPE (x) = e33(X) + esi(x) (e .+Eyy)
(2) where: x represents the nDIar fraction of the
alloy Al.,;Gl _,N, e33(x) and e:3(x) are the
pi ezolél edigiecc isonst ankis:gfalt he’l At Gad e B oyheV\motal

& qg/rgéo 14 P?ﬁTeFPZLQOSJlOSA'S ﬁ all“ Né %N St]y Lq me a]onﬂt an

Fésen 8eforna i ons and

%fmtahe [Bboi1fRals , (?J;—Jloy 1oTher]¥§ ez9g| eQ;f' Ca Consd At ous
e33( x) and el3(x) of the ;Gajyll are cal cul at ed

foolemi shbl pih ezZoellelct Pic @mwstaanpseeesledirand pbl@igfation

Ll 42pd th t 33, and 33 f
R e M
constants '%for@%lnleoﬁ@d ;9£1 é%Na'L%on Matg L al? sz’Y {23 (1(;{ Mche
e33 (d nR) 081. 1.46 -O0.

20:©29.10. ‘barr@e 19 lfaablre 4| | JSDIQGZ)QJeb@@(ﬂ res ca)nétlant sorpf of
Nn@'ﬁ‘ﬂ' Aié“t(? drw'dftltoge deformations B, emdt?r"l‘%JeoF{%

| equa I on ufction or the elastic constan
Gnp(x)uointlre rAltrGae. .(A1N: N adduoyingnd theareshriation:

par anet ers of the Gal 1 | ghanne e and the Al, Gal.
N barrier |ay®¥*the Tosurt - b bR L

where x represenls tre molar fraction of the Al,Ga;_;N
alloy.

The sign of the spontaneous polarisation field Pgp will
depend on the polarity o the crystal. In the classical
case of a substrate 1 comprising a Gallium layer
(Aluminiwum, Indium) in front face {(growth face), the
spontaneous polarisation field Psp, is negative (in other
words is opposite to the ¢rowth axis [0001]). Therefore the
spontaneous polarisation {ield Pyp points from the growth
face 1 towards the support 2.

The piezo-electric polarisation field Ppz(x) 1in the
Al,Ga;-.N barrier layer 4 is expressed as a function of
pieZoelectric constants e33(x) and exn(x) of the alloy
Al,Ga,-«N:

Pee (X) = e33(x) €. + e31(X) (€uxteyy) (2)

where: . x reprosents the molar fraction of the
alloy Al,Ga;-,N,

. ey3(x) and e;3(x) are the piezo-electric

constants of the Al,Ga;.xN alloy,
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Per(x) = 2~r3) 1e31(x)-e_33(x) G 3(.L)) (3) nu C33 (x)

15 where: ao represents the nmesh paraneter of GN

a(x) represents the nmesh paraneter of the AL, Gl _,.N

wblomywso0o14~ (x) and C_,.3(x) represent the el®RayErR20058064559

constants of the Al,,Gl..,Nalloy. The elastic

constant:, C33(x) and C33(x) of the Al, Gl ,N alloy

are calculated starling fromelastic constants Cl13 and

C, 3 of GaN and AIN assum ng aylinear variation as a

function of x. The values of the elastic constants C13

and C33 of GaN 25 and AIN commonly used it the

literature are as given by WD 20061030014

PCT/ EP2005/ 054559 8 aNti ghty etndals:. Thepeevamesdafprewtions
ex r| tal_data par ul y data

Pé”{éﬁnet PF q“ ngl Aefund 5 t% ﬁﬁﬁéhrgﬁﬁﬁs¥

t he e|&Sélq;ﬂﬁﬁ&taﬂtﬁl@fP)ﬁﬁiin@mdegfzﬁanUS6ﬂ5 of the

Material Cl- C33 Reference A1IN 108 373 Wi ght et al.

GaN:£03-H oz v gt 1t edaf- on 1}y @IFPPe L BF RSt constants es

CQﬂﬁiaﬂESo@fcéﬁhhﬁﬁQhé Ni LH@@HQQQHQnc&ﬁ%tahhee%uéﬂﬁlE% of

e, I(x) ,(X) x (C13(x)/Cj3(x)is negative for the

erfti-e 1 0 conposi tion range. Cbnsequently, t he

pi ezo-eglectric ri . satl X): Wi egat ive. .

for thg ba%blerpﬁgy A%?{ %{\%ﬂg4 L{ iﬁ%%g%%iﬁillc

t engisoAnts of GaN and of A iN is:

Material Psp (C/m?) eq3 (C/m?) es; (C/m?)
ALN = 0.081 1.46 ~0.60
| GaN -0.029 0.73 1=0.49

Table 1I: piezoelectiic constants of GaN and AIN r23

If the deformations €;; are developed in eduation (2)
as a function of the elas:ic constants Cij(x) of the Al,Gaj.
N allby and the mesh pairameters of the GaN channel layer

and the Al,Ga,.;N barrier layer, the result is:

Ppg (x) = 25£¥)—ao(eu(x)‘en(x)giﬂzz) (3)
9y Cy(x)
where: . ap represents the mesh parameter of
GaN, '
. a(x) represents the mesh parameter of
the Al,Gai..N alloy,
. Cia (%) and Ci3(x) represent the elastic

constants of the Al,Ga;-.N alloy.

The elastic constant: Cij3(x) and Ciz;(x) of the Al,Ga;_.N
alloy are calculated starfiing from elastic constants C;3 and
Ci; of GaN and AlN assuminy a linear variation as a function
of x. The values of the elastic constants Cj3 and Ci33 of GaN

and AlN commonly used ir the literature are as given by



The pol arisation discontinuity at the Al"Gai _., N GN
interface 6 between the barrier layer of Al.,;Gl_yN
and the 15 channel layer of Gall generates a positive
charge distribution at the Al.. Gaj _.N @GN interface 6
WO3POsHREH the density is witten as fol l C\N§CT/§P2°05/054559
P(AlGaN) - P(GN) a = P P(Al CaN - PPE(A1GIN) - PAP(&aN)
(4) 20 Equations (1), (3) and (4) are used to calculate
the charge density ale (where e = 1.6 x i.0-"9 C for
strained structures. W 2008/ 030014 PCTI EP2005I 054559
9 If the Alumniumcontent in the Al,.Gl. :;N barrier

| ayer 1is between 51 and 30% he charge density i nduced
byr e Pol ani satjer iwRetweene2 X301-yiam @ntdr2r¥ntal
]011 cn2. In order to conpensate for this high positive
dtﬁéragePaLSlﬁut-mlkdlmsbanaqﬂJetnee‘ttr oh- gber wiaN- be

for med sat, .t \ i nterf ]
There ortgn Qﬁgﬁglﬂl s%;#dgj |onh# H%o%tlrg? uflcoOHIStcjrltﬁ et
ifiduced by Bhe band structure. The sinple nodel be
Anbacher et al described above denonstrat es
dependence between the charge density induced 10 by
polaticsatdlon and[ ¢he concentrlati on of Al Em'eﬂéwﬁden tHe
Al Gai—N-barrier layer 4. Thuys,-the charge carrier-|
mit Nty and char 4% density |prdperties pFZ{¥Ensi st
stiructures obtaipned starting|from a IIlI} M based
sem conducting naterial_depend on paramefers 15 such las
t h&*%dheni cal roughhess at the 4APGaN GaN | i &Fttace €dnd
tHe Al um nium concentration ijn the Al GaN barrier. Thegse
paraneters are rlel ated to netlhods of producing the
sem conducfTamte netler Edbk sbasednenahtd -d, Gawdagenkrnat e
problenms with the reliability of transistor structures
made

In equation {(3), the quantity Tey (x)-
ez (%) % (Cn(x)/Cw(x)t" is negative for the entire
composition range. Consequently, the plezo-electric

polarisation Ppg(x) will be negative for the barrier layer
of Al.Ga;..N 4 strained in tension.

The polarisation discontinuity at the Al,Ga;.,N/GaN
interface 6 between the barrier layer of Al,Ga;-;N and the
channel layer of GaN generates a positive charge
distribution at the Al.Ga;-.N/GaN interface 6, for which the
density is written as follcws:

o = P(AlGaN) - P(GaN)

G = Pszp(AlGaN - Ppg(AlGaN) - Psp(GaN) (4)

Equations (1), (3) and (4) are used to calculate the
charge density o/e (where e = 1.6 x 10-'" C) for strained

structures.
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20 on said sem conductinig material. Figure Lais a
sectional viewillustrating a sem conducting nmateri al
Af the prior art based on Il11-N. This nmateria

NR0b/606143 Cl assical barrier layer 40 on a BERRFWHS054559
| ayer 11. 25 A drawback of the sem -conducting materi al

of the prior art is the non-honbgeneous distribution

of Ga and Al atoms in the barrier layer 40. This is

due in particular to the diffgerence in behaviour of Ga
and Al in ternms of diffusion capacity, and to
segregation effects which follow 30 this difference in
behavi our. WD 2006/ 030014 PCTI EP2005/ 054559 10 This

non honﬂbfgér’lé‘od‘é Ui 8t P be®li ot lofi NG ENA L Ale 1atlog r L AT t hyer

baf ¢ i SLthéﬁ‘?“fl ergduges ”Rﬁehlﬂﬁg@fﬁ&ﬁ%t Fificed By, the

pi ezoel ectric ace 39 between t
chamhet i dyiem 4% aadw¢m®¢barﬂﬂérchayend4@ xlhﬂeedm the

5 dlregtlon nd the ntenS|tyfof the |e oeleéé ;
field 1bcHI9 a‘é)péﬁHPSH%ee st T Bt Ly igrae:
atomswordintdmsibanti eredwyer 46. wihe m@nfch@mmgamelthy of.Ga,-
th i ezoel ectric field induces | fluctuations

n. the
£P8ni ENEBRSITS & t APSTFHtiEf adB8ST90 B9, As addltmnal

COcﬂ&ﬂ%@ﬁﬁﬁ’ont RE PRYEr; RRHL LPYt 1% WARSssLOF st Uuct ure
made on the sem -conchictirig material conprising this

AlGaN Héﬁ#|@¥meWemOQWllbbe1w¢@Eh¢buPédEﬁondescribed above
hommas Q“Sr@é fjly%aﬁg&%re 18, Jaon 1'?19-”‘?9.%3%%2?%3&3; induced

dlstrl tlon 0 1.5 Al atons in
nOMYhpub@enﬁnnymo&wwheﬁele&mrentrmtsnri@DtADWMnium in the

(part.icu in the channel. |ayer). Docunent
vﬁ%&ﬁdgg 5% %E%%%l%@% a?process for making a

sem - canduct ithg SiHaugkure re@8Pr nShNpi By band i ehaldqyedensity
properties of transistor structures obtained starting from
a ITI-N-based semiconducting material depend on parameters
such as the chemical roughness at the AlGaN/GaN interface
and the Aluminium concentration in the AlGaN barrier. These
parameters are related to methods of producing the
semiconducting material based on I111-N, and g¢generate
problems with the reliability of transistor structures made
on sald semiconducting material.

Figure 6a is a sectional wview illustrating a
semiconducting material »f the prior art based on III-N,
This material comprises 1 classical barrier layer 40 on a
channel layer 41.

A drawback of the semi-conducting material of the
prior art is the non-homogeneous distribution of Ga and Al
atoms in the barrier layer 40. This is due in particular to
the difference in behaviour of Ga and Al in terms of
diffusion capacity, and to segregation effects which follow

this difference in behaviour.
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including an alternation of |ayers of GaN and AIN, each
20 layer of AIN and GaN being in the range of 5 to 20
Angstrom thick. As will be apparent Shen reading the

iption of the present invention, an e n
W&%@ 06‘8’%50 thus shares with the present ﬁgﬁt"g@ﬁ}"ﬂ%

alternating layers of 25 binary materials for meki ng a

| arger | ayer of material. The process disclosed in

W02/ 093650 al | ows increasin the electron nobility
within the structure. Howeve, W02/ 093650 does not
address the issue of increasing the honogeneit" of the
el ectron distribution 30 (particularly in the channe

| ayer Jrhi¥WOn2006/:03001440\RCTd ER20054 064569 G4l aAdd Alln atoms

thls ect .the proces dIS | osed b W02/ 093650 doe
bE%vrﬁ%rée§ol t5In 5%r7ﬁ %?%hspﬁé ?ﬂ@“ﬂﬂﬁﬂideﬁ%€t§Fe

qjletvh@l@he.@uorn@nat rifout i onnken the drayer sof peth&en the

structure., It will be appreciated that this known 5

proeesd doeghofl sdggedtca spinieiron 2 pr i déadeydt hehe
| venki; on, MJChhépe%%'n%@'r 'yofadgﬁg%%%z%@?e@?y@ Qe
4

honogenei ty and whi ch provi des specific means to treat
thicalliyssiggendMonedver ,diW02H 00300 @oeda natd ahl owtoms in

crea ho eneity of the piezoelectric field
é?]t%b§ ?e # erq@gtmeen the barrier |ayer and the
channehel ayerhandydrikusy dOe&mﬂqhoabEGMLtrfﬂtﬂﬂﬁ}d—haduces
%huctuatlons in the electronic density

EHIEEEON T t LBart &l SO Bé "ABE edd?ﬂ%lttﬁbt ﬁbr brlécéé‘g*é?ace

duclpsea Imldpehati ngnel grataryidayens, oh didaherenbr
materials for making a larger [ayer. And some of these
KriioWs tprec@gdes caydiedisgliosenducting material comprising

this AlGaN Dbarrier layzr will be distributed non-
homogeneously.

Moreover, the non-horogeneous distribution of Ga and
Al atoms induces non-homogeneity of the electron
distribution (particularly in the channel layer).

Document WO002/093650 describes a process for making a
semi-conducting structure comprising a barrier layer
including an alternation of layers of GaN and AlN, each
layer of AIN and GaN being in the range of 5 to 20 Angstrom
thick.

As will be apparent «hen reading the description of
the present invention, an embodiment of W002/093650 thus
shares with the present invention alternating layers of
binary materials for making a larger layer of material.

The process disclosed in W002/093650 allows increasing
the electron mobility within the structure.

However, WO002/093650 does not address the issue of
increasing the homogeneitv of the electron distribution

{(particularly in the channel layer).



selecting very thin elenentary layers - which is an
advant ageous feature of the invention. Reference is

made in 20 this respect to US6100542. However, a known
OO IEYCh as t he one di scl osed i n 0OS6100&6EZERFIOESH54559
not address |layers of materials based on nitrides, but
materials based on arsenide. It thus appears that the
exi sting processes for making 25 structures wth

| ayers based on nitrides are associated to sone
limtations. It is a general object of the invention

to address these |imtations. And nore precisely, in
aimof th rese I nventio ncrease

honogeﬁ%i ypU? tﬂé L3l ebtrion T |s%??bu?} 558 él“Llosed by

pawdoxul wdsy iddekheoehannel dé ayegolde@oao%/romelé«asmg the
PCT/ EP2005/ 053559 12 Another aimof the invention is

t ' AMRIEdd vt I qi’tﬁrcfgl@m?éirpy 6f st REPW 7oelrectte cl §ydsd oF
atythe Jini.erface ﬂﬁt W??I‘ t [gl”éc% tc%ye{ﬁff‘@d th3€  Known

channel® l'ayer and 't eni se the electronic
5 demmdeyssat dods snpnt emfg@(eet 51 Anolnerorai a3 obhrbhéded by the

t N t h | ect t f
SOURBTEL | Y FRLePPar & Bua0 oo PPFRE part i i y ©

byhdnitpfeoneiing BRE hoklscofp raduei Bged e ¢ &%mstQBdtlEéa NG his
material based on III-N. 10 Summary of the invention
Thed49%vention relates to a seniconducting substrate

based @prehesBNt Subh2 £O4UMS dde ANG N | N2 NGy PETAOH L ing
table, to he used for exanpl e for manufacturing of HEMI

10 oth"HEWPtJWje afr ahle sMPZsﬂ@@tWest eohpelsitig ainterface
S%QQ%%%n QJ%‘QD%HﬂQHE| yeerP %Qﬁ(§%ﬁH%ﬁ ggr and thus

barri er ayer on the C anne ayer er el
baroeisemdtaydrl olws l¢onposed : lof maahmenna$ion,ta¢ electronic
density at this interface.

It can also be noted that other processes discloeose

15 alternating elementary layers of different materials for
making a larger layer.

And some of these known processes even disclose
selecting very thin elementary layers - which 1s an
advantageous feature of the invention. Reference is made in

20  this respect to US6100542. However, a known process such as
the one disclosed in US6100542 does not address layers of
materials based on nitrides, but materials based on
arsenide.

It thus appears that the existing processes for making

25 structures with layers bécsed on nitrides are associated to
some limitations. It is a general object of the invention
to address these limitations.

And more precisely, an aim of the present invention is
to increase the homogeneity of the electron distribution,

30 particularly in the chann:l1 layer.
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the atomc scale, of layers of first and second I1I-V
bi nary sem -conducting alloys. 20 Thus, and as wl|
became clearer in the followi ng, the alternation of
| ayers of binary alloys in the barrier |ayer has the

WA HY advant ages: a reduced al | oy ci sor P&ET/ERR005H34559

atom c scale, zero alloy non-honbgeneities at the
nanonetric 25 scale and at the mcroscopic scale, a
perfect alloy order according to a privileged
crystalline axis, a maxi muml¥ ezoelLectric field along a
preferred crystalline axis, 30 - an optinmum el ectron
pi ezoel ectric injection, W 20061030014
PCTI ERZQQDE054550 k3 tha VSIWenWRbiori elect EQRt&se  the
density per unit surface area, a reduced el ectronic
dhtm%aw tat 9t 6heaceszanbectna hbi bl r akr thay e¥niydace
t u IS e r
e i%ﬁ% I?% ggg ? t%@&ébgéﬁcépe 4hannel F?%gp §HJl€ﬁh§ €o
nhmmduyna@enehéleSecﬂnmweedﬁehgqﬁynamowhmg iﬁﬁﬁrface
di stri bution of, atons in the barrier a
 APPORSF ot Hhei Ty £HE  ROHDLG ( y50f Cf het BHRiE ofine

déﬁéJﬂﬂ@hﬁboﬁrobérﬁdé§3dﬂ lses - dbh N t8AG mht&rid1® based on
honogenei _:y of the glezoelectrlc field at the

| kTt agesdeHeaR Y YbaPPTeF iyt hang (Hfe RAPANAENT the
|§M@ch%@ﬁckih€1&ﬂk91@@”99§@ﬂ§ﬁ)ﬁﬁ@—ﬁlethpn'C density
at this interface. Mre parti _r:ularly, bi
l..i.rniting the paranmeters: 15 of roughness at the
(hﬁ&% 4268 PeLween the, channel layer and the barrier
|-ayers

The invention relates to a semiconducting substrate

based on elemenks in columns III and V in the periodic
table, to be used for example for manufacturing of HEMT of
HEMT type transistor struclures, comprising a support, a
channel layer on the support and a barrier layer on the
channel layer,

wherein the barrier layer is composed of an alternation, at
the atomic scale, of layers of first and second III-V
binary semi-conducting allcys.

Thus, and as will become clearer in the following, the
alternation of layers of binary alloys in the barrier layer
has the following advantages:

- a reduced alloy cisorder at the atomic scale,

- zero alloy non-homogeneities at the nanometric
scale and at the microscopic scale,

- a perfect alloy order according to a privileged
crystalline axis,

- a maximum piezoelectric field along a preferred
crystalline axis,

- an optimum electron piezoelectric injection,




of non-horrngeneity of the Al um nium concentration in
the barrier layer, and of non honpbgeneity of Gallium
concentration in 20 the channel Dyer, it allows
t he honogeneity of the plezoelect

as described above. Furthernore, it wll Jﬁ%@p&hﬁ@.sw
in the following that. when at |ayer A |s nentloned as
being "on" a layer B, 25 it may be directly on |ayer
B, or it may be | ocated above | ayer B and separated
frcrn said |layer 13 by one or* 13everal internediate
| ayers. It will also be understood that when a | ayer A
is said to be "on" a layer B, it may cover the entire
surface of B0 vdrg | apefoBy orletpontcondefisisai d Heayennit
B. wo 20061030014 PCTI EP2005/ 054559 14 Preferred
non i1 %5 % tHt"dve aspects of the sem conduct or
ai :cordi ng tp AdreceAventtomare A3rholbovnst 1Mee charaeknd
]aver conprises an alternation, at the atom c scale,
of 1P alled i Fayahdiueodipt ke 11educed i har yiserder.
- conduct i ng Jaialeyﬁutm&qmlecwﬁyaqilmg SRSt {3t Ehe apsence
further includes a buffer layer etmeen the support
andf tdey chdmyehohayerggerivetibuf f er | ayer conpr|3|ng an
altern . at the atom e  scal ers of .
and si %rhﬁgldl’ \/Ybl ne )lovm o € (?b d’ugfturﬁl%(malol(%o(f ‘%ﬂde Al
nuabers ofinat onec mmnﬂblayejﬁwjn eachabmnawyjnatémyuﬁj the
t he Iternatlon of. the barrier or of the chann§

| DGR ot R Dt o Tayeh 14 EEABRPLRE bbb vadfo] Sliows
10 andH(ZIQ)qu]ﬁng' tihe mupRenheoty at.@MmiGemyiel-ayees: - eachd at

bi nary .
the " interface bhetween the barrier layer and the channel

L

layer, and thus to homojenise the electronic density at
this interface.
More particularly, bv limiting the parameters:
15 - of roughness at the interface between the
channel layer and the barrier layer,
- of non-homsgeneity of the Aluminium
concentration in the barrier layer, and
- of non homogeneity of Gallium concentration in
20 the channel layer,
it allows increasing the homogeneity  of the
piezoelectric field as deccribed above.
Furthermore, it will be understood in the following
that when a layer A is mentioned as being "on" a layer B,
25 it may be directly on layer B, or it may be located above
layer B and separated frcm said layer B by one or several
intermediate layers.
It will also be understood that when a layer A 1is said

to be "on" a layer B, it may cover the entire surface of

30 the layer B, or a portion of said layer B.
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alloy of the alternation of the barrier |ayer or of the
channel layer or of the buffer |ayer varies between a
first value on a back face of the= barrier Iayer or of

| ayer or of the buffer |ayer,

"{;ﬁ)ﬁﬁc&@ﬂga front 20 face of the barrier IayePr Té‘?"zg&%t’%gg
channel |ayer or of the buffer |ayer, the back Oe
being closer to the support than the front face; the.
first and second val ues are conprised between 1 and
20; 25 - the first, second, third, fourth, fifth an
sixth binary aIons are chosen fron1an0ng . 11N, GaN
6N, and InN, the barrier layer further includes a
| ayer RofefekkrkdVnseani iwonduct ngpeeepavy ahkogemibenductor

alterngtion, at the atomc scale, of |layers 30 of
FAFr R $8chhE HIenri98nere oIVl RYShi nary alloys is

WO 2006/ 03QQ14 c%GF/nEE’ZQ%'%%QWé%%mlés LagatLd HeLwesn, at

the support and said | ayer of T-V sem - conductlng
termapyonitoycatlie bafrileverayef conpid serd a fpngthl -V

8 oo TV gy ggpduct ing 1 ernary all oy,

each 1"ayer o conducting ternary a;l.oy
belng Iocated bemmeemndudtawgrumbsth&méif&mtﬁﬁnnﬂnplahbeya

er o he s onq inary
AR TNSE Cbabrer i SupRrE Yan s cRerhibs  awaray s
Qﬁuﬁﬂ@s& Lhie¥V semipraendyctimg aﬂ@@f:ﬂéﬁﬁ/l(ﬂ“l | ogtontkde atomic
alternation, at 10 the atom c scale, of |ayers of

fi55d€ anftlt sEEBRBS | OF- \F it -arbnaiekh | ﬁ@langﬂVaéVléﬁ§‘"

Dh%d@B§@H§|alﬁ¥P{ further conprises a plurality of
| ayers of |11 V sem -conducting ternary al Loy, each

Iayer -of W'evn%mﬁrc@ﬁdw@mmg teppapyent | &Y B@chrignary
qu@tQﬂ: tLhe alternation of the barrier layer or of the

channel layer or of the buffer layer is comprised between 1
and 20;

- the number of atomic monolayers in each binary
alloy of the alternation of the bharrier layer or of the
channel layer or of the buffer layer varies between a first
value on a back face of the barrier layer or of the channel
layer or of the buffer layer, and a second value on a front
face of the barrier layer or of the channel layer or of the
buftfer layer, the back fecce being closer to the support
than the front face;

- the first and second values are comprised between
1 and 20;

- the first, second, third, fourth, fifth an sixth
binary alloys are chosen from among AIN, GaN, BN, and InN;

~ the barrier layer further includes a layer of
I1I-V semi-conducting ternary alloy:;

- the alternation, at the atomic scale, of layers

of first and second II1I-V semi-conducting binary alloys 1is



1. between a layer of the third bi.nary alloy and a

| ayer of the fourth binary alloy of the alternation;

t he nunber of atam c nonol ayers in each |layer of the
ternary alloy | ocated aetween two | ayers of the binary
wl2006m30084 conpri sed between 1 and 5; 20 t he pehapnesdos4sso
| ayer is nade of a layer of ternary al l oy of Al GaW
or. InGN, or A113N, or TnBN, or InAIN, the channe

| aye- is nade of a layer of binary alloy of GaN, or
AN, or BN, or InN, the semygonducting substrate
further conprises a 25 buffer. layer between the
support and the channel Iayer the buffer |ayer being

'mayld a?ed )og\}{ceern otfheb na) fa lar?% a1<1GE} of AH\II—\P (A%N
or uéPlng Su §%

n

10

20

-¢ton rate tﬁer conprlses
acxbmmFEHnﬁamembgtmEanthe support and the channe
| ayer, the Mﬁ) 006/03q014 PCT/EP2005/05455 Pﬁiferm
| ayer bei ng" radé*btch 1eayér SOt 'eFRar yP a1 %y 5f° e’
Oruf| nGaNy esmiALBNduotidgn BN nofy alinAiyN ézhfh SJAQQQY&:]TI.SII v
made .of a material chosen from,K anong

saa‘fﬂﬁ FRIAYHG NEANETBILY ERdoy c%ﬁeég%tfedc FPétHs?’F i aerldver

| ayrerneS53) rés LHiGRAMT hsesy kefiveena 2am nd r20Q BBhd Thihary
inyention also reLates to a nethod for preparation of
a defAv - tondifc Gi-h§TRUYSTF at e conprising a support, a

channel | ayafe 0Arthe: suppertuand a;Rarddedr al ayesr oix the
10 channel | ayer, wherein the nethods conprises the

f o'W AG™ s‘fcéb“JGHb”%rld‘érr “BEi Ay PhpEsddp: 2ateErdatdton At

of:nanat fhtd ale a@@rr&fer fy@yeropyful)c depasic tonef 18f - eaRk -
one aton ¢ nonol ayer o first blnary al oy,
conducting binary dL]ny

- the channel layer further comprises a plurality
of Jlayers of 1III-V semi-conducting ternary alloy, each
layer of I1II-V semi-conducting ternary alloy being located
between a layer of the third binary alloy and a layer of
the fourth binary alloy of the alternation;

- the number of at-mic monolayers in each layer of
the ternary alloy located setween two layers of the bilnary
alloys 1s comprised between 1 and 5;

~ the channel laye:: is made of a layer of ternary
alloy of AlGaWN, or InGaN, or ALBN, or InBN, or InAlN;

- the channel laye: is made of a layer of binary
alloy of GaN, or AlN, or BN, or InN;

- the semi-conductiiy substrate further comprises a
buffer layer between the susport and the channel layer, the
buffer layer being made of a layer of binary alloy of Gal,
or AlLN, or BN, or InN;

- the semi-conducting substrate further comprises a

buffer layer between the support and the channel layer, the



10

15 1i) deposit of at |east one atom c nonol ayer of a
second binary alloy; iii) repetition of 3teps i) and
ii.) if necessary wuntil the required thickness is
obt ai ned. One aspect of the above nethod is that th

WOZH6/03984 conduct i ng substrate is that it is @EFé’Z?Pé@S‘S?’

i ndi vidual |y fitting nonol ayers of AIN binary all oy
and nonol ayers of GaN binary alloy in order to obtain a
barrier layer as honpgeneous as possible. Ir. this
respect it is inportant to Hhotice that the invention
addresses the structure at the 25 detailed scale of the
nonol ayer, and an accurate definition of a "nonol ayer”

shafteibelpyovi dednfuniaher drn 4 hisydexbs tBredeyradlbyt of
non-linitative aspects of the method according to the

i Mt oF dngalls eBIARRL: oNO PBH6/360A LN

PCT/ ER2005/ 934532 pok{ -3 & e et Hod o Uik REE 2 CONRELSES from
the step of creation of at | east one layer of ternary

@y iSi,0F16n Bhe, iFurrihake, bard iGeN:| ayer; the step of
creation obngal ol AYELs.Of oer DALY 9, BLLOY, EPIPTI 605 i

t he dep05|t of a f “a ternar the step
odomnnyﬂﬂdoneOWesalﬁnmay@r)0® trer nary aIon conprlses
t her treat ment of ato

I
ocondns TERETEN St eRbe f20% A/ Retufl fer) bRepRStion

tfhferd@emtlr—@@ttﬂﬁﬁtuhtﬁ LRt Q*Hmp&ﬁ%@ﬁgai cl@@ﬁ)trt,l@
sonme deposits of the secorii binary alloy: - a
sitnagd ﬂéﬁﬁér%?u@éfﬁ%¥WEéhéUGi&n&aBGBE¥a%bW@'OP thde

t3ﬂ9§thqg9e9f &m&%ﬁﬂ OQthmEQHHHSa¥%E§LfgcJ'UH%tfo@@gw1ng
second bi nary al oys - under vacuumor ultra-h

viciurnbetween lend ifpppeéhd 1 10-' Torr

a. creation of an initial barrier layer by:

1) deposit of at least one atomic monolayer of a
first binary alloy;

11) deposit of at least one atomic monolayer of a
second binary alloy;

iii) repetition of steps 1) and ii) if necessary
until the required thickness is obtained.

One aspect of the above method is that the semi-
conducting substrate is Cthat it is obtained by individually
fitting monolayers of AIN binary alloy and monolayers of
GaN binary alloy in order to obtain a barrier layer as
homogeneous as possible. Ir: this respect it is important to
notice that the invention addresses the structure at the
detailed scale of the monolayer, and an accurate definition
of a “monolayer” shall be provided further in this text.

Preferred but non-linitative aspects of the method

according to the invention are as follows:
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- under a gas mxture flow conprising amoni ac NH3 or
nitrogen nol ecule N2 cr hydrogen nolecule 112 a
pressure conprised between J.0-" Torr and the pressure
of 1 kBar; 20 - in presence of a NH3, ~2 or H2 pl asng;

Wi0bdiBh (HP' treatment of atom c nonol ayers PET/H’:)B'?S'}OMSS&’

and second bi nary all oys deposited in i-

made after the step of creation of the |n|t|al barri er
| ayer; - the method further conprises the step of
creation of a 25 channel |ayer by deposit of a binary
all oy of GaN, or AILN, or BN, or InN, the nethod
further conprises the step of creation of a channe

| ayer by de f a_t rnar aIIo Al. &N, or .
| nGaN, “or AlﬁN”@LWUan qh&% AN V[J@%O%f@SB&lﬂF“dtjun
PCT7 ER20654 054559 ay28 tthe et hpdhiflukt herod on! ehapiiitias
tqmrl199 f creation of a channel |ayer by: iv)
deposi't ot" 8 ‘itrrnic nonol ayer of a third binary

al I oy; -5 V)t}Ckepedez]i ~of ancatiom cafwmmldaw%rye@f o fiodtitaly

bi nary alloy; rep t| ion of steps iv) an(] v) if o
‘@‘a}’é’g’awmfﬂ%ﬁqs Fﬁ IGROGuT r ¥fd & hP¥Rheds 3 LeUEﬁ%Y A&4oY:
the step of s eatdpn, of cAephannelr |ayear 1fd%tfhle HeBary

ngrlses thermal treatnent of atom c nonol ayers of
QY &RBPY bErt htiTHaly &P EiPe tdeposit P@a—urﬁowvl)aygha of

V)I,lrtslﬂeamﬁ herdml bieatymeniop dragosﬁw ad optahefiere
sone deg03|ts of the fourt blnar al Iog - at a
sur f acElt efiserat't FECHEEREehs TErane’ 300Ca bovet 5°¢8t t he

t enper akps S tof o¢r ead i RRoAH DR ayers, of thi.rd

- at a surface temperatire between 0°C and 300°C ahove
to the temperature of creation of monolayers of first
and second binary alloys;

- under vacuum or ultra-high vacuum between 10" Torr and
107" Torr ;

- under a gas mixture flow comprising ammoniac NH3 or
nitrogen molecule N2 cr hydrogen molecule H2 a
pressure comprised between 107" Torr and the pressure
of 1 kBar;

- in presence of a NH3, V2 or H2 plasmwa;

- the thermal treatment of atomic monolayers of first
and second binary alloys deposited in 1) and ii) 1s made
after the step of creation of the initial barrier layer;

- the method further comprises the step of creation of a
channel layer by deposit of a binary alloy of GaN, or AILN,
or BN, or InN;

- the method further comprises the step of creation of a
channel layer by deposit oif a ternary alloy of AlGaN, or
InGaN, or AlEN, or InBN, or InAlN;




and fourth binary alleys; - under vacuum or ultra-high
vacuum between 10-8 'lorr and 10-' Torr ; - under a
gas m xture flow conprising anmoniac NH3 or "'O0

wdbdob/Astaly Mol ecul e N2 or hydrogen mol ecul e Fheyapigosisasse
pressure conprised between 10- r Torr and the pressure
of 1 kBar; in presence of a NH3, N2 or H2 plasma; the
nmet hod further conprises the step of creation of a 25
buffer | ayer by deposit of g bi nary all oy of CaN, or
A.1IN, or BN, or. InN. WO 2 86/ 030014 PCT/ EP2005/ 050559
19 Presentation of the fiquraa-s Qther characteristics
and advantages of the :invention wll. becone clear
af ter tlneeauﬁﬁ@d Heurfokkowpmy idesckhpt som athicchat sogi v
pangpg % I I ustrative and non-limtative 5 purposes,

t1hE T &34 with reference to the attached
drawi ngsvanoagpavi it Bingut @nils rehewsyar seetd ammalerd Vi ew
of a sem conductr n% materi al based on a nitride of an
11 el ementl A Xwiiidi?Yan fHL' MT type transistor was
5 mde; 10y FAGWS 2 JiS B S0GH ARhoYhGW: Obe & fourtn

sem conductl ng materi al based on a nitride of an |11
el enent; Fi gwreary iad laysecti onal view of an

Irxlﬁncgte{tlfoanceo{ SqteV\)Qsen abbld'rn%ryr?rmt ?rlnecea%gry tuenrtqziryihe
nat eri al he em * tondlict | grrater al t he

acquifdd@ung cknebs assestdiorstl view ol- a ter nary
material of the prior art; F| gure 5a is a sectjonal

Vi ew 'Jt° & '8 Rar Greabt e il A Fhﬁ%??]at iaYg Tt ABLEfoy
10 obEeriddy the @01} rsYPmELt i¢ atomic monolayers of third

and fourth binary alloys deposited in iv) and v), the
tLthermal treatment being carried out before some deposits of
lLhe fourth binary alloy:
- at a surface temperature between 0°C and 300°C above
15 to the temperature of creation of monolayers of third
and fourth binary allcys;
- under vacuum or ultra-high vacuum between 107 Torr and
107 Torr ;
- .under a gas mixture flow comprising ammoniac NH3 or
20 nitrogen molecule N2 or hydrogen molecule H2 a
pressure comprised between 10™® Torr and the pressure
of 1 kBar;
in presence of a NH3, N2 or H2 plaswma;
- the method further comprises the step of creation of a

buffer layer by deposit of a binary alloy of GaN, or AlN,

[
ot

or BN, or InN.
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pl anes; 20 Figure 513 is a sectional. view of a ternary
material of the prior art i.llustraLing the alloy order
in the [1-101] asymetric planes; - Figure 6a is a
sectional view of binary and ternary material |ayers

wazgdm;,@ﬁse of a ternary material 25 of thecPEP9Es08455s
Figure 6h is a sectional view of binary and ternary

material layers in the case of an ideal ternary

mat erial; WO 2006/ 030014 PCT/ EP2005/ 054559 20 - Figure
6c is a sectional view of bipary and ternary materials
obt ai ned using the method according to the invention;
Figures 7a to 7g show sectional views of 5 different
enbodlnents according. to the invention; Figures 8a anc
SH 1SRGV LtV SHaltheyiHlE 25f  exanpl es of pseudo-al | oy

t er nar gyt i@t edriadacabl abined byt Bﬁvmﬂﬁtd&@d oacctaédh Ageritdon
t he |n ention a)gure 9 shows an exanp

sétil?c oratee . F1R b Srat’&cand E%brﬁ?hﬁ”?ﬂgtHSQC’”ﬂjon

| nwerhi 0B, givghr €c10pshoms an vexaspl v stndb&fornl—ﬂifmilaay_el’ve
according to the invention Flgure 11 is a diagr

i NNEBPPET T Y Yt thi R iésd "t e Hf&PFRelOl B %rdHW?Ched

] uneli Aps ofndrlae wAk cgoncentration 15 for different
enbodi nents according to the present invention,

Fi gur es 12A¢ﬁ@r$2D3}II0§tV%teatheM¥ddgﬁﬁéss‘@#W tvf @

enbadi oS i9ly SEMecondusiing PRt &S aks, ARCOLEi ng t Qg
the present invention,
element on which an HEMT type transistor was made;

- Figure 2 is a scctional view of a semiconducting
material based on a nitridz of an IIJ] element;

- Figure 3 1is a sectional view of an interface
hetween a binary material and a ternary material of the
semi-conducting material o the prior art;

- Figure 4 is a sectional wview of a ternary
material of the prior art; |

- Figure 5a 1is a sectional view of a ternary
material illustrating the ¢lloy order in the [001] symmetric
planes;

- Figure 5b 1is a sectional view of a ternary
material of the prior art illustrating the alloy order in
the [1-101] asymmetric planes;

- Figure 6a 1s a sectional view of binary and
ternary material layers in the case of a ternary material
of the prior art;

- Figure ©6b 1is a sectional view of binary and
ternary material layers in the case of an ideal ternary

material;



20 - Figures 12F to 1,1 illustrate different surface
nor phol ogi es of Al GaN GaN FNMTI structure according to
the present invention for different Al um nium
concentrations in the Al GaN harrier (25nmthi zvlé‘)
s

WO WGBS shows anot her exanpl e of seni- 25 X ORtys9
material according to the invention, Figures 14 shows

two ot her enbodi nents according to the present

i nvention. WO 2006/ 030014 PCT/ EP2005/054559 21

Descr _iL)t _ion of-the i nventi®bn Therefore, one pur pose
of this invention is to provide a method capabl e of
produci ng a sem conducting material based on an

i mproved | IFligNrei necot her wmordst borel epiiak tdfat bbngtyvesnd
better, properties of transistor structures nmade an ,
i ESIRH % &P e%’fdléha‘?*—gté”d’é’si“t’";%“%n&“reel”leé@PPi A -oFothg to
fiwalindan@nshst or structure. This is the purpose for

whi ch Applicant has studied sonme material paraneters
linmiting t RégBrAadbi F#tytochay geshaw dediitqpaand views of

stf e Wre bRbbabhdidy RL-EPEELY &%, +TRESHv ORI al
paraneters are roughness at interfaces, alloy

fluct uati ofsganes al §a y @rder8h Tpewl sectional views of

- it inter.f . h .
RSN bS5ty STl 1 LR8P QU5 e
nodiHdd ycobrélegtronse nntvhet GaN channel, |ayer of a

sem cqnduc%,i. n? mat er i’?ﬁl ; based on_ 11 2 N{_i S gar_tci(cnlﬂu%rtljx
sensitive to9the chefl'c4t rBlughhdR e TRE cRgh A -0y
reugiriess adepeddsy o tthe cowpasichi,on and 0 occurs as
soon as a ternary ]r(r)ateri al (for exanple AlGN, . InGaN,

I nAi N, A1BREIEEBN) Y s SPAYY odlice@*# M0 t RE sP? ikt Gr e taYer
Figuwneidgshewsnhan dvakenbace 9 between a GaN channel

- Figure 11 is a diagram illustrating the thickness
of the barrier layer in flunction of the Al concentration
for different embodimen:s according to the present
invention,

- Figures 12A to 12D illustrate the roughness of
two embodiments of semi-corducting materials according to
the present invention,

- Figures 12E to 121 illustrate different surface
morphologies of AlGaN/GaN FEMT structure according to the
present invention for different Aluminium concentrations in
the AlGaN barrier (25nm thick),

- Figure 13 shows another example of semi-
conducting material according to the invention,

- Figures 14 shows two other embodiments according

to the present invention.
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| ayer 7 and an Al .o04Gao.,N barrier layer. 8 The GaN
channel layer. 7 is located below Ch: interface 9, and
the Alu,{Gao.,N '.S barrier layer 8 is |ocated shove
the interface 9. It is seen that sone atons 11 of the
GNogdm3eae!l | ayer 7 located bel ow the intepdpeRols @i
above said interface 9: therefore, there is a
roughness phenonenon at the Alo.;Go.7N GN interface
9. 30 WD 2006/ 030014 PCT/ EP2005/ 054559 22 Type 2
non- honogeneities___alloy flyctuations Figure 4 shows a
non- honogenous distribution in a harrier |ayer of
Al GaN 30 of a IIl-N based sem conducting material. 5
" )IJiy _ricnj;aigas 31 and "Alum niumrich" areas 32
ar&E ¥ ABEENLIY P8R8  t 0 surface diffusion rates
of Galhétwdcand Ahe i pdFe ps £CIHiISORSveitiiongikheo provide
sem conducting . nmaterial production nethod, because .
agyr Bt ¥k ‘F%‘?‘iﬂjﬁnod dBVé‘ﬁ’Gﬁf’gTﬁi SV e dte e tat
qualsietii ed as afpralveay 1110 f liucbupdt abrdAl bOMaterial that
fluctuations raduce the nobility of electrons and Iax
aﬁ“WﬁﬁoFFéh?rrBFép?ﬁJﬁﬁe(Féﬂﬁéﬂﬂﬁﬁﬂfcﬁt“¥?3ﬁ§?sF6?§ ©
made fihor e Feaheofductisngy nBlerbal aipased on tHl -Mnal
1, IDIn particular, these alloy fluctuations degrade
t He 7 'pit 8%0- S1EEFFFE el ectron injection that becones
non- hopbgenousnhangugaitsesr2 NARNChORPYENQWS GNAr g8 udied
density in  the channel of transistor3 produced on the
senl"ColdiCti Ay PAAtRTISAS. 201 AT Dy theifct TAtildny acharge
MR s$OYr£R1 Gf rhat bl €.0f apiNQYep dfangbstors, since
the current denslty in said ,

These material parameters are roughness at interfaces,

alloy fluctuations and all»y order.

Type 1 non-homogeneities: oughness at interfaces

The roughness at interfaces may be physical or
chemical. The mobhility ol electrons in the GaN channel
layer of a semiconducting material based on III-N 1is
particularly sensitive to the chemical roughness.

The chemical roughnes:s depends on the composition and
oCCurs as soon as a ternary material (for example AlGal,
InGaN, InAlN, AlBN, GaBN) is introduced into the structure.

Figure 3 shows an interface 9 hetween a GaN channel
layer 7 and an BAly 3Gag.sN barrier layer 8. The GaN channel
layer 7 is located below th: interface 9, and the Aly 3Gag. N
harrier layer 8 is located above the interface 9.

It is seen that some atoms 11 of the GaN channel layer
7 located below the interface 9 are above said interface 9:
therefore, there is a roughness phenomenon at the

Alp 3Gag. 7N/GaN interface 9.
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transistors i s not honbgenous. Type 3
non- honogeneities: the alloy-order 25 The all oy order
is a defect of the same type as the alloy fluctuation,
but at atom c scale. The alloy order is due t [
W;?azro%f'(@f's and is the result of a partiall f%’%&&%’gﬁw
di stribution of the constituent atomc el enents of a
ternary material. WO 2006/ 030014 PCT/ EP2005/.054559 23
For exanple, in the case of an Al GaN barrier |ayer,
"Aluminiumrich" atonic planes can be observed
alternating wth "al um ni um depl eted” atom c pl anes.
The average conpos.ir.ion of the alloy corresponds to
Sryfe 4 albgehomd¥éhe oridey.ed11d) . poiiaticigAs at atomic

' evel . The alloy order ma:, appear in Several ,
cryst dHPUKE  4i PEEKFons. MPRIBUBPIUPUST deE S he\Puidon in a
Induced hMyQEoﬁ&hA1§§ﬁa§Ete£§ Andr 85 & Reql Bedh boS@8aSing
it is a "spontaneous" order that is not deliberately
itfttregddded into the 10 semi conducting material.

: onseqy S cont oIIed., on- homMmoenaus.

Fi gure ETEH T y}gﬁe %ﬁ?o %r er ﬁﬁ ﬁ Pfﬂ@lﬁ%¥9 Hrels 32
aaynnetéququ1anSxQ&eandNe ; N b&nnm@r<h&ﬁ®@;ohnretberof

g i n planes per endlcular to the OOOlg g §
a%ﬁ ]UTSamﬂlﬁﬂPWF hp i RR&C YW SHiSe %ﬂféﬁestéé RRLcon ucting
"of (WA R U el atied” m@émm c pbanes 34538y he Seepyn Thead
alloy order is forned in t he [1-101] asymmetric planes
vitfers Lepi- t akyt Sor bdbet ivn SySt@nsiar €ugdddipA viHi chn tHd oY
qq@qug?lgge pl aced on a rotating plate. This is due to
20 the faster depletion of Alum niumand Glliumin the
gas oflloyvlfdoukant ndixs useduim the me@h@df?omf electrons
nufaﬁyurln t he senl%pnduSt ng nat

Clfcorthdl | 68’ pat Bt e Feacti'6ns ¥

transistors made from the semiconducting material based on

1@ lreliability of

IJTI-N.

In particular, these alloy fluctuations degrade the
plezo-electric electron =~ injection that becomes non-
homogenous and causes a nhon-homogenous charge density in
the channel of transistors produced on the semiconducting
material.

Alloy fluctuations ar‘e a main source of failure of
power transistors, since the current density in said

transistors is not homogenous,

Type 3 non-homogeneities: t.he alloy order

The alloy order is a defect of the same type as the
alloy fluctuation, but at atomic scale.

The alloy order is due to growth parameters and is the
result of a partially ordered distribution of the

constituent atomic element: of a ternary material.
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precursors). Thus, the supEort will be exposed
alternately to an "Alum niumrich" gas or nol ecul ar
m x, then an 25 "Al um ni um depl et ed" gas or nol ecul ar
m x. Figure Sb shows the alloy order in the [001]
wormmsiostocs pl anes of an Al GaN barri er | ayerpct/E2005i08455m
rich" atomic planes 35 and "Al um nium del eted" atom c
pl anes 36 can he seen. WD 2006/ 030014
PCT/ EP2005/ 054559 24 The alloy order in the [001]
symmetry planes is due to rmm-honogenous strain
disiri_bution.s and differences in the stability of
crystalline surfaces. 5 Effect-of type 1, 2 and 3
non-hOﬁQge@§5$¢ﬁ§ EﬂﬁfﬁﬂpQ%set%Q %hrﬁlggﬁeﬁgrﬁMﬁe%ayer,
ment i oned above (roughness at interfaces, alloy
f | 'Uetmant ghst 1cl"| eyobt der)ancgr eap ebat ddsarget hel ptregdng
used ot 0, 1Bk Lhe SNl candyeting , gRterial and generate
reliability problens for fransi §0r ~ 10 structures made
on sai thseanérapmndumtposiingomat er klad . a Aboyal esamypponds  to
det%”?Lf%é‘te,d w‘{%”Qréeﬂe,cﬁ':‘?é‘é:n%rt.ig%: aalt a.‘tgﬁ‘?gcel J_’evterll.?
charge density I nauced y polarisation is very
dependém enlbhe oAldam mum carpeent riat | eaverslt her ydtaGlihe
harrier.layer. |5 A/local. variatiqn +1-0.2% of the
AR Conabie e Pon g bwd ™ (T8 g Che bl et arE"
densibhytefd uctduateaby. 2Ix all032aser, iar igDRe!sPsntaneous”
i1l ust.rated in |'.iqgure.6a, faqr the case of a
28T ol P Gall a9 s Af/Br U0 « RGBT Bt of "aRd "
2.@mii ntensittiygofmat-hei pl ezoeleetenel f,i eltd 38 atcdrheolled
in%%rgaqg,Bg bet ween the barrier |ayer 40 and the

( ?n 10

channef " Ta&Yer 41 "Wi || local |y depend on the
di stribufien ot Ganewsl Alreat 9Boy Norbbe badriwfe | fyerol]
40, which will induce fluctuations in the

asymmetric planes of an Al3aN barrier layer, in other words
in planes perpendicular to the [0001] growth axis.
"Aluminium rich" atomic planes 33 and "Aluminium depleted”
atomic planes 34 can be seen.

The alloy order is {formed in the [1-101] asymmetric
planes when epitaxy production systems are used in which
the supports are placed on a rotating plate. This is due to
the faster depletion of Aluminium and Gallium in the gas or
molecular mix used in the method for manufacturing the
semiconducting material (unzontrolled parasite reactions of
precursors). Thus, the suprort will be exposed alternately
to an "Aluminium rich" g¢gas or molecular mix, then an
"Aluninium depleted” gas or molecular mix.

Figure 5b shows the alloy order in the [001] symmetric
planes of an AlGaN barrier layer. "Aluminium rich" atomic
planes 35 and "Aluminium desleted" atomic planes 36 can be

seen.
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el ectronic density at this interface 39. 25 Simlarly,
the power output by a transistor structure nade on the
seniconducting mat erial conprising this standard Al GaN

obd/Bhorsdyer will be distributed non- homgle@ggﬁoysms&%g

own 1 n Figure 6b, the average value of th
plezoelectrlc field 44 for an ideal barrier |ayer 42,
is WO 20061030014 PCT/ EP2005/ 053559 25 equal to the
| ocal value of this field at_any point on the
interface 43 between the barffer | ayer. 42 and the
channel |ayer 15. Therefore, the electronic density is
honogenous at the interface 43. 5 Applicant has thus

denmonsteataad ot,he rHEPOK hance b1] h@rrr.rég r9 segheonduchidg o
naterial. that includes a correctl’y ordered barrier

|@@ﬂﬂhqm@quggﬁ soreim ¢1shel irioast ppdsdof ferences in the

]hqqq %?'t S BNt i oned .above, and thus obtain
rop er es of "'tr ansi 8t or structures made on the

10 senrconductrng material. In order to obtain a
senrconductlng material with a correctly ordered

a5 Aa8PE £2_AeRrageqyie tdgBace t he

barr'@%el@YS[enadﬂmpfLﬁrEerrﬁUﬁéd¥ |9¥>¥@t|Mé%tJone above
I11-19-based sem conductin-1 matertals according t

pticahnessaet, lbyeafberrrerlmawerhwﬁ@etgpnalterhawyorder)
pgeudosal gy, FQJh { Wn t%%rdp%so%% ‘Efo tmlal)fe 1;@%2%@@};88nd&ting

ternary pseudo- I's an al
ariat@rmatlr Gs! Ojera‘-tremec raiinolk ayey Spoébbemnsar yorl tramyistor

ill b t t tjon, that
25 4 Ao ﬁ%@eﬁfrb%%.%wlarmf%geﬂeré‘z EaRROSEH of one

nmonat @Rl Ca) rdﬂ@ned@ﬁrurh%ﬂr(&leeineﬂtn . @heGmcherl NGt and .
one_nonat om ¢ pl ane of nrtro It will also be
IKderlst do@ iGharge density 1n ure y polarisation is very

dependent on the Alumin:.um concentration in the AlGaN
barrier layer.

A local variation +/-0.2% of the Aluminium
concentration allows making the electronic density
fluctuate by 2 x 10' ¢cm™ or more.

As illustrated in I'igure ©6a, for the case of a
classical AlGaN Dbarrier layer 40, the direction and
intensity of the piezoelectric field 38 at the interface 39
between the barrier layer 40 and the channel layer 41 will
locally depend on the distribution of Ga and Al atoms in
the barrier layer 40, which will induce fluctuations in the
electronic density at this interface 39.

Similarly, the power output by a transistor structure
made on the semiconducting material comprising this
standard AlGaN barrier layer will be distributed non-

homogenously.
As shown in Figure 6b, the average value of the

piezoelectric field 44 for an ideal barrier layer 42, is



present invention that one "nonatom c plane”
corresponds to one step of atoms, which also
corresponds to a half lattice 25 cell of the
crystalline structure. Figure 7a illustrates a

Wogﬁgﬁ%qfti ng material 50 according to a H{f/ﬁl‘mosmusw
enmbodi nmen I'ng .

of the invention. This sem conduc
material 50 conprises a channel [|ayer 51 on a support
52, and a harrier layer 53 nmade of a 30 ternary
pseudo-al | oy on the channel E@yer 51. WD 2006/ 030014
PCT/ EP2005/ 054559 - 26 The support 52 is made of SiC.
However, this support could be nmade of other materials
such as Silicon, sapphire or GaN. The channel .

Al N, 1
| a§ @t 51 £8%al Bitary 1aPI oy '9FSGARE Y 5 HEW BP 1" arfot HEF
mat efdalaceoubdpbayapaer chesen: foryetrtha, ghanned Lerelel
51 such as Al.N, BN (boron nitride) or InN (Indium

ni ta¥§deds - THieseénshnelng Rlerctsanics Hayosyt éd BATEIRIOUS
SUPPOIHe BY+a-rd¥et hed known to those ski.-Jed in the art
such as Ml ecular 10 Heam Epitaxy (MBE) or )
5Met al - @@ém@t@éfw csFIhU\‘?ap@@r?nSDé@%i titen (WBRYBDfance of
neﬁi“%ﬁ%agh%eﬁ9ééﬂéﬂbthﬁ¥eﬁa@g%ﬂa§ andernanyaesendos ald ey y
of AGN. This barrier layer 53 conprises binary alloy
| ayetegedobacaiN 54 aand b narderaltoyinidydihs 6hreg Ngss of
Thﬁcﬁﬁh@ﬁ\%@r@ti*&é '%l@hltll@lyf%r SypfvE a:@h@r @ﬁ&?doﬂ)%.nh%/e@_ter

constant thickness. Each Tayer of first binary alloy
. mefeOPSttGaN 54 f( or treagistayerstofucsecond biedary @l | ofhe

10 mede 06 ALY 8R) nhse, camposed of one or several atomic
nono ]a)cl)grs of “GaN ?f)]ri AIN). 20 Those atom c nonol ayers

of G aNnardd#®dNtar ebtaimdi veeualongufitrtednaterihé with a
S%HL&%%Q?VCtgﬂE%rggteﬁgﬁyiekn layer, Applicant decided to
replace the barrier layer made of a ternary alloy within
IIT-N-based semiconducting materials according to prior

15 art, by a barrier layer malde of a ternary pseudofalloy.

For the purposes of tiis invention, a ternary "pseudo-
alloy" is an alloy composed of alternations of atomic
monolayers of binary alloys.

It will be understood. in the present invention, that

20 a “monolayer” of binary alloy is composed of one monatomic
. plane of I1I element (i.e. Ga, Al, In) and one monatomic
plane of nitrogen (N). It will also be understood in the
present invention that one “monatomic plane” corresponds to
one step of atoms, which also corresponds to a half lattice
25  cell of the crystalline stracture.

Figure 7a 1illustrates a semiconducting material 50
according to a first embodinent of the invention.

This semiconducting material 50 comprises a channel
layer 51 on a support 52, and a barrier layer 53 made of a

30 ternary pseudo-alloy on the channel layer 51.
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order to obtain a barrier Layer as honbgeneous as
possible. Figure 12A to 12D illustrates the roughness
of the sem--conducting material.; according to the

25 invention for different ccncentr
“@aﬁgﬁgﬁ%4 in the barrier layer. The nunber g‘%hg{@?rs?({:s“sg

nonol ayers (denoted n,,,4) per layer of the first

bi nary alloy nmade of GaN 54 can vary between 1 and 40,
and pref=_rably between 1 and 20, and even 30 nore
preferably between 2 and 1O.Z@inilarly, t he nunber of

WO 2006/ 030014 PCTI EP2005/ 054559 27 atom ¢ nonol ayers
(denoted nnn,) per layer of the second binary alloy
made oOFh@l NfiB rearb2varsy ngeteween SliCandiod®yeandthis support
preferably betweep 1 _and 20, and, even re preferably
et hEin 28 0T 5 0T En A B e hpprBel aced LhEC oy AN,
ex&sphNge prrocagses such as the one discl osed by
US6100542 i ndeed_ i nvol ve naki ng IaYers wth an '

al t er N2t oifP8ANGEr ylaNA™ el eneht & yPRAYEY s allgyd PLn GaN-

thbSe v eSpestotas ena5essestesent Sm SHddeharddd ase
with the alternation of nonol ayers nentioned 10 above.

Hobvewes |l USAL100542 sadbr esséd Npatbel | dicgopasedrande) or InN
a?fﬁ@bﬂ?%uQquQ t nitr:id:s, and its alternation ains

at maxi mzing the doping of the larger |ayer thus

const ithitsedhawnt h tdeeldnent deyosdayer on. tU861000e2x by a

d t, add h [ A f. h it f the .
SPER TS 554D, AT RSBl ob Vo ccutar

CRELERT NBp NEAk i engel )ectsi ¢ sdTauchuggnidanchekiddied vapour
the art knows that alloy disorders in the layers of a
nOTP Yt 78 ¥PVPL Be'duni-de structure do not interfere

W th the hoppgenei ty,of the di Ssrit%-mg g{)s&#d%%w@ﬁ of

Hence, materials based Jn arsenide whicf nprise an
28)Gaf t ertniat item rakrel epent ar ycdmydrsesdéinaty adby@s sl avee s

i§§L@%N 54 and binary allov layers of AIN 55. These GaN and
AIN layers are alternated and have constant thickness.

Each layer of first binary alloy made of GaN 54 (or
each layer of second birary alloy made of AIN 55) 1is
composed of one or severail atomic monolayers of GaN (or
AIN) .

Those atomic monolayers of GaN and  AlN are
individually fitted in the semi-conducting material in
order to obtain a barrier layer as homogeneous as possible.

Figure 12A to 12D illustrates the roughness of the
semi-conducting materials according to the present
invention for different ccncentrations of Ga and Al in the
barrier layer.

The number of atomiz monolayers {(dencoted ngan) Pper
layer of the first binary alloy made of GaN 54 can vary
between 1 and 40, and prefarably between 1 and 20, and even

more preferably between 2 and 10. Similarly, the number of
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of honobgeneity of the distribution of electrons. It
shal | al so be appreciated that existing processes such
as the one disclosed in W02/ 093650 i ndeed invol ve
maki ng | ayers with an alternation of "nonol ayers" as
v f¥hed at page 7 third paragraph of EF3%5464559
However, the "nonol ayers" described in W02/ 093650 are
far fromthe definition o;  nonolayer in the sense of
the present invention. |ndeed, the "nonol ayers" as
described in WO02/ 093650 are7in the ranee of 5 to 20
angstromthick (see 30 W02/093650 page 7 third

par agraph), which is very thick W 2006/ 030014

PQI”%PZOQ§QQ§%§595 a&eﬂb¥£ﬂrﬁﬁ@ﬁcﬁeﬁolgpﬁrngﬁohﬂﬁenﬁcgﬁd

the present invention which are atom ¢ nonol ayei s.
\/\mzyaogseééoadfawé%sce‘s tlfe 5ér 6B efrtof befeeeast md HE, and

5¥§f QnggbhiéUN%eW”tf“ Brhheﬂﬁtrﬁﬂa'JEgen5143¥@evﬁfeferah]y

02/0936 does not address the issue of |ncreasing
t Hethgspgenaid vl f the el ectron distribution

(particul ar inpt i I er) ndee .
Vo021 055688 Hods ABPTStigsct Tasorkyar I nyeiied e
t ke prlesente idigehtsan thGngmﬁmDaWBMeeas1d$bﬂnednbming
Vq02/093659hbe|n ralQ very thick of q he _
présent I hven |on) rEﬂnf%é‘ﬁa@ﬁrYo PH’C ﬁWSH%?%ﬁ YTES

pnm@ucthon ﬂﬁtbodrekp@mm t ohd s episdddsised L@rbhenartsome

such . L ase epj taxy, .or v pour hase epi t ax
oo aeht S bub bt aky: SHetighat L on ol TS BE:Eed
| ayere53 mdm Ch@@@ﬁJOJéJ@ye&ddﬂa@sBE GaNerfhesbatddeRl on

| ayer 53 is cr eat ed starting by depositing a |ayer of
th*évaw@? bPAEr y'O4l 1Ty Tof 2BaNBd iths M|'éﬁff’ﬁ‘é10%uﬁ3d%? at

OEMQEQ@E§H@DHQJQ%ﬁﬁ%g O?N é betygen s leandh 490, constituted

preferably between 0 and 'even nore preferably
with the ojemontdry ]ayer>. US6100542 does nolt address the
issue of homogeneity of the distribution of elecltrons.
Indeed, US6100542 concerns non piezoelectric structure. Man
skilled in the art knows that alloy disorders in the layers
of a non piezoelectric arsenide structure do not interfere
with the homogeneity of the distribution of electrons.
Hence, materials based on arsenide which comprise an
alternation of elementary layers do not address the issue
of homogeneity of the distribution of electrons.

It shall also be appreciated Lhat existing processes
such as the one disclosed in W002/093650 indeed involve
making layers with an alternation of “monolayers” as
mentioned at page 7 third paragraph of W002/093650.

However, the “monolayers” described in W002/093650 are
far from the definition oY monolayer in the sense of the
present invention. Indeed, the “monolayers” as described in
WG02/093650 are in the rance of 5 to 20 angstrom thick (see
W002/093650 page 7 third paragraph), which is very thick



20 between 2 and 10, and tho next step is to deposit a

| ayer of the second binary alloy of ALN in which the
nunber of atom c nonolayers nntN is between 1 and 40,
preferably between 1 and 20 and even nore preferably
w0 eepen030814and 10. The next step is to deposi tPATHRPIS/ODISSI
the first binary 25 alloy of GaN and | ayers of the
second binary alloy of AN wuntil the required thickness
of the barrier layer 53 is obtained, varying between 2
and 500 nm In the enbodi nentygiown in Figure 7a, the
nunbers of atom c nonol ayers ncdN rind nk1N are equal .
However, the WO 2006/ 030014 PCT/ EP2005/ 054559 9

nunbers of atom . nnrw coul
di#?gﬁeﬁFJpglncé tﬁgmbdw?¥ﬁayﬁﬁ§eff5éﬁls[ggﬁﬁgged”“?m%Jon
al wetnations:toaficl ayeslsayel sraN and ALN, the gas or

mol ecul ar 0qur ors 5 of Galliumand of Al um nium

Ga|||uﬁwg n@Geraf%’anenf&QalﬂﬁrPﬁgJfﬁgeaqln the

pr eduet i & m:h@dya\mﬂ._.rtnhreﬁﬂel St N@:thirx . depl etion
phenonenon. Thus, alloy fluctuations are limted: at

Sthe nanmsties  afPOs/8°8kee r feescaloss qddpges thgp issue of

no@nb?@?&ﬁﬂf'Fh@skmmﬁggnéqt}hgfa%%%‘QEﬁQQk%n(taﬂﬁjgb@Bgon
'3 non- honogeneities).” Therefore the structire of the

barPitefi¢uhyparl v53in sthperdhaonpy diedered dindrgdt M2/0936>0
[ 099&4 gwroQWt Qur?%ﬂsts’ m?rqr?] ffz%rgnlsl léJSSt i@tf?l‘#ecﬁ n J.EI gyﬁ@ %cfesent

this has the eftect o ting the chemica
rowghﬁ@ggﬂan¢heoﬁmqubmadw dsi wietfiingd t he wm@&dﬁﬂ&@ﬁoobelng

el ro t the jnterfac 0 betwe n. t he .channe
]OIa$§% fi 5 t A Eﬁrﬂqgro 9 ngfSEP an éffWér | ayer
belng &Eﬁﬁ®$e¢@@R an>ahkern@maﬂno@f ALN production method

known to those skilled in the art such as liguid phase
epltaxy, or vapour phase epitaxy or molecular beam epifaxy
is used to grow the barrier layer 53 on the channel layer
15 of GaN.
The barrier layer 53 is created starting by depositing
a layer of the first binary alloy of GaN 54 in which the
number of atomic moncleyers ng,w 1is between 1 and 40,
preferably between 1 and 20 and even more preferably
20  between 2 and 10, and th2 next step is to deposit a layer
0of the second binary alloy of AILN in which the number of
atomic monolayers nay is between 1 and 40, preferably
between 1 and 20 and even more preferably between 2 and 10.
The next step is to deposit layers of the first binary
25 alloy of GaN and layers of the second Pinary alloy of AIN
until the required thickness of the barrier layer 53 1is
obtained, varying between 2 and 500 nm.
In the embodiment siown in Figure 7a, the numbers of

atomic monolayers ng,w and nay are equal. However, the



ro
5

10 layers 93 and GaN | ayers 94), optimsing the
dstribution of the piezoelectric field for which the
average value is equal to the local value of the

pi ezoel ectric field 95 at all points on the interface

%20&%3@@pr efore, the injection of el ect I ON$cPXpotd/dsas50
field is optimsed. Mreover, the di;tr.ibution of

electrons injected into the t wo- dlnen5|onal gas (2
DEG) is honpbgenous since the induced piezoelectric
field is honbgenous. WO 2006/930014 PCT/ EP2005/ 054559
30 Consequently, this structure provides a neans of
optinising the nobility and the surface den5|ty of
elecﬁrons ?cated In the gmo di mensi onal, gas

(2 :
PE8a P ust?tes "W 2eR ¥t e Bribodi frent bf & be

banﬁmeﬁehayer according to this invention. In thls
xanple, a 20.5 nmthick barrier |ayer of Al Ga
cont ai ﬁi?fge 32%2085¢ e iAeRi o WasrBpP et & B)J/t%f”dtlo“s

baytr iefyek-ayeF meam zam ertm@r)gaspzssura@ream@y préAlNors
NAWN = 2 / GaN n( ); | C where: n/3N is the

: ndﬁb&@léfufmwﬁ &ﬁn&ﬁemayw% Bff Ral v arige ALHRERHEYs 2P

amofl NinpaokayEly itHeAM Tt iBn238PndiManRCendd Sid BR mix
nunber of atom ¢ nonol ayers of GaN, 5 - the thickness

oflezrhcGAN iheolcRgRe" i s ecaN = 0.2590 nm - X is the

nunberlﬂ; p%ﬁhggsfﬁﬁ%ma@nomscue 2 ﬁtgﬁN n;TN 9), Yis
the average conposition of the barrler 20 Y = nAtN /

(nc; ON + n;ﬂQ@lh@ Jangmetr..c and micrometric scales (type 1
non-homogeneities), and

- at  the atomic scale (type 2 and 3 non-
homogeneities) .

Therefore the structire of the barrier layer 53 is
perfectly ordered along the [0001] growth axis.

As illustrated in Figure 6c¢, this has the effect of:

- limiting the chemical roughness and consequently
limiting the diffusion of electrons at the interface 90
between the channel layer 91 and the barrier layer 92 (this
barrier Jlayer being composed of an alternation of AIN
layers 93 and GaN layers 94},

- optimising the d.stribution of the piezoelectric
field for which the average value is equal to the local
value of the piezoelectric field 95 at all points on the
interface 90.

Therefore, the injection of electrons by this field is
optimised. Moreover, the distribution of electrons injected
into the two-dimensional gis (2 DEG) is homogenous since

the induced piezoelectric field is homogenous.
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E is the equiva..ent thickness of the barrier: E = X x
(nAlw x eAIN1 nr,,,Nx eGN = 20.1rim Figure 8b
illustrates anot her exanple enbodi nent of a barrier
| ayer according t) this invention. In this exanple, 25
¥PR0E36614! ayer of Al GaN contai ni ng 50. 0% of p@ykssodtiodsEse
was replaced by a barrier layer made of a ternary
pseudo-alloy: (AINNAIN=1/ GaN n,;aN = 1)=3 Figure
7b illustrates a sem conducting material 60 rmade
according to a second enbodi agnt of this invention. WO
2006/ 030014 PCT/ EP2005/ 054559 31 In this second
enbodi nent, a buffer Iayer 56 has been inserted
betmeeqcﬁgg ghgp i el ager % é%ure hg gHonrt 52, Ihe)f
buf fer Tay ‘e %6 IS a naterlallchosenf¥?on1annng BN =nd
Al @aNmJH”ilns buhter mbayErtf acird t athes guewkbe ofdémeityd of
GaN channel |ayer. This buffer |ayer is dep?élted by
bofhtfi g OF ByCart Hér tRAokP ﬁjéf“ﬁBEil‘l’roa]t [GSe (ski%q'ed i n
the ardjigaueh @5 aniepitaxy mehhodannet haupiedheends a
|IIustrated in figure 7c, the barrier |ayer 53
cohﬁrﬁ@ésleamrlawrshw toggris inggntion.1dnpithhaueramde.
SAME2 TR (AL cRLOBLC DUy LRYEE Sa TG oh@URH 542 28 of
54' ", conpri se el ght Ive and atomc
nnwkﬂmfwemg ofs GoNblacedpertd velryieThéseed apdesof a ternary
55 Jate) T%%h AIN | ayers 55 "' and 55 ' , the |ayer
elng rthest fromthe support., and the |ayer 54
being 15 C|U%@BPAMO*tme/§BﬁDO&& = dhp-1t he
illustration in Figure 7c, the number of atomc
nDnoIayers n(;,, per Iayer of GaN 54', 54'', 54"
decr eases asuhhetdpsbamﬁe-bfoalbh3~aumpmayeﬁiof ALN,

i ncreases. Id be ssible to have a _
barrier |ayer Sé%lhk&%fCh 4 AR monéﬁayer 15 eamn =

0.2485 nm,
- Neaw 15 the number of atomic monolayers of GaN,
- the thickness of an GaN monolayer 1S egay

0.2590 nm,

- X is the number of periods (AIN ngy = 2 / GaN ngay

- Y is the average: composition of the barrier:

—~
|

= Naw / (Ngay + Naw) = 32.2%,

- E 1s the equiva.ent thickness of the barrier:

E = X x (Namw X €ain + Nean X €can) = 20.1 nm.

Figure 8b illustrates another example embodiment of a
barrier layer according t> this invention. In this example,
a barrier layer of AlGaN containing 50.0% of aluminium was
replaced by a barrier lay:r made of a ternary pseudo-alloy:

(AIN naw = 1 / GaN ngan = 1)u=3

Figure 7b 1illustrates a semiconducting material 60

made according to a second embodiment of this invention.
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20 nunber of atom c nonol ayers increases as the

di stance from the support 52 increases. Thus, the
nunber of atom c nonol ayers nc, N per GaN | ayer can
vary along the barrier layer 53. The same is true for
woeosswadees of nonol ayers WAIN per 25 All N lpgygpr00di6sisso
can also vary along the barrier layer 53. In the
barrier layer, the nunber of nonolayers of GaN and AN
can vary independently as shown in figure 7c where the
nunmber of atom c nonol ayers ;&GN per | ayer of GaN 54'
54" ' |, 54'" ' vary whereas the nunber of atomc

nonol ayers 30 nAl N per | ayer of AIN 55 arid 55" ' do
not_vagy. (6, 2006030014 FCTEP200S/ 054399 52 ThE. peer
nunbersS of nonolayers nc;,, s a4l 80 Va
Slﬂnﬂuuaﬁédusﬂ@ﬁca|®hg ¢Hualbarrayﬂv l>ayatd dﬁarsuﬁvﬁﬂuﬂa§

the n e at pm ol ayers nALN cap vary_s
it delgrga eg?x Payncr g%gelsk) 4 "t 811355?1%%” ?“f’ﬁ‘t?lmonq
summomhdSAn@@measas;tandetrmhuwxnbetlrﬂrawb@nneuwth of the
| ayers nGN can va so that it increases
deﬁ“%a %?wmgs 9ﬁéeﬁlstgﬁce}PF6ﬁf th@@éupbbrfmpﬁgﬁéﬁge§y
COQS)@IQH@nbfoy the umerbero of rakaskc:fonelsayers1 pid eachne
| ayer of binary alloy nag vary between a first value on
a artospatke ¥ é@eeﬁft%ﬁ%“ﬁ PPier |ayer and a second val ue
on a fgentifacengbqthgitbariiefe Ja%8r, id heiBack face the
belng closer to the support than the front face
Fifgarécyd lpVPast at e¥ra iseni GoNducyeny rdterid' ' 54"
a%%gwguw L%mEOHﬁrE&reBJ@OQLCHﬁQI mo;r(r]]'asye§%nhcondUCt i ng
.5 material includes a supl)ort 52, d buffer | ayer 56,
a chahﬂéﬂ~1a¢en 5P 'andS4’ baﬂﬂWéﬁJrayéﬂﬂHB flipyet fingl two

e"’@%ﬂ&ﬂen&mmh@%*?%f f Ef | @Uer - ﬁ@ rnagyece 1 ayers
pseudo- al | oy of GaN conpose ter atlng Tayers of
allternate with AIN layers 55' and JS", the layer 55' being
furthest from the support, and the layer 54''" Dbeing

IS

25

30

Closest to the support.

In the illustration in Figure 7¢, the number of atomic
monolayers ng,y per layer of GaN 54', 54'', 54''' decreases
as the distance from the support 52 increases. However, it
would be possible to have a bharrier layer 53 in which the
number of atomic monolayers increases as the distance from
the support 52 increases.

© Thus, the number of atomic monolayers ngay per Gai
layer can vary along the barrier layer 53.

The same is true for ihe number of monolayers napm pPer
AlN layer that can also vary along the barrier layer 53.

In the barrier layer, the number of monolayers of GaN
and AlN can vary independently as shown in figure 7c where
the number of atomic monolayers nGaN per layer of GaN 54/,
54’7, 54'''" wvary whereas the number of atomic monolayers

nAlN per layer of AIN 55’ and 55’’ do not vary.



binary alloy of GaN 57 and binary alloy of ALN 58. 20
The buffer |layer 56 has the sane characteristics as
the ternary pseudo-alloy )ar.ri.er layer (n(;a" and
NAIN between 1 and 40, preferably b,atween 1 and 20,

re preferably between 2 and 10 a j
wﬁ%‘%ﬂ% ong the buffer layer, etc.). 25 Iﬁg{/ﬁﬁg‘%ﬂ%%s’
enbodi nent, the buffer |ayer 56 conprises two GaN
| ayers 57 alternating with two AIN | ayers 58.
Furthernore, the nuriber of atomc nmonol ayers nc, "N per
GaN | ayer 57 varies al cng t he%buf f er I ayer 56. The GaN
| ayer 57 closest to tie support conprises two atomic WO
2006/ 030014 PCT/ EP2005/ 054559 33 nonol ayers while the
GaN | ayldre fuumtdeest offr ownbheysuppost acbrphi ses faopo vary

t Th f
a QP%&&ﬂgﬁy%ug ?rééon%:ﬁpalwgﬁrgsraﬁfgng tﬁglbd%%gﬁ% nlhe

so vary a
I ay@mba% oTheatGﬁil\id ayeho batercl os;ast dam therﬁuaporth.at it
rlse56atomc nmonol ayer s whi t he AlNI

S ot HE CSGpRoTk tson?'dﬁ ttaHF%e T&t or Lc 'support

rmnoélaaeeare% ThUsthd Nudnpe regbadidxat mbh Ustarat ﬁﬁiNlcﬂan Vary
gure 7d, .the nunbers of atom c npnol aklers per
GaN'&hd A N"GEF35e510041 SIRGrERBEDUT Fr “ay%i‘b“t”ﬁ@ From
nugﬁ)@rsﬁp(@tom@rml,ayers nAI N varying so that it
decreases as the distance fromthe support _increases,
and t: KETRGRBBRE Of dBenine™ ABhoPhy®ian ifc 4RO Yy g ies odo Sach
thadydd dNALi€ASES 22309 hrﬁaﬁ'xﬁér@”%%tﬁr@@ﬁnllh&r@%q{]% on a
~increases. 15 The reader wil have understood that the
10 nurser stafe  af ofe ﬂmhm%s/e#@qu N@nd Aecond | Vadie pen A
fi e alang LheﬂgyﬁﬁﬁﬁJP}aMﬁﬁwaStW@Sb£hﬁf%@@ebglﬁf diRger

barrier layer illustrated in I’—'lgure
to the support than the front face.

[l

Figure 7d illustrates a semiconducting material

according to a fourth embodiment. This semiconducting
15 material includes a supdert 52, a buffer layer 56, a
channel layer 51 and a barrier layer 53.

In this embodiment, the buffer layer 56 1s a ternary
pseudo-alloy of AlGaN composed of alternating layers of
binary alloy of GaN 57 and binary alloy of AIN 58.

20 The buffer layer 56 has the same characteristics as
the ternary pseudo-alloy Ddarrier layer (ngm and npn between
1 and 40, preferably between 1 and 20, and even more
preferably between 2 and 10 and possibly varying along the
buffer layer, etc.).

In this embodiment, the buffer layer 56 comprises two

N
[y

GaN layers 57 alternating with two ALIN layers 58.
Furthermore, the nunber of atomic monolayers ng.y per
GaN layer 57 varies alcng the buffer layer 56. The GaN

layer 57 <closest to the support comprises two atomic
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20

This buffer |ayer can he obtai ned by a production 20
met hod known to those skillLed in the art such as an

epi t axy nmet hod (nol ecul ar beam upitaxy, |iquid phase
epi taxy, vapour phase ep:i.taxy). In sunmary, the

D& 2006030d1ayer . (53) nade of an Al GaN t er narRCTyRP208/054559
all oy may he denoted: 25 (AINn jN GaNnc;,N) x where:
n7,,., is a nunber of atom c, nonolayers of an AN

| ayer where 1 < nMIN 5 40, preferably 1 <_ nnuw 20,
nore WO 2006/ 030014 PCTI EP2005%/ 054559 34 preferably 2
Sin,, < 1D) and where nnl,., can vary along the
barrier layer. n,,,,, is a nunber of atom c nonol ayers
Ofm&mggye ka%ﬁﬁlﬁh@ﬁg ;dﬁ 19 ?PWPMAQM¥RrQﬁ%%aQM¥ Eupﬁort
5 nor e 5preera¥) Anc;,,NS

whergpmeea, f(;)urcattomapym@tcdwgerhe barrier |ayer. X i's
the nu r.o yeF G n r.de,
furthe%gnﬁ?%%éélaﬁ ® ecltrlg‘ﬁ)lgcijfogfAg pert’l'”eﬁa% ?ﬂ Qayer >8
S erdrc aridiyc tiamg Eraomy _ilad sntfaisedl@mmtlwN?rteh@altiarlaiyer 57

10, Iaye nay, ]| | ude qne or 3ever6a]dt )ma ers (g)lfay ernary, .

0 sSes mon elrs W
al TS h Addrts osugflb the APt erfati on 0 of

bl irfeer yARN | Dygemat fut fteesat ondcen s ebuﬂkpnlu Qﬁjﬂtprli]ﬁés three
nt ed out that the presence of a layer r,f ternary
TR ™ YdPri er | ayer conprising the 15

aI ternathon of drayemdoafnbinaryuakkoysd was mlkjuget 0d, the

gpnﬁ)e t he honog enelt?( of the piezoelectric fiel

t d'1"WE f

Faask “tHE o] y7it fetiarge”alt i S B P Ay
SeMongORAYCHL TG r MaLer| alie nTthercQ.atalL@ﬁh@fmrhﬂ:flfalyéﬁs Nain
| ayer 53 may include the sane ,

varying so that it decreases as the distance from the
support increases, and the number of atomic monolayers ngaw
varies s0 that it increases as the distance from the
support increases,

The reader will have understood that the numbers of
atomic monolayers nay and ng,y may be fixed along the buffer
layer as was the case for thé barrier layer illustrated in
Figure 7a.

This buffer layer can be obtained by a production
method known to those skilled in the art such as an epitaxy
method (molecular beam opitaxy, liquid phase epitaxy,
vapour phase epitaxy).

.In summary, the barrier layer (53) made of an AlGaN
ternary pseudo alloy may be denoted:

(ALNN 14/ GaNngan) X
where:

. Naw LS a number of atomic monolayers of an AIN

layer where 1 £ naw < 40, preferably 1 £ npy 20, more
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20

20 steps as described above. It is thus possible to

start by creating an initial harrier layer by deposit

of a layer of a first binary alloy of GaN 54, deposit

of a |ayer of a second binary alloy of Al.N 55, and
WapPR0é/e3oca Oof these deposits steps of | ayers pol/ER200S084559
and AIN until the required thickness is obtained for

the barrier layer 53. Furthernore, a step of creation

of one or several Ilayers of ternary alloy in or on the
initial barrier layer is made. WO 2006/ 030014

PCT/ EP2005/ 054559 35 The step of creation of |ayer(s)

of ternary alloy varies according to the enbodinent of
the s conducting _substrate. In one enbodi ne

iIFﬁ%?r%ﬁl in S Dyire T, YHe WhgT 6aPWﬁeFdPay8Fy5§long the
COppfi 568 1&J-ayer of ternary alloy 80 of A GN and an
alternation (at the atom c scale) of layers of a first
bi nary *al | oy:h4 ief GalNvere: off a2 seciandndyiaiarygral lody a 55N
of AIN. It will be understo)d that the atomc scale is
tht2Y40 $E&F8 of St Rewahdstr ot ¢ EAGH Waykrs Sfabinarty more
al | oy, r Al L.t ernati N
et bR NG S0 oS o ADEFE Bp BRRTPREY Wifne ene
pr@ﬁewﬁbiﬂabewween 1 and 20, and even nore preferably
bet ween 2 and 10. In all cases, each layer of 15 binary
alloy df GaK dortmeNumbert pe kaveasnati ol corpPilles  at

| east qpﬁ«fﬂdmp Qo"?ﬂ?kﬁgﬁrlﬂ%robgl$hp|Q?&yLﬁHAJQprtpg¥Qiee
(or AIN). The alternation of layers of binary alloys

54, 551pfsenGaNnadndt AENmiag <k oekd dd sldt weehl I-Hb [thgebapfier

thf%}éy-mggyinclude one or several layers of ternary alloy in
addition to the alternation of layers of binary alloys at
the atomic scale.

Applicant has pointed out that the presence of a layer
of  ternmary alloy in tle barrier layer comprising the
alternation of layers of binary alloys was able to improve
the homogeneity of the piezoelectric field and to increase
the mobility of charge carriers of the semi-conducting
materials.

The c¢reation of barrier layer 53 may include the same
steps as described above.

It is thus possible to start by creatingwan initial
barrier layer by deposit of a layer of a first binary alloy
of GaN 54, deposit of a layer of a second binary alloy of
AIN 55, and repetition of these deposits steps of layers of
GaN and ALN until the r2quired thickness is obtained for
the barrier layer 53.

Furthermore, a step of creation of one or several
layers of ternary alloy wn or on the initial barrier layer

is made.
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20 alloy 80 of Al GaN and the support 52. In other
words, the layer of the ternary alloy 80 of AlGaN is
on top of the alternation of layers of b _.nary alloys
of GaN and AIN. The presence of the layer of ternary
MA1996/@0016n top of the alternation of | ayerRCTHP2ISHEFTP
all oys 54, 55 of GaN 25 and A1N al |l ows i mredi at e
conpatibility with the technical mnmethods optim zed for
sem -conducting materials conprising a barrier |ayer
made of a layer of ternary aBboy of AMzaN, especially
regardi ng the naking of ohmc contacts, while Kkeeping
the benefit of the optimal electronic injection 30
obt ai nedlet handes b0 theagl der pat apeals ﬁh@)fatt@mnﬁrfcﬁhﬁoy
of WD 2006/ 030014 PCT/ EP2005/ 054559 36 bi nar
54VaI5EsofaCRNdARE ATNEDR €Wéxbéﬁﬁiepfléﬁér5@53 CWHH%%d“g
t hg, applsdcgant has pointed out that the inportance of
having an ordered alloy in the barrier layer 5 53
decread®s aBvet hrnhiddmant e flrlowtrhaked ntigr f 4¢eubet ween the
t L y char | aye I e
BT R b R A R S
alAdpNdiasdr deraligrnatiayefat ¢®atedomzn sfcrdm tde layers of
[ e, bet ween .the.,c I y t ri
| oy ar a5 Rath A Bl o1 R, A YEE o el B B By
cdﬁrmérﬁland a plezoelectrlc polarlzatlon fleld nor e
honogeggo W3 th%e un erstognd%gtlngh {e$fa| haylngsaphe
al | oy i'sorder 1n & ayer ocat o8ed™ T o°the
i iHeerlacé bt weersttrhe. channel Iayer 51 and the barrier
| ayer 3 15 The st of creal on of. t er
ternarg al'l dg¥gp © g PAPGAK, 4 P%mfﬁg(¥ﬁe BTl of tne
sefmtecondict i Aigngratesivdtvehown snd 40 gureidendagers of
rises the deposit of a classical |ayer

obt ned, assi
“@%rﬁﬁ}jﬁgﬁﬁoyrgrggf 4 ?ﬂgﬁﬁpa%ygnd 20, and even more

preferdbly between 2 and 10. In all cases, each layer of
binary alloy of GaN (or (1IN} of the alternation comprises
at least one atomic monolayer of this binary alloy of GaN
(or ALN).

The alternation of layers of binary alloys 54, 55 of
GaN and AlN is located bhztween the layer of the ternary
alloy 80 of AlGaN and the support 52. In other words, the
layer of the ternary alloy 80 of AlGaN is on top of the
alternation of layers of binary alloys of GaN and AlN.

The presence of the layer of ternary alloy 80 on top
of the alternation of layers of binary alloys 54, 55 of GaN
and AlN allows immediate compatibility with the technical
methods optimized for semi-conducting materials comprising
a barrier layer made of a layer of ternary alloy of AlGaN,
especially regarding the naking of ohmic contacts, while
keeping the benefit of the optimal electronic injection

obtained thanks to the alternation at the atomic scale of
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It will be understooi, in the present invention, that

20 a "classical layer of ternary alloy" is a layer of

ternary all oy created by epi.taxy by making interact
in alowresidual pressure roonr(ultra-high vacuum

gﬁk@ gpressure conprised between 10-- (ET/%QEOS/GS4559
orr) atom c or nolecular flows (obtalne

evaporatl on of solid 25 sources or by direct injeti_on
of gas precursors of GaN and AIN) on the substrate
heated to an appropriate tenggrature for the epitaxial
growt h. I n another enbodi nent shown in figure 7f, the
barrier | ayer 53 conprises a plurality of |ayers of
rnary al er=, of ter

PO o U et are b S006FBA0BS POTT EppbUS) (B4sage

37Lkocated |n the alternatron of | ayers of binary
al | oys 54, of Gall and AIN. The | ayers of ternary
al | oy 7098¢d AI C%ﬁ\?l MPeLpedded Ndsn PREPEPY er it i drPadf ~ the

| ayidcs- tQh cBi Bar Ya ] dPYs 24depdd Of 118 lin Bhanda AN ANG yer
obt ai ned by interdiffusion of the Il elenents of the

| ayerieGraBrRary 19 6ystauce B ot timalinged LAFRL e wasne the

104,52 rSQaYEr >ARl M{EWharhe ! NEA A OMHC ;5ERLSse OF 11f RRher
barrier layer fromth3 enbodinent illustrated in figure

7fWorEgeh 8 gad--epndiaiany aproyiadf heging (on ANy disorder
CO{FP“SGJS yEG tw%g"\f 1”0[‘9&@3’% : JEQSPf$@é’efae9f en the
ternary a on 0 nprises one atom c nonoJayer

of chltzemedr yl salelroyal Tdved prleasebr@le iefr |layers of has nar yetter

al&ﬁ%lzgybet¥eegrthe Xeréagqlgysnary alloysl@?de %%Lrl
al'lows “avoi i'ng the ¢ v i“0I%8nt “*Vari'at i ons of ¢ nposi‘tior

npdlhelbatrfbrertieayEm(ﬁa h'ibhbgeriednsi mpeoves sérhe-mmducting
PRISNSL Y. Lo 16 LOTR! BLSZAL ALY G B0 PLLSL e
alﬂcowshelearneasmgot betehar geh@lensahfyelf | uet et isansarad  the
harrier layer 53
The step of creatipn'of the layer of ternary alloy 80
of AlGaN, allowing the semi-conducting material shown in
figure 7e to be obtained, comprises the deposit of a
classical layer of ternary alloy created by epitaxy.
It will be understool, in the present invention, that
a “classical layer of ternary alloy” is a layer of ternary
alloy created by epitaxy by making interact in a low
residual pressure  room (ultra-high vacuum, residual
pressure comprised between 107" Torr and 107'" Torr) atomic
or molecular flows (ob:ained by evaporation of solid
sources or by direct inje:tion of gas precursors of GaN and
ALN) on the substrate heated to an appropriate temperature
for the epitaxial growth.
In another embodiment shown in figure 7f, the barrier
layer 53 comprises a plurality of layers of ternary alloy

70 of AlGaN. Those layers of ternary alloy 70 of AlGaN are
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the interface between the channel layer. 51 and the
barrier |ayer 53. 20 The creation of the plurality of
| ayers of ternary alloy 70 illustrated in figure 7f
conprises a thermal treatnent after having created at
maazbe/e0@m4al t ernati on of | ayers of binary adrmp3oosds4ssy
55 of GaN and AI N deposited for the creation of the
barrier layer 53. 2 5 The thermal treatnent can be
realised at the end of the step of creation of the
barrier layer 53 (that is to37say after the successive
deposit steps of the layers of the first binary alloy
54 of GaN and the second binary alloy of AIN). W

20%3/59&%0]14 RGE B g%@?ﬁé %%55>% Jégo}fhléftrﬁﬁ ”E%JSQn
al so be realzed uring the s creat||¥g
bary ier Jadlyend A¥N.t hat case, the thermal treat msnt IS

carrieq, gut, d%%fgre S‘?E‘f‘?n?epoﬁ’lfc StﬁPSorOfAEe N i S%?Bg%ldcd
bi nary aIIo 5°F ex er can nto d
t hin furrestd1ln|enaawloralolfoya(é3m\l))f Bhes; y oxneogarﬁzdeﬁﬁsbt GaN

LS HEP"2t PESE Kol Mo GhCM a1 i Betfor s 111 XeReies

I NG e rehe f]fa!\)&r@rbﬂ)fhlhbﬁy|dl|]oQ|quE)’1t5$ of tHhe anldayens of
bi nary all oys 54, 55 of GaN and AIN.. The 10 dlffu,?l on,
very 1 8¢8PTe thnist kacph htElof et yifi CAF aF¥tidnssalos of

t ootk MALeREA 10RN0l3YR. £5: chibedt herimal 1LEesd Y tini $igure
carried out after at |least sone binary all o¥$de pos_ts.

Typi cateCondineirord fdpathi ¢lley et it~ Gre:AIAs cogpriyses

Survfcﬁ%%otlleﬂpﬁrﬂﬁt uherbetmeen 1QCe ange 3Q0G, - pbovMe Wt 8t Bfsan
tenperature f creation of nonol ayers of first and

séé&ﬁdlbﬁna@&eeﬂq9ﬂ9é monolayer of "ternary alloy.

The presence of layers of ternary alloy 70 between the
layers of binary alloys 51, 55 allows avoiding Lthe violent
variations of compositior in the barrier layer 53. 7This
improves the homogeneity of the 1local piezoelectric
polarisation field. This homogenisation of the polarisation
field allows decreasing the charge density fluctwations at
the interface between the channel layer 51 and the barrier
layer 53.

The creation of the plurality of layers of ternary
alloy 70 1illustrated in figure 7f comprises a thermal
treatment after having crezted at least one alternation of
layers of binary alloys 54, 55 of GaN and AIN deposited for
the creation of the barrier layer 53.

The thermal treatment can be realised at the end of
the step of creation of the barrier layer 53 (that 1is to
say after the successive deposit steps of the layers of the
first binary alloy 54 of GaN and the second binary alloy of
ALN) . '



under vacuum or ultra-high vacuum between 10-0 Torr

and 10-1 Tort ; 20 - under a gas m..ture flow

conpri sing amoniac NH3 or nitrogen nol ecule N2 or

hydr ogen nol ecule H2 a pressure conprised between 10-8
Vs soo@eWdoiahe pressure of 1 kBar.; in presencecafErioodbiisse
N2 or H2 plasma. A layer of ternary alloy 70 of Al GaN

is then obtained, 25 |ocated between the |aye:s of the
first and second binary alloys of GaN and AIN. This

| ayer of ternary alloy conpriges between 1 and 5

nonol ayers of ternary alloy. If the barrier |ayer

t hi ckness does not correspond to the required

t hi ckn sit of a layer of N | de an

. dopos i T ARTaF B ATNEY PRmts™ ifh CURES: RGPl °P®
VK}2066é@89@14tﬁ£ﬁbEPﬁﬂﬂ5/Q§45591n39¢hneah%entths thermal
carrled ou-,. and so on until the thickness corresponds

t o LY PrREMEIGui e FATHi telk RES s P& fitiee r 2ltferd QHQWJLaﬁbFQClﬁfethe

thatcddy 6AMaRE ghosen not to carry out the therma
treatnment systematically after 5 each deposit of a

5| ayer dfort kEagpEendors ﬁ@rnyba@lfbyto Ferosxhnphe, fifse binary
thgfﬂﬁ} &¥$ﬂ tﬁ%nga éHFQ% %@Q% e ¥W5$ﬁQB§m{Th§§loy

is to say er ma i's carried out a
tmﬁ%kﬁ@poSﬁﬁqnmﬁonaCanenrmﬁ aublnaey1a¢ﬂmgﬂInmﬂathDEewhich

mage; k0 I the{n”tac'r ”f?t MR JEyl S?Peefg & OHline
onfy once at 't he croat I'on %ep of "t he
. I nldyeads ha)rfrllernaxhayeﬂﬁuyhatom s 66 Srafy Js;ade bine AIN The

,required barrler thlcknes
Nb@%&}%iﬂonbef Teé £d¥ry|ﬁ§”ohf‘? é hePna? ?¥%§?ﬁﬁa istance
150f t1 it® posstbt £al amcdepaséets.an additional |ayer of AN

or SiN , , :
The thermal treatmert is carried out after at least
some binary alloy depos:ts. Typical conditions for this

treatment are:

15 - at a surface Lemperature between 0°C and 300°C
above to the temperature »f creation of monolayers of first
and second binary alloys;

- under vacuum or ultra-high vacuum between 107°
Torr and 107! Torr ;
20 - under a gas mirture flow comprising ammoniac NH3
. or nitrogen molecule N2 or hydrogen molecule H2 a pressure
comprised between 10°® Torr and the pressure of 1 kBar;
- in presence of 31 NH3, N2 or H2 plasma.
A layer of ternary alloy 70 of AlGaN is then obtained,

25 located between the laye:cs of the first and second binary
alloys of GaN and AlN. This layer of ternary alloy
comprises between 1 and 5 monolayers of ternary alloy.

I1f the barrier layer thickness does not correspond to
the required thickness, a deposit of a layer of GaN is made

30 and a deposit of a layer of AIN is made. Then, the thermal
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in order to stabilize the surface of the barrier |ayer
53 during the thermal treatne it. In figure 7g, a
sem -conducting material according to another

enbodi nent of the present invention is shown. In 20
Wo ®»os3tagli nent, the sem -.onduct.ing mat er ipdT/EP2005/054559
conprises the sane elenents as the enbodi nent
illustrated in figure 7. Those sane elenents are the
alternation of layer of binary alloys 54, 55 of GaN
and nl1N, and the plurality oBslayers of the ternary
alloy 70 located in the alternation. 25 Moreover, the
enbodi nent illustrated in figure 7g conprises a

cl@§§nﬁ@mtlqx@njﬁﬁakern@ry ahho¥oonnt QR el the thickness
alternation. This allows gathering the advantages of

t heor rasipodidrehe sthie Magnraﬂbdhunlma@mres 7e and 7f . The

man ski H e?ed(nf—'t hv?lﬁrt“] )rnc1d1pprt cl atj% tca%t ]_)t, c:ihgselg’onot
p035|ble to realize a ¥ém -conduc |ng mat e

conpr sk ng auMDLB@OGﬁ@&@Ol419631&&@005&@5A&59ca4Q/ after
channel, la e or a buffer the sane
eleﬁéhpgpflé et's aﬂ?é?hé?ﬁ6ﬁyo?9??q9aﬁ§”%ﬁ¥(ﬁﬁ%oyetc )
t han FhﬁSé/ﬂﬁﬂ@ilbed tiogrtahet badimeen bayeber+RM|ngca on

h buf f ft
A arr ey The T ok @ foor & %.H@ewgehgﬁwi% i gerites

diattr i dattelron waf d‘éBGSJ €l et rHNFa ot tdre Saeimeonducty Ngave
terial. Figure 9 shows an exanple of sem -conducti ng
¥&™ "EAF - real i zati on according to the present

inventirgd. therhhi S treSXANR! Grat el SLMe COREMGOr out: on.’l.‘y
conprises: 10 - a Si (silicon) uubstrate 52, a bhuffe

| 6 £E RBReSE o ANG. ARG 9N aFFRoyE &hehihere ) aﬁeﬂrlef

57.qyamde Qfar@ (0015, GR, ~ofaN FRE n%xu;pesﬁuggmalléroylwer
a thi_ckners of 755 Angstrons, an al ernatlon of |ayer

of tBicharys al ¥ oypg28a¢ed 55

Moreover, before carrying out the thermal treatment,
it is possible to deposit an additional layer of AIN or SiN
in order to stabilize the surface of the.barrier layer 53
during the thermal.treatmelt.

In figure 7g, a semi--conducting material according to
another embodiment of the present invenition 1is shown. In
this embodiment, the semi-:onducting material comprises the
same elements as the embcdiment illustrated in figure 7.
Those same elements are the alternation of layer of binary
alloys 54, 55 of GaN and AlN, and the plurality of layers
of the ternary alloy 70 located in the alternation.

Moreover, the embodinent illustrated in figure g
comprises a c¢lassical layenr of ternary alloy on top of the
alternation. This allows gathering the advantages of the
embodiments illustrated in figures 7e and 7f.

The man skilled in the art will appreciate that it is

possible to realize a semi-conducting material comprising a
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15 made of ternary pseudo-alloy Alo_;, Gao.6; NN of a

t hi ckness of 184 Angstrons, a |ayer of a classical.
ternary alloy 80 of Alo0.4Gao.6N of a thickness of 50
Angstrons, a layer of binary alloy 190 of GaN of a

W Sd6B6RG14 20 of 20 Angstrons, a layer of bi
100 of AIN of a thickness of 30 Angstrons. ?E%%éﬁg’bsg%g

di fferent enbodinents illustrated in figures 7a to 7g,
the channel layer is made of binary alloy of GaN. In

25 ot her enbodi nents, the ch el layer is a ternary
pseudo- alloy of AlGN, or InGaN, or A1BN, or InBN, or

I NAIN. In these other enbodi nents, the channel |ayer is
created using a simlar nmethod to the one described for

t henerat ilGYesf he daril épr| alater aREPRESBignatpe same
al koysedy NQ;%QQﬁfaQ%gQﬂrﬁt LT 'ﬁpz&%/rgi%%gysf‘le?@hikﬂ Nhan

the ternary pseudD-alloy are chosen from anbng AlN,

GaN BN, dandriied. Wenthhebehaimel 1 Dyser (%2 wiade of channel
tegn H&S%U%%rfgk'f’é’yei ;.ia?”J?F'éeef%_aEfpa?ééiEﬁo-f%Egrgf'l-ws
as the ternary pseudo-all oy barrier Tayer (nunber o
at omicearimal ayee . iopegebayter off bihmar yiak b oyutciampr b§edhe

between 1 and 40 referably between 1 and 20, and
rm?geecgtrre "Sr aB1 { et e 8 ”%Hﬁld‘glm\é\)’?e’t’lnai]ls' nunber beinc

abl e taivary al engwt hentéioknesss obmiherechannely material
I ayer Z..Z_I%y.rhavi ng) a.c(han_nel -rl ayer rgacée of 10t ernary . .
psEUHo-%116Y, 2@ HoNBgédfei By of 1378 tsefi*"¢oRduct'ng M1®
et eddle, (aRd pait-didlcartyr thapdiistsi bution of

el ectrons) is_increased. The surface norphol ogy of

Al raN GaN HEMI* sttiddtigre i'¢*s'géngratiy affected by Al
concentrati @nyhrdNQ RaKM,€Made of a Aly ,Gag.oN alloy,

- a channel layer 51 made of a Ingy.ssGag.7sN ternary
pseudo-alloy of a thickness of 155 Angstroms,

- an alternation of layer of binary alloys 54, 55
made of ternary pseudo-alloy Aly 3:Gap N of a thickness of
184 Angstroms,

- a layer of a classical ternary alloy 80 of
Alp.4Gag.¢gN of a thickness »f 50 Angstroms,

- a layer of binary alloy 190 of GaN of a thickness
of 20 Angstroms,

- a layer of binary alloy 100 of AIN of a thickness
of 30 Angstroms.

In the different embodiments illustrated in figures 7a
to 7g, the channel layer is made of binary alloy of GaN. In
other embodiments, the cnannel layer is a ternary pseudo-
alloy of AlGaN, or InGaN, or AlBN, or InBN, or InAlN.

In these other embodiments, the channel layer 1is

created using a similar method to the one described for the

creation of the barrier layer, and the binary alloys for



1; The sem -conducting material according to the
invention allows increasing the alum nium concentration
in the barrier |layer (or channel |ayer, or buffer
Iayer) as illustrated in figure 11. Indeed, by

QC the roughness at the interface IQﬁ%%@@Q%%gg

anne ayer and the barrier layer, it is
to |ncrease the concentration of Al in the |ayer.
fact, the perturbations (honpgeneity of the electronlc
denS|ty ...) in a layer are Q{IﬂCIpa||y due to the Al
atons. Hence, for a given roughness, it is possible
with 25 the present invention to increase the
concentration of alumnium_ OK data p0|nts of figure
1186t P esPtnd eE8aEY rittiradt Lt c3rdFRgS %%@‘ﬁﬂ@ggn%”“
I NzgRf i whibchy@are grown on Si 111 substrates for
di fferent thicknesses and Al um nium 30 concentrations
measur By LhERONAWD ROBBITI00L 4 PETIEPZ0 05710545595 UP0

As shown iip Tigungslsl o ithi chobartier daygss @l ternary
achi'evable (up to 91nmfor 23% Al um nium), buf nost

71 eBoit g -addpy eBporicr ﬂ@yqﬂm mubber ier dtages snonplgiveas per
th Ss I b d .27 av ho
h ckoe f?s ?191 9 ?{ F%BI Ca k?u%gkp ¢ S.ghown

best’ resu deV| | ons. ow 25 nm
Al pne feginlyohe bt ematli @mdlﬂOttﬁgw28W&309@efemﬂy§ylQeaween 2

st anglaygl ex%' hhﬁﬁéf% aging tov‘%P% Q}-’grgbth%h'pngckness

cont act s. concentratlo and nore)
barfi ehe qmﬂvmlcmwess musy h@n@@cmea$edndbmmaYQr made of

15: 20 Cross Ha data. points of figqur 1 ;
10 _ ] ) & 3 -
co}rg§%1nd %<§m%r%ggwhatch Sd struéture cc%rdt?? gs?%f

t heoypresant maventdlon(arfdorpadicf £ererity ttmec khetsseutsicand £
A'“WL'rone?oPgeﬂﬁﬂ%ELRQS
The surface morphology of AlGaN/GaN HEMT structure is
yenerally affected by Al concentration in the barrier.

1% The semi-conducting material according to the
invention allows increasing.the aluminium concentration in
the barrier layer (or chennel layer, or bhuffer layer) as
illustrated in figure 11.

Indeed, by decreasinc the roughness at the interface

20 between the channel layer and the barrier layer, it 1is
possible to increase the concentration of Al in the layer.
| In fact, the perturbations (homogeneity of the
electronic density ..) in a layer are principally due to the
Al atoms. Hence, for a given roughness, it is possible with

25 the present invention to increase the concentration of
aluminium.

OK data points of figure 11 correspond to structures
according to the present invention which are grown on Si
111 substrates for different thicknesses and Aluminium

30 concentrations measured by <RD.




measured by XRD. 15 In this case, relaxation of the
Al GaN barrier occurs, leading to mcro-cracks on the
surface. This strain eff?ct appears when Al um ni um
concentration is to high nregards with barrier

The trend is given ty curve 500. j ,
reconnendg 20 specifying barrier |ayers thicﬁﬁg@g#%ﬁ%$?9

bel ow this curve 500. PSP data points correspond to
pseudor nor phic structures according to the present
invention with strained GaN ghannel on Al.n,1G0_ N
buffer layer. 25 As shown in figure 11, it is possible,
wi th such pseudonorphic structures, to reach

concent at| ns of . 40%.i Al .um nj um even for th|c ]
barr i oS (S8R FIhurddoioE o 19141 | BEFF e tR&Crs are

suet mdmraofr@lpogy 40 dichf esent1 shRUGH U @il @60E didhlts
to the present invention 30 with various Al um nium
ccREEN TRATLAS FRIR HE*ALBAN B S er. WO 2006/ 030014

PCT/EP%QQ%#QQ4559(hﬁgﬁfhgyéﬁgﬁ%ﬁhngMﬁw@NﬁﬁJHﬁEUffhm have
according to the present invention having an Al um ni um

ScoRkent rasitoresp 1o 4 efrhdevigeGArRbbaratiiensef a
thicknegs gaual 40 2RNM; FLAULS,125 Shaws 8, Lt gL 304

according to the present  ‘invention having an
Al Gangei um concéandard onpofi 25Mtinnt HeadAh@aNobaert iarised
of Janthigkness,equal to 25nm Figure. 12G shows a
; structure according to the present invention having an
. Al um nikem donbemnt Adt iconcerl fr32%mEn (Bhe ald Gaddar rihsercier

of 2 Hﬂkgﬁn%ggt qual_ tQ 259 w10 F| 1211 shows a

0 st AN accorg?nék¥ “f e q¥)§en? ‘i&@@ﬁtlon havi ng an

Alun1nmun%eonﬁﬁ@hranngn;ﬁﬁn4@@&ﬂn1h@aLcAUGaNxhak@beﬁdoto

a Eruég(%%%§hcgugérgé%uaggnlccording to the present invention
for different thicknesses and Aluminium concentrations
measured by XRD.

15 In this case, relazation of the AlGaN barrier occurs,
leading to micro-cracks on the surface.

This strain effact appears when Aluminium
concentration is to high .n regards with barrier thickness.

The trend is given fy curve 500. Applicant recommends

20 specifying barrier layers thickness/Al% below this curve

® 500.

PSP data points corra2spond to pseudomorphic structures
according to the present invention with strained GaN
channel on Ajg.1Gag yN buffer layer.

25 As shown in figure 11, it 1is possible, with such
pseudomofphic structures, to reach concentrations of 40% in
Aluminium even for thick barriers (26nm).

Figures 12E to 121 illustrate the surface morphology
of different structures according to the present invention

30 with various Aluminium ccncentrations in the AlGaN barrier.
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Figure 121. shows a structure according to the present

i nvention having an Alum _iiumconcentr.at.ion of 39;
inthe 1'i Al.GN barrier of a thickness equal to
26nm As is shown on figures 12E to 121, no differences
#02006RB6ES ved on the surface norphol ogy for p8¥RENos/0s4559
| ayers. In the different enbodinents illustrated In
figures 7a to 7g, the barrier layer is a ternary
pseudo-all oy of 20 AlGaN. In other enbodi nents, the
barrier layer is a ternary pggudo-alloy of In&GN
(irdiumgalliumnitride), or AIBN (al um nium boron
nitride), or InBN (indiumboron ni.tri-de, or InAl.N
(indiugmalyni umnitride). |In these o.herfﬂ N eant
enbodi MRt e FPFEL 2 antt WédERd O br WY %alP oy e neki iy "
t hienv2ht i en NAsyi s edrd oxlahli pyuar eochoseat fsromfamirtg Al Nhe

N, . and InN. Figure 13 shows apotl-.er enbodi nent
2C0BPR her T KR b BOgC ST nvRH SR THT s of her
enbodi Frefirecompr is$ess 30:tratsbshtad @i6Q0 thavh@gpdesent
thi ckness of 500 nm WO 2006/ 030014 PCT/ EP20051054559
447ICHRI N (%‘N’ % i) gftlé‘mi%}‘é’t‘ ﬂﬁ'eﬁéﬁ?hboré_‘%-[hi@ne‘é‘s tof
150@annp2 W &h (GORPFH 38% - 16% Qfa 1AL YM gHm i n
concentration, - a GN channel layer (20 having a
th!cknéS%FQﬁ-kﬂ& ﬁﬁPWSI% %kﬁwqtéﬁelag@qrdaye Wath@ @{??e“t
t hiGKREess, olﬁa\;i]rugnrgnva].%lﬂj n Purf ORI 5852 O0% afr AU NNl
in concentration, - an Al GaN Schottky layer 640 having
a "thpbkpessi eof o4 fitrhiokhieh cowgr F8esS25" % (f Al umi ni um
i n congentration.,aRd 4 -s@ RN Cap. L A¥EL 690 FRYI NG Rnt
thickne?%LOf 2.nﬁf The %%f}ie? Idygr :f? the I. i
sefveebhaduchd Wy dmatreAlaminige jddngepk aelelden mff idgdr énl &he

CgﬂﬁghﬁﬁﬁngﬂeE@a%i§P§m9£3§Q§NMqDHQ|@%ﬁ{ of ALN (one

nonat om c ane O and one
Figure 121 shows a stiructure according to the present

invention having an Alumiiium concentration of 39% in the
AlGaN barrier of a thickness equal to 26nm.

As is shown on figures 128 to 12I, no differences are
observed on the surface mor-phology for every layers.

In the different embodiments illustrated in figures 7Ta
to 7g, the barrier layer is a ternary pseudo-alloy of
AlGaN. In other embodiments, the barrier layer is a ternary
pseudo-alloy of InGaN (irdium gallium nitride), or AlBN
(aluminium boron nitride), or InBN (indium boron nitride,
or InAIN (indium aluminium nitride). In these other
embodiments, the first and second binary alloys making the
ternary pseudo-alloy are chosen from among AlN, GaN, BN,
and InN.

Figure 13 shows anotker embodiment according to the
present invention.

This other embodiment comprises:

- a substrate 600 having a thickness of 500 nm,



nonat om ¢ plane of N) and one nonol ayer of GaN (one
nonat om ¢ pl ane of Ga and one nonatom c plane of N).

The present invention presents sonme advantages thank

L5 to the use of nonol ayers, which allows obtaining
Vi0Resed30014 er nary pseudo-al | oy, as A] GaN | ay ePCTYRR005S5E59
concentration of 50%of Aluminium (Al - N- Ga - N).
Figure 14 shows sone advantages of the present

i nvention conpared to the process and device descri bed
in 20 WO02/093650. In figure 14: - A represents an
ALN attice cell (Al - N- Al. - N - Brepresents a
CaN Lattice cell (Ga - N- Ga - N), - Crepresents an
AlGl | Ja £A b

obser véd Mbﬁﬁ ﬁ%ga tfer fat Jf\{onmgahd}&wg ngr@%k%@gs 5¢ 1500
accor dinmgwboch hecrgrresent 16 hvwenil oniang iinl usbeatedctonn,
the top of f| ure resent invention allows

snoot hi n&dgf‘ (]:]f‘léifbld ﬁéﬁd‘"@il%gtr“alﬁk*?%s Rp 1> nmy
2006/ 030914 PCT. / ﬁ?;@p%ﬁﬂﬁé@?ng 4a5 th ltrm%eegex)gylpll mr»ﬁmch

is smoothed (Eg 1s the energi e of for bi dden band
cf thecamboyses Ef(:GaN) ABumigh un Eq(mrN)@nffaGlQn ev,

Eg(A-PaN V. - the r in the tructu
presenf'd Qﬁgtqﬁ)@‘;{gﬁ/s{? Y But’ gf f’J‘W‘ljr?:h B ED° o a| A
nor e rehiabl @mpiriarsi storc Stanuat uf @s.inOaohbén cxntinar, yand
t hey process and devi ce described in V®02/093650 does
not al 2| 5 SthditviengCof ftave nPof b HddmeBanat ditdyr am
730. 19nkndesd.; drhejpyocess Hﬁﬁ?r%pﬁg J&<MWQEEQ9%@%Qf]a1

does not allow obtaining an AMzaN |l attice cell

10 _ilNughrate ifsi Ae@itchels nonobayees . gltagnateifdnsedof none

V@%EQBQ%§Q§O M EnIN (one monatomic plane of Al and one

monatomic plane of N) and one monolayer Qf GaN (one
monatomic plane of Ga and one monatomic plane of N).

The present 1inventicn presents some advantages thank
to the use of monolayers, which allows obtaining ordered
ternary pseudo-alloy, as AlGaN layer having a concentration
of 50% of Aluminium (Bl - N - Ga - N).

Figure 14 shows some advantages of the ‘present
invention compared to the process and device described in
Wo02/093650.

In figure 14:

- A repfesents an AlIN .attice cell (Al - N - Al - N ),
- B represents a GaN lattice cell (Ga - N - Ga - N),
- C represents an AlGall lattice cell (AL - N - Ga - N).

As can be observed with the alternation C - A - C - B.
according to the present invention and illustrated on the
top of figure 14, the present invention allows smoothing of

the forbidden band diagrana 730:



thick). Hence, the process described in W02/ 093650
only allows obtaining a.lternati Dns A- B - A - 13...
as illustrated 15 on top of figure 14. Enbodi ment ' 710

-and 720 are two exanpl es of sem - conducting materi al

to the present invention which c j <
Iayers ATthough some exanpl es of enbodi nen?@%#ﬁé%ﬁgﬁw

pr esent 20 invention were described ii detail above,
those skilled in the art will easily undersl-and that
many nodi fications could be,sade without. physically
goi ng outside the scope of the new information and the
advant ages descri bed herein. Consequently, al

nodi fications of this type will be 21 5 included in the
scope of'®t AP PhvErAr oh ids sBefiirdd (P thdeattacdiédor
cl ai ms.. nMOr 2R9RIN30014q RGTLEP2005%/,95455Qan463 . 4ev,
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3. Sem -conducting substrate according to claim1 or 2,

wherein the sem -conducting substrate (60) further

i ncludes a buffer |ayer (56) between the support (52)

and the channel layer (51), the buffer layer (56)

conprising an alternation, at the atom c scal e, of

| ayers of fifth and sixth RIRY; bi nary sem -conducting

all oys. 4. Sem -conducting substrate according to claim

1, 2 or 3, wherein the nunber of atom c nonol ayers in

each binary alloy of the alternation of the barrier

| ayer or of the 48 channel |ayer or of the buffer
cLARYEr is conprised between 1 and 20. 5.

Sem - conducting substrate according to claim1 or 2 or

3, wherein the nunber of atom c nonol ayers in each

hi.ngeyni -abhayvicoingheubs t atnat (€00 Paddie dmlelietentayen
or of the channel |ayer or of the buffer |ayer varjes

betedisa 15 pod ValtietBbf Behie®R1F aedP bt thre Hearuses for
I . t .
L FInls B WeyBURR0EL oo iy e Wi bt cor

| saterucurefs t kemplraghal al ayppoot 052t hea ttdrarell dysrer

t he back face being closer _to the suppori (52) than
t hee ¥r &t é}‘p@.ogg‘?eﬁfldcénﬁ%ﬁ%ﬁ r <zta5t3e) ng

U Bl Ja el G ret BechLr Bhr NG SECANM VR \UES; Jfhposed
conprised béetween 1 and 20. 7. Sem -conducti ng
sulfstaratad tagoreitdiong B0 bhe afombe sprbredihglateriaref

wherein the first, cond, third, .fourth, fifth _an

o S s yosior 4138 ERBRER P CHBAY RGNS (54,
BN 5)anthd Y 18yeS@morecendugt 5agi sebsdidt S1 RO MY 41 oy ;
claim1l, wherein the alternation, at the atom c scale,
ofeddydryest dfi At -Vasemiecondustiny semamordiety mping
b'fggg&éﬁ'ﬁ@@%éé% 503%§%9 of the first binary alloy and a

layer of the second binary alloy of the alternation.

2. Semi-conducting substrate according to claim 1, wherein
the channel layer comprises an alternation, at the atomic
scale, of layers of third and fourth HI-V binary semi-

conducting alloys.

3. Semi-conducting substrate according to claim 1 or 2,
wherein the semi-conducting substrate (60) further
includes a buffer layer (56) between the support (52) and
the channel layer (51), the buffer layer (56) comprising
an alternation, at the atomic scale, of layers of fifth

and sixth IH-V binary semi-conducting alloys.

4. Semi-conducting substrate according to claim 1, 2 or 3,
wherein the number of atomic monolayers in each binary

alloy of the alternation of the barrier layer or of the



bet ween the support and said |layer of I1l-V sem
conducting ternary alloy. 9. Sem -conducting substrate
according to claim1, wherein the barrier |ayer

further includes a |ayer of the Il1-V sem -conducting
ternary alloy on the alternatjon, at the atom c scale,
of layers of first and secon®I11-V seni- conducting

bi nary alloys. 49 10. Sem -conducting substrate

ac i 0..cl ai rein t anpe e
fu?ﬁ%g?ggo%%¥§§égpg%%”ﬁﬁgﬁ?ﬁygroﬁgVégegg %?&$¥}§§F between
sem afn@nglocting ternary alloy, each layer of I11-V

sem -conducting ternary alloy being |ocated between a

| ayer of the third binary alloy and a I|ayer of the

f Dur$embierarduct ingy soostifetsl aeranding. tdiclaim 1 or 2 or
Segi-%ggducﬁinﬁ ﬁggntrat a %pﬁ%i%gnt9a0n§sof Claéﬁﬁ%%um;
to~ 10, Ahet i HE HEMRHb ST SF RS Prong?ayef'% FR-dagh ety
| ayen of of hehé es eyl 1Ay docaledabet weenay¥p bAYSF Sthe

of the binary alloys is conprised between 1 and 5. 12.
SeAhagbadutaYey QUbRE ridie kab?éf@frdilﬁgeﬂfov@raem bepyesn a

o EAELE VAR BN OF nA @ Nads® IR R ba B Loty L iF 1 Yene
13ch&anel coagect NS wWisd maiff eaccakdirngaho &l aécddd oralue

3, wherein the channel layer is_made of a | ayer of
bi RBr§ fEPPBYLRFE G\, thy DRINIesr 1BMEToPT| AR, Che, channel

Seni.,conduct En r gding ckaj
whgéggg ?ﬁeége%$§g%%%%%{?ﬁgggﬁbgF%aPég%6%?b?Lr? é?ZCIoser
conpr thessappott et52 Jaydran e Hetneefiathe support (52)

and the channel |ayer (51), the buffer |ayer being nade
of a layer of binary alloy of GaN, or ALN, or BN, or

| AN, SaBL - SRRF UYL EULRG TabBs BFEPEI AR oF @i PP 1D Tl ARTELD

]E’Lrttﬁﬁe:rEWSEeéﬂdtQ@c&?&“ﬁ&l%@%@e”%o%?%éét Bet80dn 1 and

20.

7. Semi-conducting substrate according to one of the
preceding claims, wherein the first, second, third,
fourth, fifth an sixth binary alloys are chosen from

among AlN, GaN, BN, and InN.

8. Semi-conducting substrate according to claim 1, wherein
the alternation, at the atomic scale, of layers of first
and second III-V semi-conducting binary alloys is located
between the support and said layer of III-V semi-

conducting ternary alloy.

9. Semi-conducting substrate according to claim 1, wherein
the barrier layer further includes a layer of the III-V
semi-conducting ternary alloy on the alternation, at the
atomic scale, of layers of first and second III-V semi-

conducting binary alloys.



conprises a buffer |ayer (56) between the support (52)
and the channel |ayer (51), the buffer |ayer being nmade
of a layer of ternary alloy of AlGN, or InGN, or
A1BN, or InBN, or InAIN. 50 16. Sem -conducting
substrate according to one of the preceding clains,
wherein the support (52) is4%ade of a material chosen
fromanong Si, SiC, ALN, Sapphire, and GN. 17.

Sem -conducting substrate according.to one of the

P ecBEMhoC Rt ,nmtﬁattﬁe SCRPERABYSERF CtdE barri er
k@¥%38§?3}héscﬁgﬂﬁélSf%&éf“ﬁﬁ?%hé@“@d%@@iégg gg%légality

or preparation of a sem -conducti ng strate
{ 6@) legepsi stnHIa-%uppor tc@ERict imac tamnelryl ayéoy( 5&é3cln
t he suppar nd a barrier |ayer (53) on e channe
| d5eFt RRetafnd, Remrat oot SR Sl Wha oH: BRERY. ot ep
(necatdar nebRbB ANMPYSEH)ct the MBI YAnalyaR1NBLTLAE a
barrier layer by: vi) deposit of at |east One atom c
miagkayef theaffursh bijavar yaldldwywf whie) adéposatiof. at
| east one atom c nonol ayer of a second binary all oy;
viii) repetition of steps vi) and viii) if necessary .
Gt i %em%h%o?%‘d%"rlr%% SHP%&?&QS 3CEOFALABNEY; S @ e%i/?Jd?F 8

of At ol eq8branN8 LAY Chufbet &SN 6Mld Rbnil aQbrsORnt Bgch
initial barrier layer by; ix) thermal treafnent of

atleryiee mdnbhayeesnafyfalboy aetatest ded wieienatyoall hggss of
deposited in_yi) and vii) 51 . .Method according to
PR Pi8e el dPHE e tbpgred betheet 1 3RA%S

12. Semi-conducting substrate according to claim 1 or 3,
wherein the channel layer is made of a layer of ternary

alloy of AlGaN, or InGaN, or AlBN, or InBN, or InAlN.

13. Semi-conducting substrate according to claim 1 or 3,
wherein the channel layer is made of a layer of binary

alloy of GaN, or AILN, or BN, or InN.

14. Semi-conducting substrate according to claim 1 or 2,
wherein the semi-conducting substrate (60) further
comprises a buffer layer (56) between the support (52)
and the channel layer (51), the buffer layer being made
of a layer of binary alloy of GaN, or AIN, or BN, or InN.

15. Semi-conducting substrate according to claim 1 or 2,
wherein the semi-conducting substrate (60) further
comprises a buffer layer (56) between the support (52)
and the channel layer (51), the buffer layer being made
of a layer of ternary alloy of AlGaN, or InGaN, or AlBN,
or InBN, or InAlN.



treatnment is carried out after at | east sonme deposits
of the second binary alloy: - at a surface tenperature
bet ween 0C and 300C above to the tenperature of ,
creation of nonol ayers of first and second binary
al l oys; under vacuum or ultra-high vacuum between
10-8 Torr and 10-1 Torr ; Snder a gas m xture fl ow
conprising ammoniac NH3 or nitrogen nolecule N2 or

rqogen nol ecule H2 ressure conprised bet n,10-8
i B S ng, FuBs PR SRR hF SIS SXE.ER O 2R
N2p & c d8i np| Esdins 2hVRtihodhaceapgbhe 192r! b Malde A a
19 , wherein the thermal treatnent of atomc
nondteykr s diogen sircan@monigcSad Bifar Ll | S3EP eS| ansy
in é& and ii) is nmade after the step of creation of
tH% Ihitial barrier layer. 21. Method according to one
of clains 18 to 20 , wherein the nethod further

CONPrdses- ddiete8Rg0kubseab t N2 8foAd i kN amneind ey
deposit of a binary alloy of GaN, or "AlN, or BN, or

| nplreoed i mdet diorli nese.c orhdineg nt 6henshofkneas nef 1tghe doxg;ier

wher ei n (%?F met hod f.urther .conprises tge 3@%@ of
creaffon a S HARTES 9y e 6y dep8strd of RBrnary
alloy of AlGN, or InGN, or ALBN, or InBN, or |InA N

283 . R achordiedd rhe 1 8RCOPT a Ch@h MBediiddt iafy Mpiteiake

the method further conprises the step of creatlon of a
52{6¢harwreprisirey Dhysupportddpasi t aothannet ohayer (51) on
nopol ayer of a hird bi.nary alloy;_x) deposit, of

AUORF S ROROT G0 of B3 o LAYBFNAPS) P oybe xijannd
repgyétion of steps iv) and v) if necessary until the
required thickness is obtained. 24. Method according to
claim 23, wherein the step of <creation of a channe

| valyeare frurtthee metdrmolsi sesprheesathe following step (no order

being imposed)
b. creation of an initial barrier layer by:

vi) deposit of at least one atomic monolayer of a first

binary alloy;

vii) deposit of at least one atomic monolayer of a second

binary alloy;

viii) repetition of steps vi) and vii) if necessary until

the required thickness is obtained;

c. creation of at least one layer of ternary alloy in or

on the initial barrier layer by;

ix) thermal treatment of atomic monolayers of first and

second binary alloys deposited in vi) and vii)



treatnment of atom c nonol ayers of third and fourth

binary alloys deposited iniv) and v) , the thernal

treatnment being carried out before sone deposits of

the fourth binary alloy: - at a surface tenperature

bet ween 0C and 300C above tg the tenperature of

creation of nonolayers of t lrd and fourth bi nary

al | oys; under vacuumor ultra- high vacuum between 10-8

Torr and 10-1 Torr ; - under a gas mxture flow

conpri sing amoni ac NH3 or nitrogen nolecule N2 or

hydrogen nol ecule H2 a pressure conprised between 10-8

Torr and the pressure of 1 kBar; in presence of a NH3,

N2 or H2 plasma. 30. Method according to one of clains

20 to 29, wherein the nmethod further conprises the

siep Mdtloidaidaarddihgatbutietml agerwiyreiapodid tdfermal

binary alloy of GN,_ or AIN, or BH, or InN.
treatment is carried out after at least some deposits of
the second binary alloy: - at a surface temperature
between 0°C and 300°C above to the temperature of
creation of monolayers of first and second binary alloys;
under vacuum, or ultra-high vacuum, between 10-8 Torr and
10-1 Torr ; - under a gas mixture flow comprising
ammoniac NH3 or nitrogen molecule N2 or hydrogen molecule
H2 a pressure comprised between 10-8 Torr and the
pressure of 1 kBar; in presence of a NH3, N2 or H2

plasma.

20. Method according to claim 18 or 19 , wherein the
thermal treatment of atomic monolayers of first and
second binary alloys deposited in i) and ii) is made

after the step of creation of the initial barrier layer.

21. Method according to one of claims 18 to 20 , wherein
the method further comprises the step of creation of a
channel layer by deposit of a binary alloy of GaN, or
AlN, or BN, or InN.

22. Method according to one of claims 18 to 20, wherein
the method further comprises the step of creation of a
channel layer by deposit of a ternary alloy of AlGaN, or
InGaN, or AlBN, or InBN, or InAlN.

23. Method according to one of claims 18 to 20, wherein

the method further comprises the step of creation of a



52

channel layer by: ix) deposit of an atomic monolayer of a
third binary alloy; x) deposit of an atomic monolayer of
a fourth binary alloy; xi) repetition of steps iv) and v)

if necessary until the required thickness is obtained.

24 . Method according to claim 23, wherein the step of
creation of a channel layer further comprises thermal
treatment of atomic monolayers of third and fourth binary
alloys deposited in iv) and v) , the thermal treatment
being carried out before some deposits of the fourth
binary alloy: - at a surface temperature between 0°C and
300°C above to the temperature of creation of monolayers
of third and fourth binary alloys; under vacuum or ultra-
high vacuum between 10-8 Torr and 10-1 Torr ; - under a
gas mixture flow comprising ammoniac NH3 or nitrogen
molecule N2 or hydrogen molecule H2 a pressure comprised
between 10-8 Torr and the pressure of 1 kBar; in presence
of a NH3, N2 or H2 plasma. 30. Method according to one of
claims 20 to 29, wherein the method further comprises the
step of creation of a buffer layer by deposit of a binary

alloy of GaN, or AIN, or BH, or InN.



