HEMI Pl EZCELECTRI C STRUCTURES W TH ZERO ALLOY DI SORDER
This invention relates to manufacturing of

W@ estsosmaiuct i ng substrates for use in nmaki ng ePE/EPDNG/E54559
conponents . The technical domain of the invention may
be defined in general as preparation of |ayers of
sem conducting materials based on nitride on a
support. Ceneral presentationiof prior art
Sem conducting materials based on nitrides of 111
elements in the periodic table occupy an increasingly
i nportant place in the electronic and optoel ectronic
fields . These materials intended for manufacturing of
HEMI (H gh Electron Mbility Transistors) are used to
make el ectronic circuits dedicated to high frequency
and hi gh power applications. Such nmaterials based on
nitrides of Il elements present a nunber of
advantages - as an illustration, theydo 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 semni conducting naterial based
on II1-N, or nitrides of Ill elenents ( {In, G, Al)
IN) is shown in Figure 1 . The material includes a
barrier layer 20 made of Galliumand Alum niumnitride
(Al GaN) devel oped on a channel |ayer 21 nade of
Gal fiwm pi b5 des iGN disehiirdevel opedson & SUpRordodar

The HEMT transistor also conprises a source

el ectrode

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

The technical domain of the invention may be defined
in general as preparation of layers of semiconducting

materials based on nitride on a support.

General presentation of prior art

Semiconducting materials based on nitrides of 1171
elements in the periodic table occupy an increasingly
important place in  the electronic and optoelectronic
fields.

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

Such materials based on nitrides of TI1 elements

present a number of advantages ~ as an illustration, they
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23 and a drain electrode 2 4 on the front face 25 of
the barrier layer 20 of AlGN, and a grid el ectrode 26

whedrsesnid he source el ectrode 23 and t he drai NnPCT/EP2005/054559

el ectrode 2 . Due to the presence of Aluminiumin the
Al GaN barrier layer 20, the barrier |ayer has a w der
prohi bited energy band than the channel |ayer 2 1 of
GaN. Silicon inpurities in the Al GaN barrier |ayer 20
supply electrons to the crystal that tend to
accunul ate in a region 27 with the [ owest potential (a

an 1), jus ,-g%?rm he interface 28 between the — . _
g#ba%#ﬁ%ﬁ%%%?lkajgﬁ%’ aﬁbetﬁgﬂéﬁﬁaghdﬁﬁ%&l?% e?ozfgk”' e
TFhicsinf anneaacsheet ofclel ectirons 127 st hatefiobnBaasenide.
t wodi ”nsLonal,el?ngon gas (2 UB3“.,TheﬂnD@Jity_oﬁ =
el ect r8ns T H "t Hi s Z‘é j 87 Tgﬁ”éiﬁceb?%ﬁyﬁépéflng.””~erla”
physiicald y rsepar ated firemsid i een @tons 1 egshding inn, s,
the Al GaN barrier |ayer 20. Al though the first studies
6t/ 4&i ¢6ndlieti ng” nat@tial’s based on ITI-N were
Carr'@QQOQ%aﬁ@rﬁﬁﬁ ;%ZQ§d@ghQar%%hmquanﬁgggrOfQ&hh%de of
type of material only becane clear after p type
conducti onnvas” obtaihed imita iGN chdnnel | dyerfobkdwedn a
by marketjng o f_blue diodes. by N chia Chemical. o
b}é\%ﬁgei b%{;ygtf or‘)i ‘]'Aln@dﬁ/Gg' s(t“?%}c]tlﬂnr eg“l'\l/“vi’"fﬁ(’ &"ﬁw’ ttselt
tiwodiimpngi onab elgetriorr.gases [9 ' 11] now have much
betteLthﬁégitEPiSEiSS than the co[r§§pondlngﬂp(oq¥gy§ﬂ, )
in ot har riarsystens 67 7070 Sem condudt inge oo trode
mat erical 5 based enmchlb-N-fouma very tppovative 25 of the
sem conductor systemwi th the follow ng specific
Peaturestave 1"a2£v5r ghi bilted: band Wi dt hdvaryihgofe onp obeBween
??}(két Qource electrode 23 and the drain electrode 24.

Due to the presence of Aluminium in the AlGaN barrier
ltayer 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 accumulate in a region 27 with the

lowest potential (a quantum 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 f{irst studies on semiconducting materials
based on III-N were carried out in the 1970s, the real
advantage of this type of material only became clear after

p type conduction was obtained in a GaN channel layer



6.2 eV, - the possibility of making continuous all oys
of Al GaN, thus enabling the production of

whedoena®i4 uctures with a | arge degree of freedPry/EP2085/054559
very weak crystalline nesh paraneter m smatch between
galliumnitride (GN) and Alum niumnitride (AN , so
that conpl ex structures can be nade w t hout creation
of crystalline defects: Da/la # ( a GaN - a AIN/ a GaN
=1 %where: aGN is the nmesh paraneter of GaN, aA N
is the nmesh paraneter of AIN, Da/a is the nesh

I, r h ramet e Mﬂ1SﬂH ch Ies

tﬁéﬁggﬁgekbalxioggqyﬁéngﬁekgﬁ n§(>€: b% %h@mltd]S
beeudonnrphlc coher ent gromﬁh) , - excellent
el ectronic properties (good nobility of electrons
hi gh @aYuYﬁbloEGSEéedoﬂhl@beﬁéékﬁomﬁtfﬁeid) Wli? tWO ‘‘‘‘‘
axcel | er and chem calsstjability ood t i
T BbrEPhel (arLar bty onUor-hoat ¢ he Br safge BPCg Dhtter
SEE@ﬁthQh@fhéatHQﬁnﬁl@h@ torebtghbnal ayge charge in other
transfers in two-di rensional electron gases (2 DEG).
mheﬁeﬁeﬁe)vseﬁttondﬂgtlng naterlals based on I11-N

have better erfornancF? th?b >@> conduct nggg?ter al s
art

based oh " ¢IAdsical "t ulafiy mifg ¢ VY

nhemnnbhbbtyomfccﬁamgencanhtems»and1umexchar@elnq specific
denS|ty Mobility of charge carriers Fromthe point of
6iémﬁ6?“product|on of the material, nmobility and the

current depskﬁ%h@%WﬂUH|Qkﬁ“ffﬁﬁﬁ,@r$§r9fnq from 0.8 eV to
6.2 eV,
Che possibility of making continuous alloys of
AlGaN, thus enabling the production of heterostructures
with a large degree of freedom,
- 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 = (agan—amn/dcan = 1%
where: ® agaw 18 the mesh parameter of GaN,
® apiy 15 the mesh parameter of ALN,
® Aa/a is the mesh parameter mismatch (a

mesh parameter mismatch less than or equal to 1% is 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

wo 2006/0300f48] , ~ the surface roughness (RVB) apdi/EPm05/054559

chem cal roughness at the Al GaN GaN i nterface (all oy

di sorder in the AlGaN barrier layer) [19'20] , the

di stance fromthe electron gas (2 DEG to the

interface, that can be nodul ated by inserting a spacer

(undoped potential barrier) to limt diffusion of

el ectrons at the interface [21] , the state of strain

in the HE truct. (in-the Al layers).

t hat has Q/Ehé fq%ﬁée%@goon&t hg |é§% ISQ% rdGaj dlthO&] [%b}ld ko

Cthere ilsiralesoclancgat enses &plosnt aneous-pohanssatkonelectron

field i w{*zite het erostructures [23] that

parti'ci ga ’in the charge transfer) .Charge density

Exceptrhenakoehar ga:tiransfiens nobsgrved: kns AhGaN GaNn  111-n

structures (n s ~ 1020 - 3 x 1013 cm2 ) are induced

byva paftieil aP©pbParisati on"fi'el dietiiepiiezdelectrriterials

R9|@H'S§$'001f'e|qd]mh'§ sva|§grﬁ§[gr5?¢ to &H§g¥%]n the

i nduced Hi gh El ectron |\/be ity Transistor (Pl ezo- H I\/rlg)
moAlLGaNy GaN st uet urees: irave cadWhtziche ryypeéehexagonal

structure. Piezo-electric pol ari sation originates from

noncentrosymetry of this Wirtzite structure. There

Hpe:isf,éeveraf moaels dshaticdescri be the pi ezoel ectric

pol ar| sati phenomsn The si Iest is the Anbacher

et al’ “”F‘rogg? ﬁgt Vi §vppt e?PyﬂguhﬁaP. QZdLBSI Gwterial,

?M)b.), ] H.ﬁi/eﬁﬁﬂcﬁ,ht,o Jrirguihe 2iensStar tidng from thi sodwdeles of

%%GQS/GaN structures will be governed by four preponderant
parameters:

the defect density in the layers “8%

the surface roughness (RMS) and the chemical
roughness at the AlGaN/GalN interface (alloy disorder in the
AlGaN barrier layer) “%Qw,

- the distance from the electron gas (2 DEG) to the
interface, that can be modulated by inserting a spacer
(undoped potential barrier) to limit diffusion of electrons
at the interface W”,

- the state of strain in the HEMT structure {(in the
AlLGaN and GalN layers) that has an influence on the piezo-

[22]

electric field (there is also an intense spontaneou:

polarisation field in wurtzite heterostructures “! that

participate in the charge transfer).



possi bl e to determ ne what material paraneters have an

i nfl uence on the charge density of transistor
wa@ooaoswi€£s made on I11-N based sem conduct i NngPCT/EP2005/054559

materials. A substrate conprising a Ga (Al) layer in

the front face 1 or growmh face is shown in Figure 2

This substrate conprises a support 2 , a GaN channel

| ayer 3 , and an Al GaN barrier |ayer 4 . The support 2

is a sem conducting or non-sem conducting naterial .

For exanple, the support 2 may be made of SiC or Si.

N a | layer 3 is deposited on the front face

glﬂ%ft ﬁggguw rt 2 . This GN channel layer 3 is

rel axédmfﬁheo%\h GaNbargd enrlayerrd i sbbtocated ion thean/GanN

front face 6 of the GaN channel | yer 3 . This Al GaN

BArFEER T Fayers4 1s18tfained. *ThHe N bar F¢ er nidager 4v a
1-x p. I wher repr nts the .icciric
Iyrr%mgrL r]écgtal on[%jhyr eﬂ,’il(ﬁ)éal E?Ng ﬁ Itf(%§eteheré)tli“gtﬁ%mw“”

5 extl ermabtebecﬂnmdtl ghdz theatlebalr epefa«adsabl onefpelidduced

structure Ion is [0001]
F Ee tal* % Ogalgroghir\nvo Na“%fb%ﬁt%ﬁe §06gl §$M2§t| on

f I eI dAIPSI?I\Ia@QNa spirezoelect ri:6rpok anisatiion ft\ﬁied RPEagonal
i nduced by strain in the AIxGal xN barri er }S/er_ a4
ThéUspoht aneots® pot ar i 'si4t ifgn: 47 'a1°d PP oExy i P? F2i AT PRen O~

AbxGald-xhnbaryier layend s expressed,-as a function
of spontaneous pol ari sation const ants of Gllium

L0 nitri dec(GaN) ‘and cAruni nlf[mﬂ(h]l“t ritdet( AINyG T desuri! Jﬁg giezo-
L Il pear ; var @“ REL: SE (ryjﬂ)k (Ano 15>%X ) 'IQ&\OZQ ng Lhe‘z

ere x represents t fraction of the
ahbeyheThetsign ofodehe *S’lbom it aneousHpot ari satien f el dge,uw
PSP w | | , , , , ‘ o
with reference to Figure 2. Starting from this model, it is
possible to determine what material parameters have an
15 influence on the charge density of transistor structures

made on ITI-N based semiconducting materials.
A substrate comprising a Ga (Al) layer in the front

face 1 or growth face is shown in Figure 2.

This substrate comprises a support 2, a GaN channel
20 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 Si. The GaN channel
layer 3 is deposited on the front face 5 of the support 2.
This GaN channel layer 3 is relaxed. The AlGaN barrier
25 layer 4 1is located on the front face 6 of the GaN channel
layer 3. This AlGaN barrier layer 4 is strained. The AlGaN
barrier layer 4 s an  Al,Ga,..N type alloy where x

represents the molar fraction of the Al,Ga;..N alloy.



depend on the polarity o f the crystal. In the
cl assical case of a substrate 1 conprising a Gallium
wo 20060300 umi ni um I ndium in front face (growedr/Erzne3/54559
t he spontaneous polarisation field PSP is negative (in
ot her words is opposite to the growh axis [0001])
Therefore the spontaneous polarisation field PSP
points fromthe gromh face 1lstowards the support 2
The piezo-electric polarisation field PPE (x) in the
Al xGal-xN barrier layer 4 is expressed as a function

glfl gl ?i\loetégcrte“ 9 C%%Et ern%%s e)\eatnr%ief e%f% Oft)htehetof al

pn%ayy syt (2 whet @: P XHTeﬂTGSBHES Mheamokarufracti enong an
of the alloy A IkGal-kN e33 (x) and el3 (x) are the
6F<é-‘zfo éPeetricltonstiant s ép t R&CAl XGaL- XN al fioy SPRixaneous

and.zz;repre ﬁeem q'»efor gns%% %ﬁe engt h, i, %mmn

and Eelgh of t |ezoelectr

5 éoﬁeﬂaﬁhsxeaacéﬁ)vandteann{xr}tmizwheaAIMGh&FXJetanamr 4.
calcul ated fromthe plezoelectrlc constants e33 pd en
of Gakl'and’itHe Picwsoel SCLAF cocohSE ant) €38 And @13 ofin  the

ALN:, A anexapple,, 8 table givipgsthe piezgelectric, ¢
constants of GaN an&jof AIN Is: f the deformations i

fpewea@eveﬁo@eudlnvequatuon vzwnasca Kundﬁumnn@f 1 he (GaN)
L(@Sft\ E%%’T‘S’%ar”t Iq‘l {/i( \18 t )un ncGa q‘]m e \/< my tuﬂ
paramet ers of GaN“channel Iayer” and the ‘A’
10 IxGal xN barrperx)ayer(.the resub19 icsim” (1)
where x represents the molar fraction of the Al.Ga;. . N
alloy.
The sign of the spontaneocus polarisation field Pgp will
depend on the polarity of the crystal. In the c¢lassical
15 case of a substrate 1 comprising a  Gallium layer
(Aluminium, Indium) in  front face {growth face), the
spontaneous polarisation field Pgp 1s negative (in other
words is opposite to the growth axis [0001]). Therefore the
spontaneous polarisation field Pgy points from the growth
20 face 1 towards the support 2.
The piezo-electric polarisation field Ppz(x) in the
Al.Ga . ,N barrier layer 4 is expressed as a function of
piliezoelectric constants ei3q(x) and  esy (%) of  the alloy
Al,Gaq Nz
25 Ppe (%) = e33(x) €, + €31 (x) (exte,y) (2)
where: ® x represents the molar fraction of the
alloy Al,Ga;..N,
e ez3(x) and ey (x) are the piezo-electric

constants of the Al.Ga;..N alloy,
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where : a0 represents the nesh paraneter of GN, a(x)
represents the nesh paraneter of the A | x@Gl-xN all oy,

wE&ideH301eand C33 (Xx) represent the el astic CONBCEHRPEO®54559

the A I xGal-xN alloy. The elastic constants Cl3 (x)
and C33 (x) of the A IxGal-xN alloy are cal cul ated
starting fromelastic constants C13 and C33 of GaN and
AN assunming a linear variation as a function of x .
The val ues of the elastic constants Cl3 and C33 of GaN
and AIN commonly used in the literature are as given

byWight et al. These values agree well with

experinental data, particularl’y data'by Pori Phn dgttogpations

foar 1GaN1 cAgshany exanmph el 1 tabl e rgicvieng 1the el astics, .

constants of GaN and of AINis: In equation 3), the

quant 't§ "EFE AN tE33( x)One (FO tE3 %x)yicsglkx?%)% i o the

%@9@5!¥§ ﬁ#ﬁ JJW%t?QE%Q?JQQHPQ%%t%Qn B@nggtrlg c »tdmt €3y

Consequently, the piezo-electric po(arlsatlon %E

winkl Obe<n@g®1WVQndoww1hewb@ﬁTuEﬂrhayeﬁw@ﬁaﬁtstnauneﬂ ey of
tensi on. The pol arisation discontinuity at the /GaN

|nPErface 6 between the barrier layer of and the

channgk Iayeru@£m€aN generiatiels: a QoS venehapge zoclectric

di stribution at the /GaN interface 6 , for which the

GERST €Y " PsOwr it Feﬁ%§&dﬁmw s = P(AlGaN) - P(GaN)

Material Pap (C/m? eqy (C/m?) ey (C/m?)
ALN - 0.081 1.46 ~0.60
GaN 1 ~0.029 0.73 ~0.49

Table I11: piezoelectric constants of GaN and AIN 77

If the deformations ey are developed in equation (2)
as a function of the elastic constants Cij{x) of the Al.,Ga,.
N oalloy and the mesh parameters of the GaN channel laver

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

Al
Pon () = 290700 (o ey g SO
dy Cyy(x)
where: ® ap represents the mesh parameter of
GaN,
® a{x) represents the mesh parameter of

the Al.Ga;.,N alloy,
® Cis(x) and Cyy(x) represent the elasti
constants of the Al.Ga;..N alloy.

The elastic constants Cis(x) and Ci3(x) of the Al.,Ga;..N
alloy are calculated starting from elastic constants Cyy and
Csz of GaN and ALN assuming a linear variation as a function
of x. The values of the elastic constants Cyy and Csy of GaN

and AIN commonly used in the literature are as given by
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S

(1),

= PSP (Al GaN -

PPE (Al GaN)

PSP (GaN) (4) Equations

(3) and (4) are used to calculate the charge
walensiosopis/ e (where e = 1.6 x 10- 13 C ) for SPCHEP®OS/054559

structures.|f the Alum niumcontent in the A | xGl-xN

barrier layer is between 5% and 30% the charge
density induced by the polarisation is between 2 x
1012 cm2 and 2 x 1013 cm2 .gln order to conpensate
for this high positive charge,
be formed at the Al xGal-

el ectron gas wl|

a two-di nensi ona

interface 6 . Therefore, there is an addi
ggﬁﬁpﬁbd%%oﬁlfo' Rat® i hdlded ﬁyrfﬁe‘ﬁgﬁﬁ
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xN GaN

. onal . V
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denonstrat es dependence between the charge densit
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i nducéd BY POFAPTSatioh*ahd ¢he Eordentdlatitdn gpnstants of
Alumsphumei A tihes A | xGl-xN barrier |ayer 4

<
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is written as
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iLon (3), the gquantity
gy (%) )" s negative for rhe
Conseqguently, the piezo~electric
®x) will be negative for the barrier
ained in tension.
discontinuity at the Al.Ga,.,N/GaN
the barrier layer of Al,Ga;.. N and
of GaN generates a positive

the Al.Ga;..N/GaN

follows:

conprises a C

P%glw%'

o = P(AlLGaN) - P(GalN)

0 = Pgp{AlGaN = Ppy(AlGaN) - Pgp(GaN)

Fguations (1), (3} and (4) are used
arge density o/e (where e 1.6 x
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A drawback of the sem -conducting material of the

prior art is the non-honogeneous distribution of Ga
w@eaedbooat ons in the barrier |ayer 40. This i SPCUEPI005/054559

particular to the difference in behaviour of Ga and A

| in ternms of diffusion capacity, and to segregation

effects which follow this difference in behaviour. This

non honogeneous distribution of Ga and Al atons in the

barrier layer 40 i nduces non-honogeneity of the

pi ezoel ectric field 38 at the interface 39 between the

chann e arrijer, |ay, 0. | o
t he d?kegﬁyoélumjh 9 Enf%%é ity o {h%hgrﬁ%%zbepgéfltr Layer

ﬁhehdmma&advysd@@ﬁndoan trhe dﬂ&hn%buknontqi Gadandl Aby the

ms . in the barrier Iayer 40.,, The ,non- hy enelt }of
?H “hi 82bePBetvi e FiEty 4 rdudes F1 uct tidt 1 oh i%

el ect rgnibgqdensizt ycabethhsei nterface %%M%o@m\m charge,
consequence, the power output by a transistor

5 St FUetdrECBde  oh the lsem deconduct Niend arier ifal the Al.Ga.
@ﬂprNS|ﬂg hh%ﬁ(AjgaN Qﬂ(?t?&rlaye(hNWél bﬁean, additional

di stri buted nonhonogeneously . Moreover,
nonthohogeneous dist rimuticoh Fof tGa andAs| rat bnse -

I( Bg?f?iulngplmlg gfngl Eﬁa?ﬂf’]etﬂh d{?)l eCt [ Pn ql rST_teﬁlrf]‘%(bTu]t Itgp above

Wo024093650s desp&hbeﬁp@ ptogess fD@ nakrng density induced
sem - conductln structure conprising a barrier Iﬁy o the

L0 PHcluditng “ahal't efnlat'iton Gt éyér§‘6¥‘éﬁ’ and"

each. | ayer..of; Al N.and @GN being in the range of 5 to
20 Angstron1th|ck As MA|| be apparent when reading

t he dé@@rlpfh@n(@prqw carrier mobility and charge density
properties of transistor structures obtained starting from
a I1I-N-based semiconducting material depend on parameters

15 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 II1I-N, and generate
problems with the reliability of transistor structures made

20 on said semiconducting material.

Figure ba is 2 sectional view illustrating a
semiconducting material of the prior art based on ITI-N.
This material comprises a classical barrier layer 40 on a
channel layer 41.

25 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 1in behaviour of Ga and Al in terms of
diffusion capacity, and to segregation effects which follow

30 this difference in behaviour.



the present invention, an enbodi nrent of W02/ 093650
thus shares with the present invention alternating
wo 2006030006 bi nary materials for maki ng a | ar gepCT/BYB®D5/054559

of material. The process disclosed in W02/ 093650

allows increasing the electron nmobility within the
structure. However, W002/093650 does not address the

i ssue of increasing the honogeneity of the electron
distribution (particularly in the channel [ayer) .And

in this respect the process disclosed by W02/ 093650

does QRE p"ﬁ%'qﬁﬁ%@é%hghLo%adlsfpgg ?ﬁsb?ng?ﬁle toms

honmogenei'ty [ectron I on
ofn thbesﬂnunﬁume Tdtem 410 bawapprecmahedomhatnéhi$ oi the

known process d 0 ge a solut on as provided
by “CHE théhfloﬁ %ﬁﬁ gﬁ é%ec?% Fecal'l égﬁﬁesgé Hffercen the
icssu@cof hopogenei tyhandnhwhirch rp[“@VlﬂsﬁﬁeSp@Q'ﬂ C1dRANS the
to treat this issue , Mbreover, WO02/093650 does not -

é‘P ‘60T ABT edsi ng ombgenET t yY of° It héhﬁl gzgelectyite e field

1QI§t<ﬁFﬁwan§{f@9§ @?LM@ﬁﬂﬂghgl @%r grah@y@{ JK%mO in
the channel |ayer and thus does not aIIOM/I|n1t|ng t he

fihactaatriionslinct he) el ectronic density at this

I nterface al s nated t.hat r cesses .
dISC|£§é 8 tefﬁ§?Wﬁ§]gpéﬁénﬁa?yrléyé?s o? d|f?“§g Pnduces

materiaksofier imakilng altargerid ayensiAnd asonmehof theseface
processes even di scl ose sel ectin [

el emaht sy 1 7SFE S il ch't s PR AaVAHTAeoUE Foat iFBe1etor
of rtiheui-pventi-onsn Referenge- J@nﬁﬁﬂ@nhﬁ hhisr1respechpt 0sing
US6100542. However, a known process such as

this  AlGaN barrier layer will be distributed non-
homogeneously.

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

Document WO02/093650 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 b to 20 Angstrom
thick.

As will be apparent when reading the description of
the present invention, an embodiment of WO02/093650 thus
shares with the present invention alternating layers of
binary materials for making a larger layer of material.

The process disclosed in WO02/093650 allows increasing
the electron mobility within the structure.

However, WO02/093650 does not address the issue of
increasing the homogeneity of the electron distribution

(particularly in the channel layer).
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the one disclosed in US6100542 does not address | ayers
of materials based on nitrides, but naterials based on

waemenswes . |t thus appears that the existing PCDERRSEES4559

for making structures with | ayers based on nitrides

are associated to sone limtations. It is a genera

object of the invention to address these limtations.

And nore precisely, an aimofllthe present invention is

to increase the honogeneity of the el ectron

di stribution, particularly in the channe

| ayer sAnot her aim of the Lnyentison Ipm ngcrﬁasqe dhey  ny
honogenei ty of the plezoelectrlc field at
Wﬁ@éVﬁédéobeﬂweennphepbawnderaI&yémtand ﬁhe ehamﬂebﬂnq the

%%%%qe%gqt%hgﬁ t ofherQQ%§$é$ qﬁ SﬁEQQPIC d%QSIQXy@r) of

nterface vent i on
ichpr overtheu et ectironive 1 mrdpertuﬁsc@hasen1 tmmﬂucﬂﬁmg known
materi al s based on U -N, particularly npr ovi n

ToPRBaS olonr olier rdt e 'St “ConUCh i raper drd by the
basedronnl I | oNi -Bumpey i of cthe, i nveation.Jherjavention of
relates to a sem conducting sugstrate based on (
BPBREAPSITA eblludhsclh IPrandlas i ahd ipeficadisc toablreat this
to.phe used for exanple for manufacturing of HEMI of

HEMI type transistor structures, conprising a support,

a channetovayer oAOEKe°Sappor ticand axddarrietovayenconasing
}o%oggggno éﬁy:[?“mﬂ§%€6%’%b?lq?LgﬂatBL?%?gég

bayﬁFSnOﬂ/ﬁﬂrﬁhnamﬂ,Sﬁ@ﬂﬂd hiH Vibenamy nsem -lcorductidgthu

re iBFerface
)

gLLp %o allow limiting the fluctuations in the electronic
density at this interface.

It can also be noted that other processes disclose
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
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
structures with layers based 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 1s
to increase the homogeneity of the electron distribution,

particularly in the channel laver.
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Thus, and as will become clearer in the follow ng, the
alternation of layers of binary alloys in the barrier

wo 200e03td0as t he foll ow ng advant ages: a reducedPEl/EP3005/054559

di sorder at the atom c scale, zero alloy

non- honogenei ties at the nanonetric scale and at the

m croscopi c scale, a perfect alloy order according to

a privileged crystalline axigp, a maxi mum pi ezoel ectric

field along a preferred crystalline axis, - an optinmm

el ectron piezoelectric injection.a very uniform

el ect .densjty per unit . surface area, educed =~ .

electﬁgﬁéﬁLglfihéloﬁ a#wfhtepyﬁgeéoﬁnd]fn fhe 5ﬁffléf the

Mameg@deetpocthethedmmaidﬂu@mdeSOfdenj ati nMprovedterface
tructur i abili due to the absence of any allo -
Sﬁwﬁbﬁogéhe tfe é”l deeld, Hy iHprovitig 't Heyer and Phus to

dibsbhihutkonnef e« Gacand, Al atons J nctheibarpierrlayer,

it allows |ncreaS|ng t he honpgeneity of the el ectron

di stri‘butieh. #tmalsb dlllows'iferiéasi ngsthéo improve the
h@@PQ?Hﬁ'Eyp9$péh€J@%e Pe<§§trkﬁuﬂJ%l% a%dﬁ“?ld]Q Pased on
i nterface between the barrier Iayer and the channe

Fayel; and tthusatoyhonogenise ithye reliéctd=oni’c densiting the
a i rface. articularly, by limting the
pérgne)gdugp n%fmdtLrﬁﬁeggwéfifhe]I tgrface bet ween

t he channel | ayer and the barrier |ayer, of

non-honogenelty of the Al um nium
summary ¢ nvention

The invention relates to a semiconducting substrate
based on elements in columns 111 and V in the periodic
table, to be used for example for manufacturing of HEMT of
HEMT type transistor structures, 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 111~V
binary semi-conducting alloys.

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 disorder 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 maximun pilezoelectric field along a preferred
crystalline axis,

- an optimum electron pilezoelectric injection,
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concentration in the barrier layer, and of non
honogeneity of Gallium concentration in the channe

wo 2006030004 al | ows i ncreasi ng the honpgeneity OPCT/RR2005/054559

pi ezoel ectric field as described above. Furthernore,
it will be understood in the follow ng that when a
layer A is nentioned as being "on" a layer B, it may
be directly on layer B, or iit3 may be | ocated above

| ayer B and separated fromsaid | ayer B by one or
several internediate |layers. It wll also be

under§t00dath%ﬁwmhe%n%f%§1er@%@E’r%%%d tgaggiton">§“ unit
layer B, it may’cover the eftire SUrface®Bf the Pajer "

Burfarcaazpenti on of said |layer B .Preferred

non-limtative aspects of the sem conductor according

to the inv@nﬁ@@HCﬁpeeé§cf6PPbM5gLfﬁ%btﬁ%nﬁbllpéyéfa°@$ and
GOMPhkSes ran-al t ernatien, . aty Hhe ateayc seal eqi 8 rder,

l ayers of third and fourth I'll-V binary
seni-ConduéﬂpﬁgvéﬁléyéuctWM%f@%ﬂﬁiﬁdn&UCﬁWﬁgt§ub§ﬁrabé@ﬂCe
bur Lher i nelufss A, pUFLEL; 1axer between the support

and the cha | ayer, e buffer layer conprising an

al t er hatiten, aty t hepatoma sbal eji=ofribayeps off fGht hnd Al
and sixth Ihkgvlghqqprﬁsznigqnducqin: alloys; the .
AuBar of at'ohi ¢ Hondl'ayer's“in ehch binary dridy gfny  the
hheogkter nat icon ofe t heebarnheriilsayeruoroof tihe channgl 1ows
| ayer or of the buffer layer is conprised between 1
éH&fééﬁlﬁqtHé“hdﬁﬁ@%ﬁﬁﬁ”éﬂbn?% ﬁﬁﬁowayégglpﬁtéééhfleld at

bhRaryhterface between the barrier layer and the channel
ltayer, and thus to homogenise the electronic density at
this interface.
More particularly, by limiting the parameters:
- ol  roughness at the interface between the
channel layer and the barrier layer,
of non-homogeneity of the Aluminium
concentration in the barrier layer, and
- of non homogeneity of Gallium concentration in
the channel layer,
it allows increasing the homogeneity of the
piezoelectric field as described above.
Furthermore, it will be understood in the following
that when a layer A is mentioned as being "on" a laver B,
it may be directly on layer B, or it may be located above
layer B and separated from said layer B by one or several
intermediate lavers.
It will also be understood that when a layer A is saild

¥

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

the layer B, or a portion of said layer B.
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alloy of the alternation of the barrier |ayer or of

t he channel

| ayer or of the buffer

| ayer varies

whedosnia first value on a back face of the bRCT/ER2005/054559

| ayer or of the channel |ayer or of the buffer I|ayer,

and a second value on a front face of the barrier

| ayer or of the channel |ayer or of the buffer |ayer,

the back face being closer tgsthe support than the

front face; the first and second val ues are conprised

between 1 and 20 ; - the first, second, third, fourth,

fifth_an_sixth bina oys are chosen fr

A N, ERE BT aRt Thkp Y By PR TayBF Ut ABR Ronductor

krebudesqgatrbayee oOfvddd s sem -conductiyag ternary

alloy; the alternation, ,at the atom c scale, of |ayers

of first ahd®sé&dondell|LlaySeniOEBhdEeti ng bithapynation, at
ahlkoys, i8] ocat-ed -between the ;support,and sahd {ayer, of 1y
-V sen1conduct|ng ternary alloy; - the barrier
Payerycompk i sesliacpliur allityyof layers of I11-V

sem - condu ng _ter Vg aye

sem - condug%$ng€%grﬁgﬁ§uallgz bggngr‘%ca{ed]gé?
bayérrofathe bete@om|Manyahhny/andiahkayehn@f theyor,
F gnd bina§¥ al|0ﬁ t he alteg?atlon the Qarnwe

rrfurther imeilides "y | aYer “of e 11~ v a

een1mponducuhp@rtekﬂarylalmoy1@m %h@ualtennathenmﬁﬁ semi-

the atomc scale, of layers of first and second I11-V

sehi'tohduét hg binary al | oys: the channel Iayer

further copprisespa, plurality;of ]bhy@ $ePf Ll -Men pinary

sen1 conducti ng ternary al l oy, eac
Lloy of the alternation of the bar

clude< a
a
the

atomic

rier laver or of the

channel layer or of the buffer layer is comprised between 1

and 20;

the number of atomic monolayvers in each binary

alloy of the alternation of the barrier laver or of the

channel Jlaver 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

buffer the back face being closer to the support

layer,

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

ITI-V semi-conducting ternary alloy;

~~~~~ the alternation, at the atomic scale, of layers

of first and second II1I-V seni-conducting binary alloys is
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| ayer of I11-V sem -conducting ternary alloy being
| ocated between a |ayer of the third binary alloy and

wa2doapaniof the fourth binary alloy of the al tBeTEP10051054559

t he nunber of atom c nonol ayers in each | ayer of the
ternary alloy | ocated between two | ayers of the binary
alloys is conprised between 1 and 5 ; - the channel
| ayer is nade of a layer of ternary alloy of Al GN, or
InGaN, or AIBN, or InBN, or InAIN the channel |ayer
I's made of a Iayer of binary alloy of GaN, or AN, or
DN PL! DN, Lhe sem -conducting substrate furl hey
corrprlses a &p bet vieen the supyport and
channel: '}1@y8érr)£h3e (burfcfyer | ayer bei ng made of a Iayer
of binary alloy of GaN or AN or BN or |InN,
seni - conduttt n}éd%)ﬂb‘sﬁ O T G TREr 566 m‘:}r PLEs A’ be Pér layers
Layer tbet wegn-t heasuppes tr and the jghannelchaygter of 111-v
thebuffer |ayer being made of a Iayer of ternary allo
oFmAFGaNIvek L GalN oty ABNY o ineBNoceteinAENvehe a laver
pRar. h f LANoNg .S,
%?CE%. f]§ Wa%qngty gﬂ?!%ﬂkﬁi q 9§9?h Rgggggnége§%% binary
bar’iDVen‘I alyerd(t%)ncns <aonpr| sed between 2nm and 500
nm The |nvent}| on aI so re | at es 5 d £ the
prepar at i oh ' of " & 'senfi -'condudtih ”éuBQ 2 cdn‘bﬁi\/%l ng- ¢
aisupperty -acchannelqg | ayeta.0n ﬁhﬁo@U@@O[maanﬁV@INdLLoJ, at
barrier |ayer on the channel Iayer wherein the
hﬁfh@ﬁ@mébn'ﬁrﬁé(es the 161 I‘D\ang( St ép“(]hio sraert béfny semi-

npesed) ng @inaCfeatign of an initial barrier |ayer
by: ‘

{ -/ semi-—

the channel layer further comprises a plurality
of layers of I1I1-V semi-conducting ternary alloy, each
laver of 111~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;
ffff the number of atomic monolayers in each layer of
the ternary alloy located between two layers of the binary
alloys is comprised between 1 and b;
- the channel lavyer is made of a layer of ternary
alloy of AlGaN, or InGaN, or AIBN, or InBN, or InAlIN;
the channel layer 1is made of a layer of binary
alloy of GaN, or AIN, or BN, or InN;
the semi-conducting substrate further comprises a
buffer layer between the support and the channel layver, the
buffer layer being made of a layer of binary alloy of GaNl,
or AIN, or BN, or InN;
= the semi-conducting substrate further comprises a

buffer laver between the support and the channel layer, the
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I ) deposit of at |east one atom c nonol ayer of a
first binary alloy; ii) deposit of at |east one atomc

worenwelozopesr of a second binary alloy; iii) repepCT/EPWWOB54559

steps i ) and ii} if necessary until the required

thi ckness i s obtained. One aspect of the above nethod
is that the sem conducting substrate is that it is
obt ai ned by individually fittisng nonol ayers of AN

bi nary all oy and nonol ayers of GaN binary alloy in
order to obtain a barrier Iayer as honogeneous as

%§§I?let <Drt p%n @iﬁl o} (orta t%gnggqugtloy of
hat fivent'i on addr éssés the ructure at t

detsaill, ed rscalenof ot helponolayersN,and anaraccur at e
definition ?f a "nnnolayer" shal | _be provided further

in thi's text'® Prétéited buﬁmﬁbn‘?lﬁ?t&Fﬁ#@”éépé€P§“df fFrom

thenmethodsaccordiingstopit hes | nuentd-gn are as
foll ows: the net hod further conprises the step of

creation oflat feastiome |a@yertof terrarcy al'lkayrinlep) is

Qt‘)rrth'?? ;b0 Eb%epﬁrﬁhrﬁrark@y%) e step of creation of
said layer of ternary alloy conprises the deposit of a

| ayer Thf aDVthamW @l%oy%lfﬁthetstepmetiodeatlommukwdtlon

[ ayer ernary. conprlseg,th
??egtﬁeﬁt (?ndt([annﬁﬁh 1'ayers of it annd”chOI
bihnany ] anhoys dﬁpOB@tﬁdﬁknﬂj(ﬁmﬁﬁdeMY}G3th&y@hemnﬁhm,

treat is carried out after at | east sonme deposits
GP<CHE SCRBRE bi'hary' 'l 115y Mt A GPRAES £ Bt at ur &ing
betyween-0€-and 300G, ah@te)dtg the tenperature of

creation of nonolayers of first ‘ _
a. creation of an initial barrier layer by:

i) deposit of at least one atomic monolaver of a
first binary alloy;

i1} deposit of at least one atomic monolaver of a
second binary alloy;

11i1) 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 that 1t 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. In 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-limitative aspects of the method

according to the invention are as follows:



and second binary alloys; under vacuum or ultra-high

vacuum bet ween 10-8 Torr and 10- 1 Torr ; under a gas
WOorRoob08®14 | ow conpri sing amoni ac NH3 or ni t r OBETEP2005/054559

nol ecul e N2 or hydrogen nol ecule H2 a pressure

conpri sed between 10-8 Torr and the pressure of 1

kBar; - in presence of a NH3, N2 or H2 plasma; the

thermal treatnent of atom c nonol ayers of first and

second binary alloys deposited ini ) and ii) is nmade

after the step of creation of the initial barrier

layer they H@tmgghéngPﬁJ<QPQHﬁﬁ %S%$yqlﬁleQ@%fofy@r@atjon

creation o annel |ayer by deposit of bi
alfl ey ota@Npner LAVN, of BN naory [nN;ovt he met bodthe initial
E}Yg]gr gonprlses the step of creation of a channe

3 Ey %poS|t of a ternary alloy of Al GaN, or
| nGaN or AhBNsten | aBNs-rerthaAl Nt hea net h@@efyurdmewwnary
conprlses the step of creation of a channel |ayer b

Pv) Cdeposrt L of ahh%ﬂﬁﬁ%6>ﬁnﬁﬁlgyéﬁvéf afth.%afb@hhr@l oy;

alloy v-)depasit, ofr an atem,g mmnokayer 1of -a ﬁqurtarnafy
bi nary alloy; repetition of steps iv) and v ) if

AécessaryPuntiel the rreduiired hindknessa i @1 obt aphetivers of
tfhg ‘tSt ?Rdoi p&%{;\tg ar aq,,,.%%n@%%oqffwgﬁ Hthegnd G
conpri ses t%erna trea nt “of omcC nDnoIayers %

t-hi rdtandtfiount h bicdmerdl lioysadepesi ted éntew)atandast
%bmghgepOSits ol 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 107" Torr and
107" Torr ;

- under a gas mixture flow comprising ammoniac NH3 or
nitrogen molecule N2 or hydrogen molecule HZ2 a
pressure comprised between 107" Torr and the pressure
of 1 kBar;

-~ in presence of a NH3, N2 or H2 plasma;
the thermal treatment of atomic monolavers of first

and second binary alloys deposited in i) and 1i) is made

after the step of creation of the initial barrier laver;
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;

- 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;
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thermal treatnent being carried out before sone
deposits of the fourth binary alloy: at a surface

wo eovpes@miur e between 0C and 300C above to the PCT/EP2005/054559

tenperature of creation of nonolayers of third and

fourth binary alloys; under vacuum or ultra-high

vacuum between 10- 8 Torr and 10-1 Torr ; under a gas

m xture flow conprising amoniac NH3 or nitrogen

nol ecul e N2 or hydrogen nolecule H2 a pressure

conpri sed between 10-8 Torr and the pressure of 1

kBar; in presence of a NH3, N2 or H2 plasma; the . o
met hod fuﬁfﬁg?dcgﬁb}?%%§“¥“5"§F€pLdf g?%ﬁt?gn“b?a%}on of a
bubfer 1| ayerrbyydeposit of a binary alloy of GaN, or

AN, or BN, or InN Presentation of the figures O her

char act eri/st '68°and 8dvant ages’ ofMtHe duirent’i on twi 1
becone cl ear raft.ek, g@@@%pg the foll owi ng description
which is given for purely illustrative and

non- | i mYat i VePpai posésan andomustnde reead witt b fourth
reference t°kﬁﬂ§r2t5§99$d drawi ngs anong whi ch: Figure

1 shows a sectional view of a semiconducting materia
basedionoa niftrisdepof an | khdel ementt onewhi cdran uHEMT  the
Expgj$g§n§%§;oroM@3Mp§gyi.-JﬁLgure 2 is a sectiona
Vrémro‘(a”s@h%%oﬁductr”g”ﬁéférlaI based on a nitride

of anthtlsebenentcr&iguie o3 aScaaseeti onakr viewofr an
interface between a binary material and a ternary ,
hat'efi af s Oﬁéh % )H%ai treatment of atomlc 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 107" Torr and
107" Torr ;
under a gas mixture flow comprising ammoniac NH3 or
nitrogen molecule N2 or hydrogen molecule H2 a

. . e . O e -8
pressure comprised between 10

Torr and the pressure
of 1 kBar;

in presence of a NH3, N2 or HZ plasma;

the method further comprises the step of creation of a

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

or BN, or InN.
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sem -conducting material of the prior art; Figure is a
sectional view of a ternary material of the prior art;

woe@ansoba i s a sectional view of a ternary nePEr/ER1005/054559

illustrating the alloy order in the [001] synmetric

pl anes; Figure 5b is a sectional view of a ternary
material of the prior art illustrating the alloy order
in the [1-101] asynmetric planes; Figure 6a is a
sectional view of binary and ternary material |ayers
in the case of a ternary material of the prior art;
FlgugthQ s a,secti nal view of binary and ternary

n igures
ﬁ&terra‘~>ayers n the’case of an ideal ternary

mat er bahy:Fi gureabeeir ssaisecthonabivihewsof binany andention
ternary materials obtained using the nethod according
0 1t hdSHUent ot Fitgures’ 7a’teY 7§hehdw!dertignaescription

vihews afs diffarent-epbedipents aceardi,pg-ta the-1initative
i nvention; Figures 8a and 8b show sectional views of

é%éﬁﬁP@Sroﬂ“ﬁséWﬁﬁ atd oyerernarly materialte obtai-hedabyached

hhqwnﬁghqu@§ Iding. to the invention Figure 9 shows
an exanple o sen1 conducting material according to

t he |ﬁventlo@mr@|gure X0cshlrows aan exanpbe:of barem er of  a

alnéé(r 3% Cio{ di ‘??a%fi(‘){n%pf‘hl n )h:‘]glkiggsfgl ggr en.]JT;Ll;i‘ AOS % £ an IIT

element on which an HEMT type transistor was made;

Figure 2 is a sectional view of a semiconducting
material based on a nitride of an 11 element;

- Figure 3 1is a sectional view of an interface
between a binary material and a ternary material of the

semi-conducting material of the prior art;

Figure 4 1is a sectional view of a ternary
material of the prior art;

- Figure DbSa 1s a sectional view of a ternary
material illustrating the alloy order in the [001] symmetric
planes;

= Figure 5b is 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 1s a sectional view of binary and
ternary material layers in the case of an ideal ternary

material;



of the barrier layer in function of the A
concentration for different enbodi nents according to
WO bmopsm®sent i nvention, Figures 12A to 12D il | BGI/ER1085/054559
t he roughness of two enbodi ments of sem -conducting
materials according to the present invention, Figures
12E to 121 illustrate different surface norphol ogi es
of Al GaN GaN HEMT structure aocording to the present
invention for different Al um niumconcentrations in
the Al GaN barrier (25nmthick} , Figure 13 shows
anot her exﬁﬂHL?DOfmﬁeq1COQduQﬁﬁﬂgﬂﬂﬁteghé §o&gkﬁgy and
to the invention, Figures 14 shows two ot
éﬁ@@dkmgmrg(ag@dpduﬁgwinmﬂheupnegenho met hod according to
(nyention §cr|pt|on of the invention Therefore, one
pur pose oF invention is to provide a nethod
capabl-e offpﬁ@dwglngaa sem condugtdung setierdall basedis of
~on_an inproved in other words a material that
7 &i»l»\f/égl‘»*BgP t %@b(b?ab%m@é%rfdtwanépsfaff stYuttires nade
on it, in tegne.of gharge;depsity,and reliabilityyofys of
t he flnal transistor structure. This is the purpose
6 rﬂ“@ﬂafeh(>Appﬂ‘w%lawrdﬁés>3fst Gdined vsotve arater iditained by the
R@fﬁﬂ§t§{§o ﬂgttheg%vmgpho ty’ charge density and
structure re lity propertles These materia
par anet er st a(pterqr oughnégy%at annterdmgeles, cdl | eymi-conducting

Lo mdangﬁ%aggzj%?gg?Hkgﬁéghggggaé¥RHterfaces The
roughness matqgint erffiacesonmy be physical off barrier layer
according to the invention

- Figure 11 is a diagram illustrating the thicknes:
off the barrier Jlayer in function of the Al concentration

15 for different embodiments according to the present
invention,

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

20 - Figures 12E to 121 illustrate different surface

morphologies of AlGaN/GaN HEMT structure according to the
present invention for different Aluminium concentrations in
the AlGaN barrier (25nm thick),
= Figure 13 shows another example of semi-
25 conducting material according to the invention,
= Figures 14 shows two other embodiments according

to the present invention.



chem cal. The nobility of electrons in the GaN channe
| ayer of a sem conducting material based on H-Mis
w@2006i0800h4ar |y sensitive to the chem cal roughnBSEEPINE054559
chem cal roughness depends on the conposition and
occurs as soon as a ternary material (for exanple
Al GaN, InGN, InAIN, AIBN, GaBN) is introduced into
the structure. Figure 3 showsjan interface 9 between a
GaN channel layer 7 and an Al 0.3Ga0. 7N barrier |ayer 8
The GaN channel layer 7 is |ocated bel ow the
Pqte ace 9 ¢ g L t he AHO( 3Ga0. 7N barrier layer 8 is
Soat ol ABovR t haS i HEErtacd 9 . It is seen that some
at omsTie e 0f r& heoaNehannelofl ayars 7rlheecated bel ew phevide
interface 9 are above said interface 9 : therefore, ,
fhefel e acrbdghhiess’ phénohenson at the! L NOI B TN RN
batenface -9 Jlbpgvginqn hgnngﬁngih €Syo@hkoy material that
fluctuations Figure 4 shoms a non- honogenous
5 diigeri buttiton i@ dariderof ayérmoﬁ SAbGaN 30, tof ca Ml on
ppsedysentcondcting, materd al, i Galhiumniche 8T RS rina)
and um ni un1r|% areas are frequenl
createdtduest ousurface dlffu5|on rates of Galllun1and
Al 'um pi um precyrsors during the sem conductin
mat er{ af ° pﬁddu@i on" et ho g”be@é‘dé adgr éga‘f‘és ot my Pt ed
andedevelop.a 1 Thisriype:of defectnd s rquaki fied @as an charge
~ alloy fluctuation. Alloy fluctuations reduce the
L0 Apbitivyef el ectroms dhd ptiay tanPirportant- role in
the r @}I Lle T’w Ly pt }K ﬁnﬂc‘st(qr S d%d&nhﬂm Lhea interfaces,

sen1conduct|ng naterlal based on
Loy fluctuations and alloy order.

Type 1 non—-homogeneities: roughness at interfaces

15 The roughness at interfaces may be physical or
chemical . The mobility of electrons in the GalN channel
layer of a semiconducting material based on I1II-N is
particularly sensitive to the chemical roughness.

The chemical roughness depends on the composition and

20 occurs as soon as a lternary material (for example AlGaN,
InGaN, InAlN, ALBN, GaBN) is introduced into the structure.

Figure 3 shows an interface 9 between a GaN channel
layer 7 and an AlgsGag N barrier layer 8. The GaN channel
layer 7 is located below the interface 9, and the Aly :Gag N

25 barrier 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

Aly 4Gap oN/GaN interface 9,
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In particular, these alloy fluctuations degrade the
pi ezo-el ectric electron injection that becones

woenhosmwgenous and causes a non- honbgenous chaPQEEP2005/054559

density in the channel of transistors produced on the

sem conducting material . Alloy fluctuations are a

mai n source of failure of power transistors, since the

current density in said transipstors i s not honbgenous.

Type 3 non-honogeneities: the alloy order The all oy

order is a defect of the sane type as the all oy

UHEL UL, R B PLOMY ¢ B8 5\ TS Bl LpY order 1

partlahbyr@rdereﬂmﬂﬁstalbuthﬂﬂ@ﬁﬁihﬁuSOGSFifU@@ﬁlon in a
tom.c eI ements of a ternary material . For exanple

PHE dase oY “an°Al &aNBarfie Pflﬁyéﬂl“NAﬁﬁﬁ#ﬁﬁuﬁﬁPﬁ@ﬁdU“Lj“g

atem.¢.pl anes can be observed alternating with

"al um ni um depl eted” atomic planes. The average N

conpos?@ﬂbh”%f "thie" alFoysScdrrespondsuroni e rargeétareas 32

WMLh ArOe q &I%QkuﬁkkPnéu tt@tqﬂh”’ngveb ﬂJll§Hl§&kég of

order nm app ar in several crystalline dlrect i ons.
h7$1aMIOydowdemﬂmaynbarwndueed bwugnowﬁhhpaﬁamat ensucting
9\ rain p q X spontaneous uorder Ny

Fﬁ 14 not" det |Hé¥ht@f >Htréﬁdé%J Gntgdfheites form and

senbmenducn ng mgberial . dcanseguent Iynaliitfilesl as an alloy

uncontrolled and non- honobgenous. Figure 5a shows the

al'foy"order-in the [1-101] asymmetric planes of an

AIGahhbﬁ&%'QrtiaY%,uohﬂ ather-aords iRpRhanes or ciectrons

perpendlcular to the [0001] gromﬁh axi s.

and  play an important role in Che reliability  of
transistors made from the semiconducting material based on
I1I-N.

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

Alloy fluctuations are a main source of failure of
power transistors, since the current density 1in  said

transistors is not homogenous.

Type 3 non—homogeneities: the 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 elements of a ternary material.



"Alum niumrich" atom c planes 33 and "Al um ni um
depl eted" atom c planes 34 can be seen. The all oy
w@e@en3i0s4 formed in the [1-101] asymmetric pl areBEPIVEFI054559
epi taxy production systens are used in which the
supports are placed on a rotating plate. This is due
to the faster depletion of Alumniumand Galliumin
the gas or nol ecular m x used3sin the nmethod for
manuf acturi ng the sem conducting materi al
(uncontrol |l ed parasite reactions of precursors) .
Thus']B?eeng@Q Lt VW4|LP§ eépgsgq @L;Qﬁﬂ%ﬁ?lgaEPi@P layer,
Al um ni um'ri mol ecul ar en an
”AUumnnuum1dephétedbmgaSpaanﬁeleeulae woxerFegurétbbnating
t he al rder _in,t 001] nnetric pl anes of
GSNUBLH] %r(T%&etg "/ﬂlf HﬁPP ‘€h" atom c pl anes
35 andnéAlauaigem cd&hﬂi(ﬁllﬁd.onat@m chpl anes 36:£ak Qﬁvnds to
seen. The alloy order in the [001] synnetr pl anes is
dlie t6-HBh: hY‘ﬁhblge(hJo‘ﬁfs“‘s‘% rfdiyy tiest PrButf onsOahe Level.
di ff ergnces; ﬂdy’t%$d§?ahhk XWQLﬁer§%a|%kH§ ﬁurf993§d¥ ine
Ef fect of type 1 , % non- honngeneltles
Theret opes - t hgichr éé def e@fdcwypeswnehﬁ ohethabbvey growth
S ipterfaces, aI 0 Luct tlon , wal X
g?gggbpgfe ?Lﬁatgg I@ the m i yf%usedy?o naé tﬁogydn(0U5
sedpconduanlngcnaneﬂ1aldandmgeneﬂate hﬁhk&b]hkiy into  the
or_transistor structures pade on said I
ST EeMRuCET G RATeFIar: KodShh ERu) T erdnsty atgont ol Lea
usungotheoﬁ@@a@hﬁ{,et al . nodel , the charge density
i nduced by polarisation is very dependent on the

Al uni hi um coneent tlatwon ilmet hel AGaN barri ern | ayer . [1-101]
asymmetric planes of an AlGaN barrier layer, in other words
in planes perpendicular to Che [00071] growth axis.,

"Aluminium rich" atomic planes 33 and "Aluminium depleted"
atomic planes 34 can be seen.

The alloy order 1is 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 (uncontrolled parasite reactions of
precursors). Thus, the support will be exposed alternately
to an "Aluminium rich" gas or molecular mix, then an
"Aluminium depleted" gas or molecular mix.

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

seen.
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A local variation +/-0.2% of the Al um ni um
concentration allows making the electronic density

wo bawesmmt€ by 2 x 10 cmor nore. As ill ustrat eBCT/RP2005/054559

Figure 6a, for the case of a classical A GaN barrier

| ayer 40, the direction and intensity of the

pi ezoelectric field 38 at the interface 39 between the
barrier |layer 40 and the channpel layer 41 will locally
depend on the distribution of Ga and Al atons in the
barrier layer 40, which will induce fluctuations in

t he electronlc density at this interface 39

Simi | aPfy2lifg power out put by 'd ﬁW%iﬁ@FéYoP]@ﬂ?ﬂc% rgue to
thgﬂogbﬁo§€”L@QQ¢HCHhQgr@Btﬁféﬁi Qﬁﬂp& §f@9@$gks in the

standard Al GaN barrier lTayer wll be distributed

nronhomgenolstyys ksl shiows it aFiegur e 6b, the average

val ue of the piezoelectric field 44 for an idea

barrier layer 42, isequal to the | ocal value of this

Eirekdt abJanyp901nt20nw1heykﬁt@ﬁh@@én@Stbetmeen t he

barrier a%er 42 and the channel |ayer 45. Therefore,

the el 8Gtf %?%’déﬁ§|tﬁy”éfhoﬂbé%hBust%ﬁeihé““ﬁﬂépfgcedbovo
43cuhppkicant hascthuscdemanstrated theci pportance, of rqer)
havi ng a sem conductin naterlal that includes a ‘
¢oFr eéct Py cor dér éd battiilerd 'ayet in order 'to ISR torecting
Lwarsﬁlgypemof Jen-homogeneti gs Jrentioned, apove, .and; ooy
t hus obtain be %ter propertles of ‘transi stor structures
ﬁadecbnr@hewgéﬁvwwnduct|ﬂgnnam@mralnqlmaodeﬁlto
g?g::gdabgﬁg}%R/ %omonghbufgg %{ng%%hdgacsgnggt+ et al.
theebar riher drayer nades iofy ai rhﬁﬂmﬁwyma|¢@yANW§JUJb, is very

dependent on the Aluminium concentration in the AlGaN
barrier layer,

A local variation F/=0.2% of the Aluminium
concentration allows making the electronic density
fluctuate by 2 x 10" cm™ or more.

As illustrated in Figure 6a, for the case of a
classical AlGaN barrier layer 40, the direction and
intensity of the pilezoelectric 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 1in Figure 6b, the average wvalue of the

piezoelectric field 44 for an ideal barrier layer 42, is



20

30

I I -N-based sem conducting materials according to
prior art, by a barrier |ayer nade of a ternary

w@s@adanosd | oy. For the purposes of this inventPONEPR05/054559

ternary "pseudoal l oy" is an alloy conposed of
alternations of atom c nonol ayers of binary alloys. It
wi Il be understood, in the present invention, that a
“nmonol ayer” of binary alloy i2s conposed of one
nonatom c plane of 11l element (i.e. Ga, A, In) and
one nmonatom ¢ plane of nitrogen (N) . It mﬁll al so be

E@ r Sti %Oq hlen 1to|'<l%]prv(eﬁle)[1t olfm{%m | on etl Ha Py {goj nt on the
atom c pl ane™ corresponds to one step )
wm&@hfak&o480ﬂme$p@md8”h@ fea thail fr |abﬁhce4£ehhd0fhthehaﬂnel

stal | ine structure. gure 7a illustrates a »
g Yi“dond ctiFﬁf%@&%@laﬁh%oeéﬁﬁb¥ﬂ?ﬁg tonalfyrsp homogenous

embodiment cofathesinventi on. This senm conducti ng
material 50 conprises a channel |ayer 51 on a support

52, afdPalbarti drad ayérs53dradesbfabed erary importance  of
%%%998 qlLQ¥1QQ1HB§1QH?nHQRGk§X?rL§% Thg ?HHEQr %%r:gctly

made of C. However hi's support coul'd be nmade
@ﬁﬁer@dabernats saghrasnSplileonfo Al Npisapphi reree Gapes of

ﬁdn %omoq%ﬁ% ﬁ erng é#ﬂ%lgdblP %avgﬂ ﬂnﬁhogghdf%rbe tter

pthepehannel |ayer &rdnsuetv.as AltNucBNrEboromanktride) the
or InN (Indiumnitride) . This channel | ayer 51 is
deposi Péﬂ(bh”?H@ﬁEprbrT by a method known to those

skilled i-nqthe @rt such, ag N@Lﬁ@%h@@(B@ﬁﬁ‘%QﬁQ@&M with a
( MBE) or thal-crganlc Chenlcal Vapour Deposition

(IVDV@) “hBt heddered barrier layer, Applicant decided to

replace the barrier layer made of a ternary alloy within
[-N-based semiconducting materials according to prior
art, by a barrier layer made of a ternary pseudo-alloy.

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

It will be understood, in the present invention, that

re

a “monolavyer” of binary alloy is composed of one monatomic
plane of TIT element (i.e. Ga, Al, In) and one monatomic
plane of nitrogen (N). Tt 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
cell of the crystalline structure.

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

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

ternary pseudo~alloy on the channel layer 51.
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The barrier layer 53 is a ternary pseudo-all oy of
Al GaN. This barrier |ayer 53 conprises binary alloy

wo 2006030006 GaN 54 and binary alloy |ayers of APCI/BB2005/054559

These GaN and AN | ayers are alternated and have
constant thickness. Each |ayer of first binary all oy
made of GaN 54 (or each |ayer of second binary alloy
made of Al N 55) is conposed ofs one or several atomic
nonol ayers of GaN (or AIN) . Those atom c nonol ayers
of GaN and AIN are individually fitted in the

seni - gppducting naterial in 0{;{125;5,{59 Q%é‘gg;t gﬁg | el port

| ayer as honngeneous as possi i gure

idduist rlat esatre wbughhessrmﬂenhensen$acmnduct$nguxnh ALN,

q%ppﬁhqgs(acgo&dlng to the present invention for
#ferent Concentrations of Ga and A1l in the barrier

| ayer rh¥hecnhunber ofaatonisa menol ayess{denotiad nGaN ) can.
per |ayer of the first blnary al | oy made of GaN 54 can
”8W§V6éfmé%ﬁ“i‘éhdmﬁﬁ“”ahd oriefer abry befieedcreand or the

20.nand even . more preferably betyeen; 2. and 1040y or 1ny
Simlarly, the nunber of at om ¢ nnnolayers (denoted

AAPN ) "per Lraget - of the second binary all oy nade of
AN 5$h9an Y@ﬂ%bper§6p 1 %Qgcggkwq gdp%% ?ée SMQ%oEf by a

bet ween even nor pre erably
andh20. khbwshab thesappkeéctiatiednt hat existiing as Molecular

cesses .such as. the one dISC| sed b US6100542
ndgedﬁynvoﬁVé "?H | ayer 50 ? VAT er MAtT Ot of  Vapour

wepyyﬁhhnnel enent ararHayers - and in this respect
t hese processes present sone simlarities with the i
alterhgildh”dﬁ(ﬁonb P'ayers menti onedernary pseudo-alloy  of

AlGaN. This barrier layer 53 comprises binary alloy layers
of GaN 54 and binary alloy layers of AIN 55. These GaN and
ALN layers are alternated and have constant thickness.

Bach layer of first binary alloy made of GaN 54 (or
each layer of second binary alloy made of AIN 55) is
composed of one or several atomic monolavers of GaN (or
ALN) .

Those atomic monolayers of GaN and ALN are
individually fitted in the sgemi-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

vention for different concentrations of Ga and Al in the
barrier lavyer.

The number of atomic monolayers (denoted ne.y) per
layer of the first binary alloy made of GaN 54 can vary
between 1 and 40, and preferably between 1 and 20, and even

more preferably between 2 and 10. Similarly, the number of



above. However, US6100542 addresses materials based on
arseni des and not nitrides, and its alternation ains
wa@tooa@siond zi ng the doping of the larger |ayer PEIIEP2005/054559
constituted with the elenentary | ayers. US6100542 does
not address the issue of honogeneity of the
di stribution of electrons. |Indeed, US6100542 concerns
non pi ezoel ectric structure. oan skilled in the art
knows that alloy disorders in the layers of a non
piezoelectric arseni de structure do not interfere wth
the hono enq|t _of ihe dls;rlbu5|on of el ectr cond
Fentel mat'etical"d baldd on" 4r Seni dé’Whi R compi |sLe neeone
al herpatiionyofhagkenenhany sbayens vedoynpt agaﬁe55ahbe4o and
I ssue of hoanenelty of the distribution of electrons.
PEesRarPL 4l dof B dppriecitatied’ that'lexi S¥ g pridcessascrably
such.as the,gneydi scl osed n V[DZ/O9365Q i ndeed i nvol ve
maki ng Iayers with an alternation of "nonol ayers" as
nentibhe@hat pége @OthﬂrﬁﬂpaﬁagwaphCEf s \O02/ 09365055 such
[’O{E thpn91ﬂ ﬁ %e%QB b?Q quy[Q?/9%§ <%a%3kinq
far fromthe definiti on of nnnolayer in the sen of
ﬂheepresenh bEnvehteéomt <ndeed\mhhet?nmmeiayemsﬁraslayers
descri bed V[02/093650 a in the range of 5 y o _
AHgst rOm thGk (960 002/ 0BG850 page s Pt d Drosert  some
panagraph}es \Mwmzh itSeves yr & hi-okwit ho r espeet st or theom ioned
nonol ayers of the present invention which are atonmc
HORBF ay el Woo2/ 653@ "dddr essessthe propliemlsf based on
Lpcreaskng the @oectm@rﬂ mebi I ity; wthin the strugture. .
However, W02/ 093650 does not address the |ssue of
inpcreasing the Hon@geneﬂtylof leheeel éet/ron hus constituted
ripution (particul | chan er) e e
?ngéedggﬂﬁgfggggg%b 9a9 l¥ Ds EPSO p po< §¥€ deigwd the
issue of homogeneity of the distribution of electrons.

Indeed, U36100542 concerns non pilezoelectric structure. Man
skilled in the art knows that alloy disorders in the layers
of a non pilezoelectric 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 that existing processes
such as the one disclosed in WO02/093650 indeed involve
making layers with an alternation of “monolayers” as
mentioned at page 7 third paragraph of WO02/093650.

However, the “monolayers” described in WO02/093650 are
far from the definition of monolayer in the sense of the
present invention. Indeed, the “monolayers” as described in
Wo02/093650 are in the range of 5 to 20 angstrom thick (see

WO02/093650 page 7 third paragraph), which is very thick



does not suggest nonol ayers as defined in the present

i nvention (the "nonol ayer" as defined in WO02/ 093650
wheiong3osesr y t hi cker as the one of the present PCT/EP2005/054559

invention) . Com ng back to the invention, the

producti on nethod known to those skilled in the art

such as |iquid phase epitaxy, or vapour phase epitaxy

or nol ecul ar beam epitaxy isoysed to grow the barrier

| ayer 53 on the channel |ayer of GaN. The barrier

| ayer 53 is created starting by depositing a |ayer of

th first bina Ipr of GaN 54 whi ch_t he nunmbe
%gton] eﬁﬂhogéygrg n ﬁf ' Yet mggntilan%fetpnt nvontjon

wmeferabbyabeﬁmeamoﬁaﬁﬁﬂNQD and even nore preferably
bet ween 2 an and the next step is to deposit a
IayerWQQZ(ﬂéggé%oﬁ@”BFﬁéFy dNoyP PPN Ph whi e dhig!g  the

ayeber -af nat om ¢, mpnal ayears. nALN$ between 1 and 40,
preferably between 1 and 20 and even nore preferably

bet vveéﬁWQV%ﬁd HO02TRESREXKt &taEp rﬂgtt@@@pﬁmtthayerﬂssue of
L st bin f N.and | ayer 1€
g&égﬂg arvpal%>%0§%£¢{h§uﬁ§?l ? he rQQSﬁﬁg A0 ribution
hhckmessaofythe1bahrleﬂhhayer 53vyes) Obtﬁkhﬁdl W@D¥Vﬁ@3650
g ween @ and 500 nm g t he enpodlng hown ) .
Pgtr €' 7a, T nunb&r's“of Y at'om“¢ nbhol 4y rsIhG&N(anHr‘”&“
nAlAhar enequak. “Howeveyq rt hepuaber scOf i at QOHEC/ 093650 being
nonol ayers nGN and nAl N coul d be dlfferent . Since
Fﬁéybégf?%?rlayer“53”<"Eoﬁﬁ@séﬁoof“élf%Y%%%V@hé of

|ayer@o@fﬁ&£”a@ﬂthJhl}éhg19@§LQ5Mpnhﬁ&“”%&xpLQCHﬁ§Oﬁ§thod
of Galliumand o f Alumnium (or Glliumand

Ahgri nitum) Hapee notc il kéd idurfhg thé production imetinbdrhase
@Bgtgg$reokSVd80”]XphdnU epitaxy or molecular beam epitaxy
is used to grow the barrier layer 53 on the channel layer
ol 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 monolayers new 138 between 1 and 40,
preferably between 1 and 20 and even more preferably
between 2 and 10, and the next gtep is to deposit a layer
of the second binary alloy of AIN in which the number of
atomic monolayers nay 1s 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
alloy of GalN and layers of the second binary alloy of ALN
until the required thickness of the barrier laver 53 is
obtained, varying between 2 and 500 nm.

In the embodiment shown in Figure 7a, the numbers of

atomic monolayers ngan and nay are equal. However, the



depl eti on phenonenon. Thus, alloy fluctuations are
l[imted: at the nanonetric and m cronetric scales
w@ topp@3i40n- honogeneities) , and at the at om BCHEPR1085/054559
(type 2 and 3 nonhonogeneities) . Therefore the
structure of the barrier layer 53 is perfectly ordered
along the [0001] growth axis. As illustrated in Figure
6¢c, this has the effect of: bbmting the chem ca
roughness and consequently limting the diffusion o f
el ectrons at the interface 90 between the channe
.91 and the barrier er 92 (this b rrler Ia e
BU%BLLconﬁése q “an gC{éPn ti'on of mAllﬁ”tayer 93" %ﬁ
GaNrkayers 94), optlntslng the distribution of the

prezoelectrlc field for which the average value is

equal “t08°t he"t odal " Val ue 6 %helbﬁé%@é?@@tPrcdtlﬁiﬁations
95 atyairks pai ntsy ond hei nterd ages 90 Therefore, ptheursors
|nJect|on of electrons by this field is optimsed.

Vbr eovér Ut Raddicdt il BUE PoRTof O8] eet P 6R8 PhRjlett ediihte) are
EB? h eg| p$h8n@reg ?o@g Eﬁ?% ﬁ§tm9WD@%QQ%§ﬂ§inc? no mix
the In uce pi ezoel e r|c f d

HenbgenouspConsequent |y, this structure provi des a

nmeans,, hj optlptslngKth”an IHE 1m the surface

densi t y of © r'ons 1"0¢ated T tmo di nensi ona

gas (2 DEGt . tkéguhecBat rldustmaﬁeSr@neemanptea es (type 1
L enbodlnent of a barrler | ayer according to this

L0 PRVeRtTon " ht thi's éX4nple, a 20.5 ran thick barrier

| ayer- of AlGaN:gent aitding 32%29@Qf (type 2 and 3 non-

Qj be

(@3

homogeneities) .
Therefore the structure of the barrier layer 53 is
perfectly ordered along the [0001] growth axis.
15 As illustrated in Figure 6c¢, this has the effect of:
- Jimiting 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 layer being composed of an alternation of AIN
20 layers 93 and GaN layers 945,
= optimising the distribution of the piezoelectric
field for which the average value 1s eqgual to the local
value of the piezoelectric field 95 at all points on the
interface 90,
25 Therefore, the injection of electrons by this field is
optimised. Moreover, the distribution of electrons injected
into the two-dimensional gas (2 DEG) is homogenous since

the induced piezoelectric field is homogenous.
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al um ni um was replaced by a barrier |ayer nade of a
ternary pseudo-alloy: (AINNAIN =2/ GN n&N = 4)x=7

wob@s®300MAl N i s t he nunber of atom c nonol ayer BCDEPADMNS4559

the thickness of an AIN nonol ayer is eAlN = 0.2485 nm
nGN i s the nunber of atom c nonol ayers of &GN, the

t hi ckness of an GaN nonol ayer is e@GN = 0.2590 nm X
is the nunber of periods (AINOnAIN =2 / GN nGN =
4), Y is the average conposition of the barrier: Y =
NAIN/ (n GaN + nAIN ) = 32.2% E is the equival ent

thi ckpess.of -t barrier: B 5 X xn AN eA N+ nGN £
x e@N éiazl%??\ﬁ'm LFlngure'SEtSlfbqu I'TUst rates another ™ <~ ©F

exanplieiepgbodihmentncdfi la tlyar rdretr | @dyer agcback ngdtosity of
this invention, In this xaqu%e, a.barrier |ayer of
A E BBt AP AT ng 50 0ot 2l U s e PPl JealP By a
barrierghayersaade lofsatresnapy pseudoral loyodiMNt  of  a
NAIN.= 1/ GaN n&N =1 )x=3 Figure 7b illustrates a
sent cohduet Fhg et erial 60 hde ‘dctor'ding t'e ahsecerdmnle
enbodisment (of -&his i-nventibon, I pet A s 5econd. i ng 32.2% of
enbodi ment, a buffer layer 56 has been inserted
Béteenutheaghannetctayer Bbaand «rhd saygpporetie52f Theernary
B%L%”Lﬁyg%—' 56 is a material chosen from anong GaN
and AlGN. This buffer layer facilitates growmh of the
GaN channel | ayer]NThiis -buf fercdrayer, i=s 4deposi ted by
where:
Nain 15 the number of atomic monolavers of ALN,
the thickness of an AIN monolaver 1s e
0.2485 nm,
Neanw 15 the number of atomic monolayers of Gal,
the thickness of an GaN monolaver 1s  egu

0.2590 nm,

X is the number of periods (AIN nay = 2 / GaN nNgay
= 4),
Y is the average composition of the barrier:
Y o= naw / (Nean + Naw) = 32.2%,
- E is the equivalent thickness of the barrier:
Eo= X x (Maw X €xnn + Nean X €gan) = 20.1 nm.

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

(AIN naw = 1/ GaN ngag = 1) pen

Figure 7b illustrates a semiconducting material 60

made according to a second embodiment of this invention.
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bondi ng or by another known nmethod to those skilled in
the art such as an epitaxy nethod. In the enbodi nent

w0 bdogmsaoat ed in figure 7c, the barrier |ayer S5BCT/EP2005/054559

conprises GaN | ayers 54', 54'', 54 '"'' wthout the
same nunber of atom c nonol ayers nGaN . Layers 54', 54
"', 54 """ conprise eight, five and two atom c

nonol ayers of &GN, respectivehy. These | ayers
alternate with AIN layers 55 ' and 55" ', the |ayer 55
being furthest fromthe support, and the |layer 54 "'

belng | osest to t e_s ort. In the.jllustratio I
Flgure87g%th)egonq Lnygglmch1c %D%% %%%rza%t%hfg LD been

liayertofi GaN«S4n' ibg54Mnnw541dy@rd60reﬁseSh@Sbmﬁﬁbrt 52.
di st ance froglthe support 52 increases. However, it

woul a1 B BULSFBI &6 hate b bér (& Tayer 535 Wwhithrond

the am’ow] cely . atremisc pipnel-aygr s, i nereasesc@s e th of the
di stance fromthe support 52 increases. Thus, the

ﬁdﬁbe?h®$“%fon%d“ﬁonol@yérsbhcéﬁrpehﬂGﬁN U&yeﬁ@@ahltef by
%@hx ﬁ!ogg %P dp@qftﬁr h@%#rméshuJAr(s HE%&S Efpﬁwﬁoﬂw the

he number of nono ayers nAl N per ayer that can
akS0avahyaal@mgﬂthenbammﬂémdlayer 53. In t he barrler

l ayer thJLe}KUU OIeIIMMQ men nol ]"JM ug Cfa \?\h@l(fﬂg (th /( ’ the

vary |ndepende 'Shown |gu

nurrbewof ax@om o} %mn@dyﬂmereg n@am\l peJonraye*54 of GaN'54' 54
4"’ y whereas the nunber of atomc

thBPé&/eY%“ nAPfN pet ey &’ of AN B5"Cand" 55 Moo not

vary. The- nunbers ofymonelayer s.pGaNsand ;aAkN gancalser rwo
vary S|nultaneously al ong the barrier Ia er. For
ekampl e, "0he! punber of atoli c nohbrayers nAl N'lcar: vatyvers

§9L&p§%t5tw1t AIN lavers 55" and 55'', the layer 5b' being
furthest from the support, and the layer 54''' Dbeing
closest to the support.

In the illustration in Figure 7c¢, 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 barrier layer 53 in which the
numpber of altomic monolayers increases as the distance from
the support 52 increases.

Thus, the number of atomic monolayers ne.w per Gal
ltayer can vary along the barrier layer 53.

The same 1s true for the number of monolavers nay per
ALIN layer that can also vary along the barrier layer 53.

In the barrier layer, the number of monolavers of GaN
and AIN can vary independently as shown in figure 7c¢ where
the number of atomic monolayers nGaN per layer of GaN 547,
5477, 547" wvary whereas the number of atomic monolayers

nALN per layer of AIN 557 and 55’7 do not vary.



decreases (or increases} as the distance fromthe
support increases, and the nunber of atom c nonol ayers

wosablosmmn vary so that it increases (or decr eaBEBEPHS5/054559

the di stance fromthe support increases. Consequently,

t he nunber of atom c nonol ayers of each | ayer of

binary alloy may vary between a first value on a back

face of the barrier |layer and,a second val ue on a

front face of the barrier |ayer, the back face being

closer to the support than the front face. Figure 7d

|IIusERat @)sen1conduct mat eri al %ccordinb tolg/ B

fourt h 'endodimén ?%n%e <dbhdﬁ%f|h8 material’ e vary

|Lnmhudaaeausmpp@nbn@z ‘tge buhterel ayered6, @ .channglie, the

| ayer 51 and a barrier layer 53. In this enbodlnent .

EHEDBGT f 6F | Yk 56 1Y A terRar P psetido- altoy of ALGaN 1t

@@W@ﬁQQSOf Al tigrnating ! %yertSmOfd bin @r&yc atl gy Pifle G@Nﬁ)pmt

57 and blnary al | oy of N 5 The buffer |ayer 56 has
thersameschardcteri éw}@%r acsf ch@mefr narmy lpseudonalil oyn vary
b rrier | ayer . nAl N bet mg n . stance fr
p?efergblitbetmgéﬁa$; ndY ﬂ( % “even ﬁb?@gprg% r%Hﬁy From
betmeenpe7anﬂndﬁoaﬂﬁap053|ny varylng al ong the buffer

Iayer etc.) enbodi men he buffer | ay er
conpr i &8¢ ﬂo”ng IQy r%mg?/alftrﬁ Pithg WPER! €Uk ‘N
hayers 058hlﬁuﬁwheiﬁﬁﬁeﬁmﬁhehﬂqnbﬁﬂw@ﬁwﬁtOnﬂDJs, value on a
nonolayers nGaN per GaN |l ayer 57 varies along the
buffer’1ayert 56 °THe ‘@GN ayerc5728Hoskestete 't hgalue on a
suppert,conpri ses tywo, at om cmmnolayens whide the; BN o 5er
| ayer furthest fromthe support conprises four aton1c
Aonbh ayergport than the front face.

each

Figure 7d illustrates a semiconducting material
according to a fourth embodiment. This semiconducting
material includes a support 52, a buffer layer 56, a

channel layer 51 and a barrier layer b53.

In this embodiment, the buffer layer 56 is a ternary
pseudo—alloy of AlGaN composed of alternating layers of
binary alloy of GaN 57 and binary alloy of ALN 58.

The buffer layer 56 has the same characteristics as
the ternary pseudo-alloy barrier layer (ngay and nay between
1 and 40, preferably between 1 and 20, and even more
preferably between 2 and 10 and possibly varyving along the
buffer layer, etc.).

In this embodiment, the huffer layer 56 comprises Ltwo
GaN layers 57 alternating with two AIN layers 58.

Furthermore, the number of atomic monolayers ng.y per
GaN layer 57 wvaries along the buffer layer 56. The GaN

layer 57 closest to the support comprises two atomic



20

The nunber of atom c nonol ayers nAlIN per AIN | ayer 58
can also vary along the buffer |ayer 56. The GaN | ayer

wh2Zooelamest to the support conprises 6 aton ¢ PCT/EP2005/054559

nonol ayers while the AIN | ayer furthest fromthe
support conprises three atom ¢ nonol ayers. Thus, in
the enbodi nent illustrated in Figure 7d, the nunbers
of atom c nonol ayers per |ayers of GaN and Al N vary
along the buffer layer, the nunber of atomc

nmonol ayers nAl N varying so that it decreases as the

dlstance fronrthe ppar |ncreases, q‘t gb +
nonolavers & Efs! g( ﬁqthb Jrom ne )uppor
atom ¢ nnnolayers n VariedEo 't i ncreases as

thepdiistanceufr omithe suppontedsncr eases. The reader
wi || have understood that the nunbers of ato i
monol ayer § "HAFN aﬁdCHGENcﬂﬁy”Bedﬁfﬁedrahoﬁéﬂth%“ﬁuffe roo8

Layer.1as was .t he Gase for,the barrjer dayefne cay jayer 57
illustrated in Figure 7a. This buffer layer can be

ebrarned tby & progucti-on omet hods kﬁomomottW@@@JSWr’Pedh”'
in.the Na”i gur;h r‘?ﬁr%'%cﬁp' £ Axy ﬁﬁ&h% recul, @ﬂ peam three
epi t axy, ase epitaxy, vapou phase

hmosunnmnye @h@rbarrler | ayer (53) nmade of an AIGaN

) wheya®s =i R Ui Rr  of "ot oM ¢! nbhol AYars 6F the

anmAENs Iayenrmherem&] LAAENs 40y pJ€ﬁ€r6b|Maﬂ snf ANV vary
20, nDrepreferabI 2 < nAIN < 10} and where nAl N can
VanqaiBthPheOba fY%?'ldVeﬁN”Mﬂw of atomic monolavyers nay

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

The reader will have understood fthat the numbers of
atomic monolayers nay and nNeay may be fixed along the buffer
layer as was the case for the 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 Dbeam epitaxy, liguid phase epitaxy,
vapour phase epitaxy).

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

(AINN.w/GaNngan) %
where:
e Namy 15 a number of atomic monolayers of an AILN

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



nGN i s a nunber of atom c nonol ayers of a GaN | ayer

where 1 < nGaN 40, preferably 1 < nGN 20, nore
wee@bes@bd y 2 < nGaN 10) and where nGaN can VECTHEPI00:1054559

the barrier layer. X is the nunber of |ayers of GaN

and AIN. In order to further inprove the electronic

properties of the sem conducting nmaterials based on

[11-N, the barrier |ayer may3include one or severa

| ayers of ternary alloy in addition to the alternation

of Iayers of binary alloys at the atomi c scale.

has _poi nted out that the presence of a er
Etré Eﬁ' gl FoW‘ant HZ " baAPYi 8PCf ay&riic o i '§1'ng ?ﬂ%m Lhe
@Li&@ﬁ,aat n,gpept | ayers of binary alloys was able to
I mprove the honogeneity of the piezoelectric field and
t o i ner easect he snobi hiitpeof odharigenicarmpersapfrt hef a GaN
sem - conductl ng materials . The creation of barrier
Iléyéf 53" ey i'ncl tde ?hé%aﬁ%%t%p%”é(s He%df“i»fbe*d 20, more

- [ thpgs bleto tart by creatln
5 ﬁrgygj T}fabgr ?I erl‘il ‘éiyer%b cmd chi rof né”l afélr vo( A 1|(>rls( .

biunatyral bhoyrof GaN 54, dep05|t of a layer of a second
binary alloy of AIN 55, and repetition of these
depostts steps of| agﬂé?r@ off GamoandoAl Neltnend 4 He

req“' Fed thL Pk‘E‘gs%WhQ?t ?!ng ed, L th 3 barrler | a}’o rties
. Further nor e, ste reation one or se Lle
bayehs sﬁmie©m@mwtahjoyjmn/ ?Dmmbhe,bniﬂfaleath®em@rrler
10 |a :}I; I§ rra]de Tc'?f (§11:r\epm0f ,<>Cvr(\er6(l}| qni gf ¥er01ra al oy ir
erhary At gy o ayers voin
addition to the alternation of layers of binary alloys at
the atomic scale.
Applicant has pointed out that the presence of a layer
of  ternary alloy in the barrier layer comprising the
15 alternation of layers of binary alloys was able to improve
the homogeneity of the piezoelectric field and to increase
the mobility of c¢harge carriers of the semi-conducting
materials.
The creation of barrier layer 53 may include the same
20 steps as described above.

It dis thus possible to start by creating an initial
barrier layer by deposit of a layer of a first binary alloy
of GaN 54, deposit of a laver of a second binary alloy of
AIN 55, and repetition of these deposits steps of layers of

25 GaN and AIN until the reqguired thickness is obtained for
the barrier layer 53,

Furthermore, a step of creation of one or several

layers of ternary alloy in or on the initial barrier layer

is made.
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vari es according to the enbodi nent of the
sem -conducting substrate. In one enbodi nent

w0 bdogmsaoat ed in figure 7e, the barrier |ayer S5BCT/EP2005/054559

conprises a |layer of ternary alloy 80 of AlGN and a n
alternation (at the atomc scale) of layers of a first
binary alloy 54 of GaN and of a second binary alloy 55
of AIN. It will be understoodsthat the atonmc scale is
the scale of the angstrom Each |ayer of binary alloy
of GaN (or AIN) of the alternation conprises between 1

and 40 atom ¢ nonol ayers. of GN | orﬁA{J;;) , preferably
bet vveﬁe")ﬂ(’l ’”atnL 28,1 a(’r’f)’c/f‘g’dei\’/’leor{1 rm(G)?e Fpar%fre “Hbl ﬁfbeltg\’/\'feréanwz alloy

anditl. dorcaldingases, tleachnbayencof brnany aldnay cohducting
Gagl lgqr AIN) of the alternation conprises at |east one
at'6m ¢ “hbnol ayer of this binary alloy of GaN (or A N)

. Thezal t ernat bap-@fndayers ofsiinary all oys o94e 5%:0f (he
GaN and AIN is | ocated between the |ayer of the ]
ternary arvey 80 of°mAIrGaNsand r»}tﬂn@r’ffsub%owﬂ&?wI«’hlb@%eﬁm of
A@Egﬁ’ak‘eahaX?’epﬁa{nﬁqtE&nqqxéQLL9M<8%£%EGQIQ§N15 ers of
on top of the alternation of layers of binary alloy

of fGaNtahdnAlrN. a They presencentofartche fl ayerccofmdt érimary alloy
al.l oy ggﬂon top of the alternation of |ayers of binary

al'l oys’'54; 55 of GaN and AN al | ows i nedi ate

conpat i bivliiitly m t hntihestechnircal nmethodsoapti miczed fior the
sem - conducting materials conprising a barrier |ayer
nade”of ' a" PayerIof ternary alloy of Al GaN, especially
regarding thecmakingnef,.ohm.g contact s whide a1n) of the

alternation comprises between 1 and 40 atomic monolayvers of
GaN (or AlN), preferably between 1 and 20, and even more
preferably between 2 and 10. In all cases, each layer of
binary alloy of GaN (or AIN) of the alternation comprises
at least one atomic monolayer of this binary alloy of Gall
{or ALN).

The alternation of layers of binary alloys 54, 55 of
GaN and AIN is located between 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 lavers of binary alloys of GaN and AIN.

The presence of the laver 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 AlGaNl,
especially regarding the making 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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keepi ng the benefit of the optinmal electronic
i njection obtained thanks to the alternation at the

watoaioaoscal e of binary all oys 54, 55 of GaN anPCBERLIDFI054559

the barrier |layer 53. Indeed, the applicant has

poi nted out that the inportance of having an ordered

alloy in the barrier |ayer 53 decreases as the

di stance fromthe interface Bétween the barrier |ayer

and the channel layer 5 1 increases. In other words, a

sem -conducting material having an alloy disorder in a

%a%%ﬂy|%qak%% ﬁﬁﬁ from the intenf acg befween Lhe. ., layer

channel layer 5 1 and the barrier l'layer 53 has a

better nobility of the charge carriers and a

bi ezoel geLhl o PRLATLEAL O] el d. Mors; NONPOSnoOuS BREN che
sem - conducting ma erial haV|ng an”al di'sorder”in

ambayeBnLecaredd@rosedItOrﬂheednheréacenbehmeeurther ]ay01
annel |ayer 5 1 an? t he barrler Iay r 53 The ste

dre firon“oF e Hayer! oFte rnéﬁ?‘é(%oﬁ”é@réﬁcﬂI@bN o8l the
akl-owtng 1 therseri- conduetihng) Nat el abi sheowneh B £i gk ecther

7e to be obtained, conprises the deposit of a

HPégsrcal)Fﬁyefoéﬁuté%%ﬁrydb1¥b?1c?%%t%ﬁ by epitaxyisorder

Ik wﬁll a an¢§{§@99dﬂcnﬂ ¥P&npﬂ$§enﬁ DVPQ IOQMHR@@$1 the

cIaSS|caI | ayer of ternary alloy" is a Iayer of
téﬁnaﬁy dlavoy created bycepbtaxyeby lmakirng i nteract batter
sidual pressyre room (ultra-high vacu UM, . celectric
%“L?gha pggssuge coﬁﬁfqéed bet ween 10 é Torr angoctectric
@OA&AWI@rr@natonI@ obrapheculyan oém@msh(mbhahned byndu< ing
oration of solid sources or by dir i njection

ptécur $6ks7 ot GaN ‘ahd Al N)”%n ‘t'he id%gfréwhieatéawci
te amappreprirate tigmperat Urge channel layer 51 and the

barrier layer 53

The step of creation of the layer of ternary alloy 80
of AlGaN, allowing fthe 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 understood, 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 vacuumn, residual
pressure comprised between 107 Torr and 107 Torr) atomic
or molecular flows (obtained by evaporation of solid
sources or by direct injection of gas precursors of GaN and
AIN) 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



for the epitaxial growh. In another enbodi nent shown
in figure 7f, the barrier |ayer 53 conprises a

w@basabioty of | ayers of ternary alloy 70 of Al BeIMEP2005/054559
Those | ayers of ternary alloy 70 of Al GaN arel ocated
in the alternation of |ayers of binary alloys 54, 55
of GaN and AIN. The layers of ternary alloy 70 of
Al GaN i nterbedded in the alternation of |ayers of
bi nary alloys 54, 55 of GaN and Al N are obtai ned by
interdif fusion of the Ill elenments of the |ayers of

all oys 94,, 5 N | 54
2@??%%&%2% (i'allttetzsrr]%gi a{t%%m(%nscﬁx%ew‘% [gt hjen%grr’?efoy’ >4
bayer fepmtherembodi nent illustrated in figure 7f.
Each | ayer of binar aIIo
t wo a%%%13 ﬁﬁﬁdlé& %CT%%C% Fé§a¥ Jg (Qigg}&a%IF8§@b?e lded
AhGaN-comptirse8i Ones at o € fmonoliayer- ot iterpary, abboyr can
The presence of |ayers of terna[y alloy 70 between the
FayefsNof rbi rarty ‘aFfoys 545518 Fowe” avbi ting! t heelements
Mkolﬁﬂt yaratipns; of - conpositisan kp Lhesbarrier, hayer
. hIS i nproves the ‘honobgeneity of the |oca

p|ezobl@@t¢|bOpataﬁrgaﬁﬂonwflehdquthth@nogemnsaﬁq@he, of

PEO p ?%32; QLIOPN&IQM%hQL&ﬂy§ Fxﬁreq§1l nih?hcpgrgﬁéure

densi f 4ti ons at ace betwe

¢hanmek)Iayanw5cﬂ’ahdnmhe baWByebeay@w 63. The <omprjweq
reatjon of the pluralit | ayers of ternary all y

‘7%3” ‘P‘b@t%a%‘%}dolhyefuguré‘ﬂ @é/ﬁﬁruoéeé ANEhér al oY ©of AlGall

treat ment afd erchavi ngrereatedoat tLeasty one oy .
al ternation of Iayers of binary alloys 54, 55 of GaN

and AN’ deposi'ted Florl e creaticon ol thedbarfilkrtween the
h@¥@[o5§f binary alloys 54, 55 allows avoiding the viclent

variations of composition in the barrier layer 53. This
improves the homogeneity of the local pilezoelectric
polarisation field. This homogenisation of the polarisation
field allows decreasing the charge density fluctuations at

51 and the barrier

the interface between the channel layer
layer 53,

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

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

ALN) .



The thermal treatnent can be realised at the end of
the step of creation of the barrier layer 53 (that is
wo e0osa3008f t er the successi ve deposit steps of PEEEP2005/054559

| ayers of the first binary alloy 54 of GaN and the

second binary alloy of AIN) .This treatnent can al so

be realized during the steps o f creating the barrier

| ayer. In that case, the thenmal treatnent is carried

out before some deposit steps of the second binary

all oy. For exanple, one can begin to deposit the first

b|naryh§L|@¥L%g§N%L ngﬂ, %nQMQaPogPpQ§ﬁtd&pﬁu§epﬂ steps

bi nary all oy on can carry out

thercala ttimgat ifent bwhi chr all bpws - bént erhdtntersdi f flusi ohermal
f _th | el ement.s of th ers_ of nary. al |l oys 54
éed%%ték éndgﬂlN]L?hémH’?(Ugyon ﬁ%?ydgpog]{ %ﬁpﬁ kb
pkacedoniaatypicabydi stance o f 1 to 5 materi al
nonolagers The thermal treatnent is carried out after

at | e4St SOMEbFnarye di1'oy’ depodit serfypitcaine first binary

condi,t iions) foﬁhbh|sohﬁeaﬁﬁeng arer atcassurfiacginary alloy
te erature between OC and 308C above to the

tlénper at'ire  ofric w@%ﬁ|%ﬁ1[df<Wﬁno|ayef§“émﬁ firsttamdt which
%ee?ewd PIRALY aylysi) Ynden Yacum o yhhr ay mm%*x LOF the
vacuun1betmeen orr and 10-1 Torr er a

mixeure o1 ovip'ioemm| Sil- ri@yammmac‘)NH& or <nN r egen AJN The
TBLEEMLE 20 Y g0en. Il el € 2 2 B SIUE o aiotance
KBan /mnipm&semae,omnanhhﬁnﬁhﬁ or H2 pl asma.

The thermal treatment is carried out after at least
some binary alloy deposits. Typical conditions for this
treatment are:

- 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 107
Torr and 107" Torr ;

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

- in presence of a NH3, N2 or H2 plasma.

A laver of ternary alloy 70 of AlGaN is then obtained,
located between the layers of the first and second binary
alloys of GaN and AlIN. This layer of ternary alloy
comprises between 1 and 5 monolavers of ternary allovy.

If the barrier layer thickness does not correspond to
Lhe reguired thickness, a deposit of a layer of GaN 1s made

and a deposit of a layer of AIN is made. Then, the thermal
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A layer of ternary alloy 70 of AlGaN i s then obtai ned,
| ocated between the |layers of the first and second

whemwanosd | oys of GaN and AIN. This | ayer of tBCTIEP2005/054559

all oy conprises between 1 and 5 nonol ayers o f ternary
alloy. If the barrier layer thickness does not
correspond to the required thickness, a deposit of a

| ayer of GaN is made and a deposit of a layer of AN
is made. Then, the thermaltreatnment is carried out,
and so on until the thickness corresponds to the

Q?@%H%@qtthh§kﬁ§§§3e1h%ufea%%d‘Ml'cﬂpﬁﬂﬁQHathih?Rq Rng%

can be chosen not to carry out the thermal treatmne
systemptincal Iy afit erceactedeposikhest .a Iayer of the

second, binary alloy. For exanple, . the ther )
L ear Bt LEHHCDe Tade DREC o abiti mdd, TTHGL"T spgPen not
say ¢$ﬁw¢h6mma|tmieahﬁemé'iﬁmﬁﬁ&mh&d,OuysﬁﬁmiﬂxdaMly after
deposits of a |ayer of a blnary al | oy have been nade.
?ﬁéhtH@PﬁaFit?éafnéﬁf”ﬁéy di"$o SpeCedr Pited  But ! ony y

once a&ythﬁaﬁﬁﬂ:Of gha}gﬁ@@;|Qnt%t%@n@f<hhebknh5 @lon(O on
barrier |ayer, that is to say once the required

bﬁprﬂem“bayéh@thlCkﬁ@sQaNSL@bté@ﬁé@d NbF@@V@?”tbéfOférllﬁd
gﬁ(r%f@g o%Rﬁdlﬁwkhgﬁ o%rga quh of % BQ§§} Lp %& have

eposit an a ti'onal 1ayer o I n order
stabi hirde. t he surface of the barrler Iayer 53 during

the t tre tnent sem - conducting
ot er {5 QRGO Ang. 6 A0l hel brBodPmaft Gf CRET o1 only
present inventd onsishshowmtilam thics enbodiementitheparrier
sem -conducting material conprises the sane el enents
asYthe erbodi ﬁent‘“ll“ulé’trﬁlt“e(d ilhef j gareiyed barrier layer

thickness is obtained.

Moreover, belore carrying out the thermal treatment,
it 18 possible to deposit an additional layer of AIN or SiN
in order to stabilize the surface of the barrier layer b3
during the thermal treatment.

In figure 7g, a semi-conducting material according to
another embodiment of the present invention is shown. In
this embodiment, the semi-conducting material comprises the
same elements as the embodiment illustrated in figure 7.
Those same elements are the alternation of layer of binary
alloys 54, b5 of GaN and AlIN, and the plurality of layers
of the ternary alloy 70 located in the alternation.

Moreover, the embodiment 1llustrated in figure 7g
comprises a classical layer 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



Those sane el enents are the alternation of |ayer of

binary alloys 54, 55 of GaN and AIN, and the plurality
wo@boobagmwis of the ternary alloy 70 | ocated in PEEEP2005/054559

alternation. Moreover, the enbodinment illustrated in

figure 7g conprises a classical |layer of ternary alloy

on top of the alternation. This allows gathering the

advant ages of the enbodi mentgoillustrated in figures

7e and 7f. The man skilled in the art will appreciate

that it is possible to realize a seni - conduct i ng

mterLal QQ?EF'SbPQ gchannel | ayer, or a byfifer 'a¥$> same

conpri sing e sane el enents (la ers alt'érnatid

bﬂnapyralIawspretcuﬁcﬂmamubhose?dESGﬁnbeﬂlfayathetc.) than

oarrier er V|ng annel |ayer or buffe
Fgﬁéf WEH d#mf%r ary g§e3&8'aﬁioy %onms%dﬁépéaé { nghannel
t hechonegengitye of 1 L her distd | bution0f, theweleetnensalious
. in the sem -conducting material. Figure 9 shows an
5 éxanprelof seifi- 66W6ﬁﬁﬁﬁﬂéynaférlbWeré%WT%@t‘Bﬁon of the
aeeot dibpg 10 the present, dnventi onykn this exanple,
the sem -conductor conprises: - a Si {silicon}
substraters2y abbuffen I@a@ylem156or&ad>@n0fwcanAutOnl@amggwial
OdQY/)@ 8pan0%%rda¥%r1§} t)de gﬁwgwhno 25%?9 on ih\ this
ernary pseu aIIo of a thickness ‘of 165 An
amdmbt®rnam¢0nwmfchayﬁﬂtaﬁ~bkmawysakloys 54, 55 nade
10 of ternary psezgo.@llo A 1 0.32Ga0,. 68N of a thickness
' of 184 Angstrons:’ d94yer '¢F ¢ assical ternary all oy
80 of - A I 0s.1:Ga0: 6N ofca tehinckness of 250, Angst rong,, a
Iayer of binary alloy 190 of GaN of a thickness

a channel] ayer 51 made of a Ing..sGag gsN ternary

pseudo-alloy of a thickness of 155 Angstroms,
an alternation of laver of binary alloys b4, b5
15 made ol ternary pseudo-alloy Alg Gag.esN of a thickness of
184 Angstroms,
a layer of a classical ternary alloy 80 of
Alg 4Gag.¢N of a thickness of 50 Angstroms,
a layer of binary alloy 190 of GaN of a thickness
20 of 20 Angstroms,
a layer of binary alloy 100 of AIN of a thickness
of 30 Angstroms.
In the different embodiments illustrated in figures 7Ja
to 7g, the channel layer is made of binary alloy of GaN. In
25 other embodiments, the channel layer is a ternary pseudo-
alloy of AlGaN, or InGaN, or ALBN, or InBN, or InAlN.
In these other embodiments, the channel layer is
created using a similar method to the one described for the

creation of the barrier layer, and the binary alloys for
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of 20 Angstrons, a |layer of binary alloy 100 of A N of
a thickness of 30 Angstrons. In the different

wendomdsmrent s il lustrated in figures 7a to 79, PAEEP2005/054559

channel layer is made of binary alloy of GaN. In other
enbodi nents, the channel |ayer is a ternary
pseudoal | oy of Al GaN, or InGN, or A BN, or |InBN, or
INAIN. In these other enbodi ments, the channel |ayer
is created using a simlar nethod to the one descri bed
for the creation of the barrier | ayer, and the binary

| f.or.makij | h e X La h .
PSR PSR BRI SR PER el PR afmar s v
Cayler BiNs padelofl.a ternary pseudoalloy, it conprises

th th t d 1 barrier
Iase?%lpﬁ %‘r oféﬁssﬁrceﬁﬁﬁrrg;eF 8ggr IZ?eEyB?GBYhQ’Gu“

lLey , conpr i sethbetaeennk andndO, rpsef erablys betweenctnary
and 20, and npre preferably between 2 and 10, this
RGRBEE Béi iy BBl B to Vary al’6AYTheft Mifcknes&ospP leHers per

Ghannel rJfanyr)narryBy having aghannel rﬁwy%redmder of ana 40,
ternary pseudo-all oy, the honbgeneity of

senifeonduet Pagvaat el i ahd(and paﬂtmeurawryfrheblv between 2

t rijbution Lectrons) .i,$.increased. , The rf
s SRR PEL PR e TIE, SH P ernes
af'f ecteed:tbynrAll congent.r aty ohannghe bawkmier. TEher made of

m - conductin erlal ccording to the inyention
SETBAE 1 ndreierng ERG" al it Ui EGRCSRL At B 1 i the emi

bartierihayett (@rdmhanmal:hayﬁergmwQufﬁﬁr &ﬁy@fﬁnﬂﬁuﬂr of
illustrated in figure 11.
electrons) is increased.

The surface morphology of AlGaN/GaN HEMT structure 1s
generally affected by Al concentration in the barrier

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

Indeed, by decreasing fthe roughness at the interface
between the channel Jayer and the barrier layer, it is
possible to increase the concentration of Al in the laver.

In fact, the perturbations (homogeneity of the
electronic density ..) in a layer are principally due to the
Al atoms. Hence, for a given roughness, 1t is possible with
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

concentrations measured by XRD.
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I ndeed, by decreasing the roughness at the interface
bet ween the channel |ayer and the barrier layer, it is

w@omsiokloes t 0 i ncrease the concentration of | iPCT/RR2005/054559

| ayer. In fact, the perturbations (honogeneity of the
el ectronic density .. ) in a layer are principally due
to the Al atonms. Hence, for a given roughness, it is
possible with the present invéntion to increase the
concentration of alum nium OK data points of figure
11 correspond to structures according to the present

'hvenkhonsM@®§h.ﬁ{efgkﬁﬂﬁ o@l?! EA}C§UQ§LHQE§S_HQQGKS are
di fferent thicknesses and Al um ni um concentrations
reasaretdlby (XRDEAsY Shiowho i n2 39 gulrienitdiumt hi ktbaprsieresults
l(%Y”?E}%)gES aghtﬁ_YQQLaexr(lur tq y%]i“rlm for 23% Al umi ni umy

but ‘moSt Fesul ts correspond‘io thin barrier |ayers.

Typi calpt hi ckhessese s angi mghetweenw2ennmeand 27anehavehave
shown pest results after %%¥L98~f brications. Bel ow 25

Am’ Al G hi G Cohteht rat 16 i (HE 289% 30% range is a

st andge dospeci figat honnt eadhngohecapthm sedighini€ 282-30%
contacts. For higher Al concentrations (32% and nore}
repdfrier thi €kAessr ustrbe [décreased! dowi € o tr5- 20AM L sed
Crass Hatch.data points of figure 11 correspond to
cross-hatched structures according to the present

i nventyonhfiohedi fflerentcartireknesses Sand Alcdummiaim barrier

ggyggﬁcggtﬁgpé W§Q-Qé§%EQX1éBQh kg EQLMO&%§eT
rel axation of the barrier occurs, leading to
m cr o=csacksiconht hestsur pacets of figure 11 correspond to

cross-hatched structures according to the present invention
for different thicknesses and Aluminium concentrations
measured by XRD.

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

This strain effect appears when Aluminium
concentration is to high in regards with barrier thickness.

The trend is given by curve 500. Applicant recommends
specifying barrier layers thickness/Al% below this curve
500.

PsP o data points correspond to pseudomorphic structures
according to the present invention with strained GaN
channel on Ayy 1Gag oN buffer laver.

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

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

with various Aluminium concentrations in the AlGaN barrier.



This strain effect appears when Al um ni um
concentration is to high in regards with barrier

wo biocks®ss. The trend is given by curve 500. Appl/ERBNS/054559
recomends specifying barrier |ayers thickness/ Al %
bel ow this curve 500. PSP data points correspond to
pseudonor phi ¢ structures according to the present
invention with strained GaN ehannel on A10.1Ga0. 9N
buffer layer. As shown in figure 11, it is possible,
wi th such pseudormrphi c structures, to reach

conce Lo % in A .ni.um even [ et

barri 2&@%262% hég ur esLfggltpgglﬁxlgpﬁgfs?%rg?e%ﬁepmbem

suwbateomhphahqumofAJdim‘ifre’nﬁntc @taaugtunesnacdordingin  the
present inveﬂt n wth var| us AI um ni um

%gﬁéenwgﬂ f ohs” &N BatFiler "Figlif'e 12E shows a

StrUCIU@@T@CGQFdBHIWEOQtQ@rﬁﬁeﬁeﬁtatBMﬁﬂlh@ntbth@gpaﬂoent
. Al um ni um concentration of 20%in the Al GaN barrier of
5 a“FhPékﬁ%s§déqU§IC%bfﬁﬁﬁﬂw pmguﬁgufgﬁrgﬁdw§ &f 25% in the

ﬁﬁ[ggt HEEr aceordi NGO ithe;. pr%%eﬂt f,nyenti on having an
Al um ni um concentration of 25% i n the Al GaN barrier of

a t hi tkness éq@ahhﬁm 25nﬁﬂrFFgUF@ 112G shows ao the pxcaent
9%&?95@ ? 99& Ig% yglﬁp H@%ﬁ?@ﬂ&(ﬂﬂ%ﬁﬁ&é&nbnav§ the

Um ni Um concentration o arri‘er o
althiicknesse equal a tio28nms sFiegure 12H2Shaws a

L structure accordi to th resent invention haV|n
10 Al umi Bl Gk CohCenE P AET oft Of 400K |1 EHEAlGAN bar Fier Pofsent

anbhhck@@ssdequaldGO/@5mnh]Emgunﬁu12@ Shows &r 40% in the
structure accordlng to the present |nvent|0n haV|ng an

A gAd P ui concent atli o e 5399 PR tthe 2 onm

Figure 121 shows a structure according to the present
invention having an Aluminium concentration of 39% in the
15 AlGaN barrier of a thickness equal to 26nm.
As 1s shown on figures 12E to 1271, no differences are
observed on the surface morphology for every lavers.
In the different embodiments illustrated in figures 7a
to 7g, the barrier layer 1is a fternary pseudo-alloy of
20 AlGaN. In other embodiments, the barrier layer is a ternary
pseudo~alloy of InGaN (indium galliunm nitride), or ALBN
(aluminium boron nitride), or InBN (indium boron nitride,
or ITnAlN (indium aluminium nitride). In these other
embodiments, the first and second binary alloys making the
25 ternary pseudo-~alloy are chosen from among AIN, GaN, BN,
and InN.
Figure 13 shows another embodiment according to the
present invention.
This other embodinment comprises:

30 - a substrate 600 having a thickness of 500 nm,



Al GaN barrier of a thickness equal to 26nm As is
shown on figures 12E to 12|, no differences are

we@bmenswdt on t he surface norphol ogy for every PEHEPRN5/054559

In the different enbodinments illustrated in figures 7a
to lg, the barrier layer is a ternary pseudo-all oy of
Al GaN. I n other enbodinents, the barrier layer is a
ternary pseudo-alloy of InGaM4(indiumgalliumnitride)
, or AIBN (alum nium boron nitride), or InBN (indium
boron nitride, or INAIN (indiumalumniumnitride) .
I'n thgﬁe QEgﬁrf ﬁ??g&gﬁﬂg er @ﬁ)ﬁuﬁ%t a%dt%%%%ﬂgas of 1500
bi nary a Io S he ternary seu@r al'l
chosenmfwbmrannn@pAiNl GaN;cBNA amdnhnm 1E|gumegﬁ61at_on,
shows anot her enbodi nent according to the present
i nventi oA"Y This ot hetY entodi ent "Conpiisesiess gof 15 nm,
substra h shhi a
enpl At 6l ayer 610 haying 4 Ll ckness of 1500 nin wni'ch’ <"
conpr irsesr 169 0of OAl wm Miwmriinrconcentirationlian GaN
channel |ayer 620 having a thickness of 15 nm a )
barri ér f*gij/é‘ﬁ 6300 hall n 4’ 't Hickheds "6f 11 nmwRPenct 4 oo
conpr i;s8esnH 50%6f : AL um iy um izxn LeQRGaRt § at L:@ﬂﬁ:@@tﬂrﬂ,,@@l\, and
Schottky [ ayer 640 having a thickness of 4 nm which
conpr isesN 269 of 2 W uni 'l dmvilmdcencentratibonet ahdia GaN
cap | ayer 080, having,a,thickness of.nm, The Barrheleria
| ayer of the seni-co ductlng mat eri al 1ustra ed
ﬁlguBEJasoconprlSesuabterhatkmms ef)on@in®n®iayer oi> one
ermn d mmrmnMOmﬁ Ruﬂ

AN t
ESIf‘)T] hd (6ﬁ O/%ﬁol éylér 6\f)]]A! Nﬂ 0 ep ane Of

mon t omic plane of N) and one monolayer of GaN (one

one

monatomic plane of Ga and one monatomic plane of N).

The present invention 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 (AL - 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 represents an AIN lattice cell (AL - N - Al - N },

- B represents a GaN lattice cell (Ga ~ N - Ga - NJ,
- C represents an AlGaN lattice cell (Al - N - Ga - Nj.

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 diagram 730:



nonat om ¢ pl ane of Ga and one nonatom c plane of N)
The present invention presents sone advant ages thank

wo o0obhsouse of nonol ayers, which all ows obt ai NP@EP2005/054559
ordered ternary pseudo-alloy, as Al GaN | ayer having a
concentration of 50% of Alumnium (A - N- Ga - N)
Figure 1 4 shows sone advantages of the present
invention conpared to the pracess and device descri bed
in WO02/093650. In figure 14: A represents an AN
lattice cell (Al - N- Al - N }, - Brepresents a GaN
L?E;kﬁﬁace%&éggeﬁra%p@m 1$dam fhpdN?PB?e%gﬁggagB%rg1e of
observed whthitihenabiet nat ion: Gl-1cks €g-(cBu) =3.4ev
accordln to the present i nventi on and |Ilustrated on
the t&p " ngflgu?e 127 t'HepedemtV i nvedt P61 al | ows
snoot hi ng of the forbidden band di agram 730:t he energy

dlagfanbl%t$599th€9 (EQ hﬁw&hQN%n rgkgn@t ~hg@tt@r
f or bi dden band of the alloys: Eg (GaN) =3 .4eV,

Eg( Al Nj SEr6021 8V, Eg{Al GaN BO%: o= obta8eViot her st f all i

in th@lgkrygtg[eo@ﬁﬁggﬂgs a better distribution which
allows to obtain nore reliable transistor structures.

On the contrary, the process and devi ce described in
W002/ 093656 dmeS‘W@U,aHHGMHsmnsthingnbfd@henjodh$ddénxﬂ in

8§Bg/ggggr ﬁ]Z§O no?dg?Qthh%> 1$§§Sogeiﬁ£iﬁﬁdkHQJ@r band
50 does not allow obta 9 GaN“fatticé
aehlr@n(ABO: N - - N) (S|nce the "nonol ayers" as
defined in VKD2/093650 are , , o e

Indeed, the process described in WO02/093650 does not
allow obtaining an AlGaN lattice cell C (Al - N - Ga - N)
(since the “monolayers” as deflfined in WO02/093650 are
thick). Hence, the process described in WO02/093650 only
allows obtaining alternations A B A B.. as illustrated
on top of figure 14.

Embodiment 710 and 720 are two examples of semi-
conducting material according to the present invention
which comprise C layers.

Although some examples of enbodiments of the present
invention were described in detail above, those skilled in
the art will easily understand that many modifications
could be made without physically going outside the scope of
the new information and the advantages described herein.
Consequently, all modifications of this type will Dbe
included in the scope of this invention as defined in the

attached claims.



thick) . Hence, the process described in W02/ 093650
only allows obtaining alternations A- B- A- B... as
wo bdoassaoat ed on top of figure 14. Enbodi nent 78OT/BPZHO5/054559

720 are two exanpl es of sem conducting materi al

according to the present invention which conprise C

| ayers. Although sone exanpl es of enbodi nents of the

present invention were descried in detail above,

those skilled in the art will easily understand that

many nodi fications could be nmade w t hout physically

@ icfng .Qut.si de the scope of the new information and the
advantages descri bed herein. Consequently, al
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thQZQDQLA£U§J&(k é@ uﬁéyyg%g”(v S%Q%Eﬁagﬁ Q@Q%e??§eﬂn

on el enments in col ums and he periodic
t abl ecotombe héedam@rvewaﬁﬁkﬁrﬁﬁﬂcmhnutabﬂavlng bf used

HEMT f HEMI type. tranS|stor sjruct ing a
supporf (éﬁfmpyg hannet Hayer () © gnﬁfwé Supg é# and”
a bartwengbayef éﬁﬁy mnmthefﬁﬂ@nﬂ@hnbayegupmberein?thea
barrie i S conposed of an alternation,

the at ﬁ?%ygcéf% o?‘Hay€}§*¥ﬁ~$%¥§¥‘aﬁadsécBﬁﬂf1${\ﬁdY“

bi nar yssem,n conduatdng. alil-oys- (54, 55). 2 .
Sem - conductlng substrate accordlng toclaiml

wher ei’Rethie! cHandel " iayer! agenpribses | an(9$P@?ﬁ@t¢an1at
the amemmﬁ't‘:ﬁlr? dqf Hﬁyeir%mqf t,( (lrg apg YQWF% (HI irst

and second I1I-V binary semi-conducting alloys (54,

55) .

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 111~V

binary semi-conducting alloyvs.

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 laver (56)
comprising an alternation, at the atomic scale, of
layers of fifth and sixth II11-V binary semi-conducting

allovys.

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



bi nary sem -conducting alloys. 3 . Sem -conducting

substrate according to claiml or 2 , wherein the
waeeowbAosmonduct i ng substrate (60) further incl udBST/BP2005/054559

buffer | ayer (56) between the support (52) and the

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

an alternation, at the atomc scale, of |ayers of

fifth and sixth IHV binary g9ém -conducting alloys . 4

Sem - conducti ng substrate according to claim1 , 2

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

b'naf%rakaYthgﬁﬁﬁn@Jtﬁi{ﬁﬂ'dﬁh§ﬁ Bebgﬁiékef Layeror

of the channel |ayer or of the buf fer | ayer is

conpr iksedrbetdeentyeand 200d 20, Sem - conduct i ng

substrate according to claiml1l or 2 or 3 wherein the

nunber of atom c nonol ayers in each binary alloy of

thebaﬁbeﬁﬂabhOnc0tn¢heﬂbﬁntﬂeqamay@ﬁiog of theichannel? or

| ayer . Jor f t he Fuffer yer_varies between a fjrst

val ue‘on"d°back face’ ‘fb( é”balrLP“éf Ma{er6r - of 1t He' "

channgh nhayer) ory of r tihe: bufifeen lrayer orandea,seeond 1ayer
value on a front face of the barrier | ayer or of the
channgF Payereorl ot 1t he DT er rayers Phefbackiface aries

bei ngbz;l psen Lorthe support (32).,than the front face.,
6 Sem - conducti ng substrate according to claimb

mhérelnvfhe0f|®St”ahdf§€GmﬁdI@akueglawé corprissied: layer,

bet ve Hil apg(gﬁj*Zutﬁ5§ﬂ¥(§9n%%9tlng S Stg§I§ZJllol
according to one ng cl mhe t he

first)agecond,of hil md<,unnnﬂdeyoL or of ;he buLL@r layer,
the back face being closer to the support (52) than
the front face,

5,

6. Semi~conducting substrate according to ¢laim
wherein the first and second values are comprised

between 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 AIN, GaN, BN, and InN,

8. Semi-conducting substrate according to one of the
preceding claims, wherein the barrier layer further
includes a layer of I11-V semi-conducting ternary

alloy.

9. Semi-conducting substrate according to claim 8,

wherein the alternation, at the atomic scale, of
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fourth, fifth an sixth binary alloys are chosen from
anong AIN, GaN, BN, and InN. 8 . Sem -conducti ng

wGeamshsmi€ according to one of the precedi ng CPEI/RB2005/054559

wherein the barrier layer further includes a | ayer of
I11-V sem -conducting ternary alloy. 9 .

Sem - conducti ng substrate according to claim8 ,
wherein the alternation, at tid9e atom c scale, oflayers
of first and second I11-V sem -conducting binary
alloys is |located between the support and said | ayer

of |||dy@$%nbic@ngggthﬂ9 GQQQQIM,qupyKﬁAQ(Ot ducting
Sem - conducti ng substrate according to cl aims ,

wher ePanthe béﬁ@V@r1rayEﬁﬂcnhﬁnﬂseswatpPu&abpbytotnd said
| ayer %a?gltl %J YT %e{;ﬂ 5 €211 ndugf!:d Qg( ]t & rﬂaerr%aIrly ¥ ‘?aCh

| ayer o 'V sem - conﬁ‘ I ng ternary a b% hg
| ocat ed between a | ayer of the first brnary al | oy and
a layer of the second blnar%éallo of the alternation.

11. "'Seni - cORBGCET AG Subdt rats dedsr dichg Tt ol APy Aoim &

wher eiynethenbanties r Fayer funt hepdmekudes,a,layer, of
the I'll-V sem - conductlng ternary aIon on the

al t er harion, Cat Lt he' atoni ¢ Scalcd, nof thagers of L¢¥rstach
and S@QQDQ &!ITVIS@ <W§PQQHﬁ£ﬂQgPQ|n§@y ?g|QYEOy%%Wrw

Sem - conhduct i ng substrate accor
mhereﬂh(@h@h h@hM@¢nLayen%ﬁurﬂhemocmnpﬁisbsn@ry alloy and

plurali yers of {/v seni - conduc 8 ;{i
al | oy, La% Ia?elhgf”ffl“ "S- condﬁct)F e té{H ton.

al | oy being Iocated between a | ayer of the third

bqury alqunaQJnviLaye&;gﬁwiqedﬁguz¥po?&nggyhfhlﬁynPftO,
wherein the barrier layer further includes a layer of
the ITI-V semi-conducting ternary alloy on the

alternation, at the atomic scale, of layers of first

and second I1I-V semi-conducting binary alloys.

12. Semi-conducting substrate according to claim 2,
wherein the channel layer further comprises a
plurality of layers of I111-V semi-conducting ternary
alloy, each layer of II11-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.

13. Semi-conducting substrate according to one of
claims 9 to 12, wherein the number of atomic
monolayers in each layer of the ternary alloy located
between two layers of the binary alloys is comprised

bhetween 1 and 5.



the alternation. 13. Sem -conducting substrate

according to one of clains 9 to 12, wherein the nunber
w@booabamwi£ nonol ayers in each |ayer of the terper/gEP2005/054559

all oy located between two | ayers of the binary alloys

is conprised between 1 and 5 .14. Sem -conducti ng

substrate according to claiml or 3 , wherein the

channel layer is made of a | ager of ternary alloy of

Al GaN, or InGN, or AIBN, or InBN, or InA N 15.

Sem - conducti ng substrate according to claim1 or 3,

wherein the channel |ayer is nade of a | ayer of binary

all oy of GaN, or AIN, or BN, or InN 16.

Semi 4 condugtinngcsubst Fate adednditng steockianm toorl2ip 1 or

wher ei,n e onducting substrate (60) further

conprléeéR§T§ f%ﬁc (lann(%éf”betﬁébﬂmﬁﬁeoguppg?¥af5%
and therchannellbayer A5L)N, tche tbuffier chayernbebngrnpN, o
wade of ? | ayer of binary alloy of GaN, or AIN, or BN

(.

r

> Sem -conduct ing substrate according to
cIa|n11 or 2, wherein the sem -conducting substrate
(60) further conprlses a buffer layer (56) between the
support (52§ymand e fcﬁ“ameib%ﬂayléf estyrdihe bafferim 1 or
layer%be%pgryﬁge ﬁ@ @1 ﬁ%@f]Q o%er@a%nglkgyaoja@qum,
or InGN, or A BN, or I'nAI'N. 18.
Seni - b@ndumt@thEUbBUﬁéLecac@deing B0, one ORNt he
10 preceding clainms, wherein the support (52) is made of
V a material chosen fromanong Si, SiC, AN, Sapphire,
16, 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
15 made of a layer of binary alloy of GaN, or ALN, or BN,
or InN.
17. Semli-conducting substrate according to claim 1 or
2, wherein the semi-conducting substrate (60) further
20 comprises a buffer layer (56) between the support (52)
and the channel layer (1), the buffer layer being
made of a layer of ternary alloy of AlGaN, or InGaN,
or AlLBN, or InBN, or InAlN.
25 18. Semi-conducting substrate according to one of the

preceding claims, wherein the support (52) is made of
a material chosen from among Si, SiC, AIN, Sapphire,

and GaN.



and GaN. 19. Sem -conducti ng substrate according to one
of the preceding clains, wherein the thickness of the
wh2006i080014 ayer (53) is conprised between 2nm apdr/BR05/054559

nm 20. Method for preparation of a sem -conducti ng

substrate {60) conprising a support (52), a channe

| ayer (51) on the support and a barrier |ayer (53) on

the channel |ayer, wherein the nmethods conprises the

followi ng step (no order being inposed) : b . creation

of an initial barrier layer by: vi) deposit of at

| east, one at@m coneNol aYers afs @ fior st-cbi-nany ahlgb{@ of the

vii) deposit of at |east one atom c nonol ayer of

secon®@rBragalyIartoyns vi vhi9reigpdtict iton cohesteps Lh§ lamidr i e

i) if e un | c SS~hS

obtalneggg ?§§kbtho%$%%coré%ﬁgH?%%g ggﬁ1§8§ ﬁhgrgPh

the nethod further conprises the step of creation of

at ast ope, | ayer of ternary all in or on the

|nljfal ba@ %?X %@erpr%fanﬂﬁcﬁbﬁﬁa@chﬁlnbOP8”%¥H

21, whernet ﬁdt@e st epc@fip.creatd on sobpsaid (hayeraofhannel

ternary alloy conprlses the deposit of a |ayer of a

ternaﬂyvaﬂé ) 231 Wt hotPratcordiing borelarm 21t (53) on

wher elﬂothﬁaﬁcﬂg@p of ,cr eatijan. iof (sai dolaygr ofternary .

al | oy conprlses t her mal treatnent of atom c nonol ayers

of fifst!landngecond bWhaﬁyka1lmyQQdem©9h@@ﬁ ini ) and
ii).2 h c erein the

10 therngl t?ggt%gngqlgﬂcarrled gt afterrﬁ%glggst sonme

depositgi) deposit of at least one atomic monolayer of a

{9

first binary alloy;
vii) deposit of at least one atomic monolayer of a
second binary alloyy
15 viii) repetition of steps 1) and 11) 1if necessary

until the required thickness is obtained.

21. Method according to claim 20, wherein the method
further comprises the step of creation of at least one
20 layer of ternary alloy in or on the initial barrier

layer.

22, Method according to claim 21, wherein the step of
creation of said layer of ternary alloy comprises the

25 deposit of a layer of a ternary alloy.

23, Method according to claim 21, wherein the step of
creation of said layer of ternary alloy comprises
thermal treatment of atomic monolayvers of first and

30 second binary alloys deposited in 1) and 1i).



of the second binary alloy: - at a surface tenperature
bet ween 0C and 300C above to the tenperature of

wa@emansom of nonol ayers of first and second bi Per/gEP2005/054559

al l oys; under vacuum or ultra-high vacuum bet ween 10-8
Torr and 10-1 Torr ; - under a gas m xture fl ow
conprising ammoni ac NH3 or nitrogen nol ecule N2 or
hydrogen nol ecul e H2 a pressutke conpri sed between 10-8
Torr and the pressure of 1 kBar; in presence of a NH3,
N2 or H2 plasma. 25. Method according to claim23 or

24, wherein the thermal treatnent of atom c nonol ayers
of first and second binary alloys deposited ini ) and
ii)24-s nad%@bm®@r6¢%@f@héptﬁftﬁﬁéﬁt?én ohetrheéni nitidbermal
barrier | . 0 cording_to of cl ai Irs

20 to§5§?§%§£%e?ﬁ %%@ L (ﬂg fdﬁthe?qcéﬁﬁFfsagm hd(lmz'JL
step of Cheat@an@fbﬂh£MﬁnﬂeknAayer by deposit of a
blnary alloy of GaN, or AIN, or BN, or InN 27. Method
accor df ng f%r%ﬁkf(ﬁ*mgwdwﬁé”2DhF6W?§“ fher 8l the C above
nEthogofUMthém&@ﬂpﬂJS@Q)th@f§ﬁ@%nohgrﬁéhb@lygf QWLLH,A
channel Iayer by deposit of a ternary alloy of A GaN,

or | n@GanN, soroAl BN.nory I9BNy=er | nAIN. 28. Method

aCCOYdIngrtOdgﬂ%nqLAq] ,qB 2% to c§1m ‘?"elp thes Torr and
met hod ﬁ her ' donprises t A %4t €8 0 "cPeat Ton a

channed” Iayeﬁ by: ix) deposit of an atom ¢ nonol ayer

of athird

under a gas mixture flow comprising ammoniac NH3 or
nitrogen molecule N2 or hydrogen molecule HZ2 a
pressure comprised between 107 Torr and the pressure
of 1 kBar:

- in presence of a NH3, N2 or H2 plasma.

[
(r

5. Method according to claim 23 or 24, wherein the
thermal treatment of atomic monolayers of first and
second binary alloys deposited in 1) and ii1) is made
after the step of creation of the initial barrier

layer.

26. Method according to one of claims 20 to 25,
wherein the method further comprises the step of
creation of a channel layer by deposit of a binary

alloy of GaN, or AIN, or BN, or InN,

27. Method according to one of claims 20 to 25,

wherein the method further comprises the step of



binary alloy; x ) deposit of an atom c nonol ayer of a
fourth binary alloy; xi) repetition of steps iv) and v

w0 2006/08@¢c£ssary until the required thickness iBCT/EP2005/054559
obt ai ned. 29. Method according to claim28, wherein
the step of creation of a channel |ayer further
conprises thermal treatnent of atom c nonol ayers of
third and fourth binary alloys deposited in iv) and v
), the thermal treatnent being carried out before sone
deposits of the fourth binary alloy: - at a surface

t enperature-pet ween-10G and 1%%@ Qow@pgmh@f § agrnary
tenperature of creation of nonolayers of th and

fourt Albirary albays;omwndérNvacuum 6N, ubtr am hINghor InAlN.
vacuum bet ween 10-8 Torr and 10- 1 Torr ; - under a

gas m xture flow conprising amoni ac NH3 or nitrogen
nolatcul e hﬂebho@yﬂnngemrmphecwhe H2 alptessubeto 25,
conprl ed bet (% MxiTorr and the pressure of 1

kBar; “I'n" br”és NHE,“e 6rRS |5Fétsh§él@3bt et hod

accor dlram—mnom cﬂfckC‘rJn’:H(ﬂB 12Qct-0n29, wherein the

nmet hod further conprises the step of creatlon of a

buf fer layer dbwdrrgogi t of 2l a3 cdlvey of GalNhi6f

AN, or BH, 1nhpw alloy;

%) 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.

29, Method according to claim 28, wherein the step of
creation of a channel layer further comprises thermal
treatment of atomic monolavyers 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 monolavers of third
and fourth binary alloys;
under vacuum or ultra-high vacuum between 107" Torr and
107" Torr ;

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

in presence of a NH3, N2 or H2 plasma.
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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

5 alloy of GaN, or AIN, or BN, or InN.



