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suffer from an exponential increase of the leakage current so that the capacitive coupling of the gate electrode to
the channel region has to be correspondingly increased to substantially avoid the short channel behavior. Thus,
the thickness of the silicon dioxide layer has to be correspondingly decreased to provide for the required
35 capacitance between the gate and the channel region. For example, a channel length of 0.13 pm requires a
silicon dioxide thickness in the range of approximately 2-3 nm, and a gate length of 0.08 pm may require a gate
dielectric made of silicon dioxide as thin as approximately 1.2 nm. Although generally high speed transistor
elements having an extremely short channel may preferably be used for high speed applications, whereas
transistor elements with a longer channel may be used for less critical applications, such as storage transistor

40 elements, the relatively high leakage current caused by direct tunneling of charge carriers through an ultra thin
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According to one illustrative embodiment of the present invention, a field effect transistor comprises a
35 gate insulation layer formed above an active region and including a high-k dielectric, wherein 2 permittivity of
the high-k dielectric perpendicular to the gate insulation layer is higher than a permittivity parallel to the gate
insulation layer. '
According to a further illustraﬁve embodiment, a method of forming a high-k gate insulation layer
above a substrate comprises epitaxially growing an anisotropic dielectric material having a first permittivity

40 along a first direction and a second permittivity along a second direction, wherein the second permittivity is
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should be understood, however, that the description herein of specific embodiments is not intended to limit the
invention to the particular forms disclosed, but on the contrary, the intention is to cover all modifications,
equivalents, and altemnatives falling within the spirit and scope of the invention as defined by the appended
claims.
35 MODE(S) FOR CARRYING OUT THE INV ENTION

Hiustrative embodiments of the invention are described below. In the interest of clarity, not all features
of an actual implementation are described in this specification. It will of course be appreciated that in the
development of any such actual embodiment, numerous implementation-specific decisions must be made to
achieve the developers’ specific goals, such as compliance with system-related and business-related constraints,

40 which will vary from one implementation to another. Moreover, it will be appreciated that such a development
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detall In Figure 1a, a field effect transistor 100 comprises a substrate 101 including an active reglon 106,

30 typically a silicon-based semiconductor material. For convenience, the transistor 100 is illustrated as an N-
channel type. The present invention applies to P-channel transistors as well. Moreover, a source region 102
and a drain region 103 are formed in the active region 106. A gate electrode 104, for example comprised of
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Thus, by providing a dielectric material in the gate insulation layer 105 having a significant anisotropy

with respect to the parallel and orthogonal directions, the charge carrier mobility in the channel region 108 is

=]

significantly less deteriorated, and thus the transistor performance is increased, compared to a conventional
device having an isotropic dielectric. Even if in the conventional device a dielectric material of comparable
35 permittivity is used, or even if the same material is used as in the transistor 100 without, however, suitably
adjusting the corresponding orientation of the dielectric material, the carrier mobility is reduced compared to the
transistor 100.
Figure 2 shows an example for an anisotropic dielectric material. In Figure 2, an elementary cell of a
titanium dioxide (TiO,) is shown in the so-called rutile form. In this crystalline form, titanium dioxide is

40 tetragonal with lattice constants a and ¢, as indicated in Figure 2, of 0.4594 nm and 0.2958 nm, respectively.
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35 comprises a gate electrode 304 formed on the anisotropic dielectric layer 305 and sidewall spacers 309. Source
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Figure 3 illustrates a schematic cross-sectional view of a further exanple
of a field effect transistor 300 having a gate dielectric conprised of an
ani sotropic high-k material layer 305 and a barrier layer 315 in the form
of an extrenely thin silicon dioxide |ayer forned on a silicow‘gwq@%rate
301. The transistor 300 further 35 conprises a gate el ectrode § 4 rmed on
t he ani s€@irAAMS: di el ectric | ayer 305 and sidewall spacers 309. Source and
drain regions 303 are forned within the substrate 301. A conbined thickness
316 of the layers 305 and 315 is selected to correspond to a capacitance
equi val ent t h'A@ﬁ@lﬁ%?febﬂr&tﬁi%t&ra&ﬁ%&in@@ﬁt@ﬁsﬁﬁﬁ@ﬁ }ﬁtyéff%nﬁe@éﬂovg"aﬂ&ﬁvet he
barrier layer 315 already "consumes” a portion of the capacitance

equi val emtgivmamkimeBslingt a/lpigh-& diglectrict wiereinraqermufivify & saidrhiglok dishectdg  t wo
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| eakage GH$UIRRL 1ARat substantially corresponds toa -6 1 Q2006 WO
2004/ 021424 PCT/ US2003/ 028219 silicon dioxide |layer of 2 urn and nore.
Thus, the transistor elenent 300 allows scaling of the gate |l ength well
beyond 0..1 m whi | L.nt ai ni. t | eakage current .at..a | eyel of present
cutting- eztlige \gﬂ\?if‘f@é@fﬁﬁga?%&gﬁg?%ﬁﬁ?gowgﬁ%a rﬁﬁ‘ﬂé’éf%ﬂ pgx?mﬁﬁfétydi electric

| ayer 30%ersealichRF 0he 'ghtetiﬁsdlfﬁibnhﬁyefr‘@H@ﬁfeé}ié}rﬂitfiﬁt}s?e{rhlwIfo thie @ufedsubaivad
devices. By providing the silicon dioxide barrier layer 315, the transistor
el enent deyerishighdrithast b2due to the 5 silicon/silicon dioxide interface and
a manufacturing process thereof is highly conpatible with presently

establ i shed process techniques. As a result, the present invention provides
sophi sti cat ed ThHeafdd sffedt t@hsiplntof chirth dwivheredh gedpacitaieg tduiodlent@hitknmss ahd

| ess by providing different permttivities parallel and perpendicular to
the gat e SeKsgAtaISHationlaser 1s 164 8138121y ef erably a ratio of the ka"hvo,,,d to
the kpazallel is higher than 1.2 to achieve a significant effect on the 10
charge carrier nobility inprovement with respect to capacitance increase
and | eakafje r ethecfiéldnffedrtmhsistablof clamd, whateirosaid gate dfsutatien tiyet eomuprises gfat e
material is selegcted in gccordance with process requirements and the
desired Katgago ?taPEB?“%@xaaWﬁTa §1ﬁgq§%%€ge§g1-? 9°tf18|%‘aée rrier layer may
dictate a minimumk value to achieve the target CET, wherein the

ani sotropy has to neet the operational requirenents. For instance, high
performante app fiddeffoctsramsiptor exfelaim 4o whicrgin said gate insplation laygt compisegar ri er
mobility, .while..l egkage currents are still within 15 reasonable limts due
to a modedAPEMHEPRAC i vity, such as the permittivity of titanium dioxide,
conpared to materials of extrenmely high values on the order of 100,
however, with | ess pronounced ani sotropy. Mreover, the crystallinity of
the high-& di eTeafieli effoettransistonj of siaia 6 yvherpin saidh dtaniup dioxileds pentdediidn i s
obtainedjmgkﬁ%ﬁhably, t he deposition kinetics, the type of barrier |ayer,

i f required, e crystalline structure of the substrate, and the |like, may
be taken into account, for exanple, by nodeling and/or experinent, to

adj ust the 20 physical thickness in_ accordance with .t h&aé_t arget capacitance

equi val enf- t hi Ehibield effiest tEansistor etfisdrimne hsrein prid eateilRntationday o5 RAPBHST e
crystallifgristih .tlf'é)%gte%&wté%n%H%Fﬁ\%jrﬁg%ngh&%éiﬁ'h%-ﬁ’afel&liri&mr e sub-1ayers
of one or nore “different: materials. r exanple,” 1t may be necessary to
provide a suitable crystalline structure for depositing the high-k

material o as,jo.take.on the required, orientation..Accordingl. e or
nore "travrsiti "gﬁe. ﬁplafgﬁegt mlestor &u claim7, whereQn sald%amer (fayer com%rlgés at Teast
one of silicon dioxide, silicon nitride and zirconium silicate.




then be provided to finally provide a deposition basis for obtaining the
desired orientation of the "bul k" material 25 having the high k-value. The
particul ar enbodi ments di scl osed above are illustrative only, 1a8Vtp0§
invention may be nodified and practiced in different but equival ent
manners apparent to those skilled in the art having the benefit of the

t eachi ngs9.her eA metlearofdmamipg @, higlhk gatednaddion iaypes alsete of smbstiate tlwrecthed be
performed in a different order. Furthernore, no limtations are intended
to the det?¥H™SM&f construction or design herein shown, other than as 30
described in tgfﬁtaﬁ ' % oy i gemt gy ticul ar
enbodi ment s di Sci oég%g?gg@éegﬁrlaaﬁﬂs%%bﬁ& RREG At SRR 4 NAL périifhiDy |

vari at i onadorg efictdsédienadd wisetnmd pgemitsvigpdosgalsespid direasions Wherginvlssecomd

Accordingly, .t.he protection saught herein is as set forth in the clains
bel ow. - 7P™ Y}%di’éghe %nﬁge gisgpﬂf?lﬁb‘iﬂa_’@fdfsect transistor conprising a
gate insul ati apntBNRE at RASESheFRORs patambley %hadjlﬁgﬂfé%_eé’d?ﬂ direetidtuBstaidiiygh- k

dielectric, wherein a permttivity of said high-k dielectric perpendicular
to the gapapéndiylaslyiton shefges off mid¥upsieatet han a pernittivity parallel to the
gate insulation layer. 2. The field effect transistor of claim1, wherein
aratio of said permttivity perpendicular to the gate insulation |ayer

and the pey.m tTheinttodaf alalr b, fiRtheheorBiRistnd MfbdlRigl sl subsyRE tb SodifodltRr than
1.2. 3. The field effect transistor of clalm 1, wherein a capacitance

equi val en¢rystatligitn efspiddieleghiqimaigrial.i nsul ation | ayer is less than 2 nm 4.
The field effect transistor of claim1, wherein said gate insulation |ayer
conprises-at |east one of a netal oxide, a nmetal silicate and a

ferro-el etl.ri cTiminethodbf claim Dhevhbiet shidadistiopicrdiglsétsit Odongdrises aniudh, wher ei n
said gate insulation |ayer conprises titaniumdioxide. 6. The field effect
transi st o?X8% claim 6, wherein said titaniumdioxide is provided in rutile
form 7. The field effect transistor of claim1l, wherein said gate

insul ation | ayer conprises a barrier |ayer |ocated between said active

" regi on antR.sai thdungtholt oficleiredtly whereB epitaxially glosvind said tnisotaopsé songainiof cl ai m

7, wherein sajd barrier layer conpriseg at |least one of silicon dioxide,
i1 con nilEfFHE AT bR 4 ierergs ik hegangebpppioganately ROMIDHG Y of
formng a high-k gate insulation |ayer above a substrate, the nethod
conpri si n?: _ ) _
3. A method of forming a high-k dielectric gate insulation layer, the method

comprising:

providing a substrate having formed thereon an active semiconductor region;

depositing an anisotropic dielectric material to form a dielectric layer;

annealing said substrate; and

controlling at least one process parameter of at least one of depositing and annealing
said substrate to adjust a crystalline orientation such that a first permittivity oriented parallel

to said dielectric layer is less than a second permittivity oriented perpendicularly to said

dielectric layer.

14, The method of claim 13, wherein said dielectric comprises titanium oxide.



epitaxially growing an anisotropic dielectric material having a first
permttivity along a first direction and a second permttivity along a
second direction, wherein the second permittivity is higher thhho\tesfirst
permttivity; and controlling at | east one process paraneter to adjust the
second direction substantially perpendicularly to a surface of said

subst r at e15. 10.Thehaethed 60¢laiaf 13;|velioteifl depositinpesaidanigotropicriielestrieslcangdsat d
substrate to control, the crystal lini t){ of said dielectric material. 11.
The met hcd adsmparaiirs iy thewsage phanpapemataly 809-890°€- di el ectric conpri ses
titanium oxide. 12. The nmethod of claim 11, wherein epitaxially grow ng
said anisotropic containing dielectric is carri ed out at a tenperature in
t he rangeléof aﬁmmwhmhbﬁtlme 08,9 €in said. anAedling hochriéd dusrwithnaytemphiagire kn
dlelectrl ate insulatio he met hod conprising: providing a
substrat & ﬁgaﬁgﬁ@fﬂlﬁrﬂ%‘&quq}épg%gog ‘active sem conductor region; depositing
an anisotropic dielectric material to forma dielectric |ayer; annealing
said substrate; and controlling at | east one process paraneter of at |east
one of deBbsitA m@ptlmvbbfafnnniagiargte insildtiouhbgentaymgacapalitaste @ueralest al | i ne
orientation,such_.that a first it |ented parallel to said

di el ectr |t8‘°1k3 Pf§e§s }bggglppl}?gﬁn chaﬂd%ﬁ W OPSIOG; | ent ed

per pendi cul ar| éélécﬁn?ﬁ'cgfstaﬂ'ir%l S6lbEtkie hlaamgra dléérent'lﬂ%%nﬁﬁﬁw a@feasdtdlom 13,
wherein said dielectric conprises titanium oxid N JV 2006 15. The

met hod ofdi&@inmiim:ther ein depositing said ani sot rop| c d| electric is

carried out at_a erature in t r f a 16.

The et hod of St PHFRE & ripeihEpRutREs e MrmpESgd bRl likpove

t enper at uf Qubstratet sfi'l@h ﬂﬁ'ﬂgﬂu@éu(ﬁpdlfr%pdfﬂﬁ@é % tROkk B&Q}@rmﬁﬁwty%s rebdragially

formng a gate insulatiaon Iofqull avi ng a capaclitance equi valent thickness
S

of |ess tPrapersiwanty pavdase ubsteatei@flod conpri si ng: sel ecting a
crystal line di ﬁ)ltr&ﬁ{r% dafd d;t}?é‘cal'ﬁge ﬁleﬁ‘écftﬁ@fne&kfoqﬁxﬂtg‘%{ﬂ stéﬁ& Yarhie @t séﬁ?@kﬁt two

different direc cess er-settin of formng
sai d crystal line di eI ectric above a substrate such that a d| rection

correspon ng to th her per ttivit is substantial.l dicular to
a surfacel bi s“éh?jmgglsgtogalaén {ntth FISMaEProgssa PRIRS{cA SFHRG nstee At 7 O,
conf or mi t ¥r Widdds#idh PaRfledTBhE bn 36hdal Prameter.

19. A method of forming a high-k dielectric gate insulation layer, the method
comprising:

providing a substrate having formed thereon an active semiconductor region;

depositing an anisotropic dielectric material to form a dielectric layer;

annealing said substrate; and

controlling at least one process parameter of at least one of depositing and annealing
said substrate to adjust a crystalline orientation such that a first permittivity oriented parallel
to said dielectric layer is less than a second permittivity oriented perpendicularly to said

dielectric layer.

20. The method of claim 19, wherein said dielectric comprises titanium oxide.
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18. The nmethod of claim 17, wherein said process paraneter setting includes
at | east one of a deposition paraneter and an anneal paraneter. 19. A

met hod of formng a high-k dielectric gate insulation |ayer, t mvrrm@od
conprising: providing a substrate having fornmed thereon an actlve -
sem conductor region; depositing an anisotropic dielectric material to
form a diZl. ectTheanéthydof clammh®avherginslepobithngraid atiwtropivdielesttic 5l dairreg oast

| east one process par ter of at |eas e of depositing and annealing

sai d subs%traé%fep%ram%djﬂd "EraélgEP%I’%{P?‘WHb%%ﬁ&Lﬁon such that a first
permttivity oriented parallel to said dielectric layer is less than a
second permttivity oriented perpendicularly to said dielectric |ayer. 20.
The met hozZR.of Theanethdd of vlagn D whati sdideinaedling ds carripd osteritl a tearperamre xi de.
10 1 NJJV, 2006 1. The mit hBS §f°(§,l aim 19, wherein depositing said

ani sot r opihe ranee rEapprpamately 500:800°Gut  at a tenperature in the range of
approxi mately 700-900C. 22. The nethod of claim 19, wherein said annealing
is carried out with a tenperature in the range of approxi mately 600-800C.
23. The nE. hodllef methad of 318im Whewhérgina tatd bDsaid sevandl paednivity pesaid fitsk vity to
said first permittivity is equal to or higher than 1.2. 24. A nethod of
form ng aPHPYHYEY Hi%P@éPPFZ“%}&%@E‘PHQUI ation layer, the nethod conprising:
provi ding a substrate having formed thereon an active sem conductor region;
depositing an anisotropic dielectric material to forma dielectric |ayer,
said depdkitiAgngtieod offfoedingta kigh-dndieeatic gate insutation layegehomethpdr oxi mat el y
700-900C; annealing said substrate at a tenperature in the range of

appr oxi mef®IRFSE®O- 800C; and control ling at | east one process paraneter of
at | east one OfrofRIRRS HibIGaRMyRABTERMddHereSPhflactB SbhRloBdioradiiBe! a
crystalline orientation such that a first permttivity oriented parall el

to sai d di el ecdepositingpeenisetropis dic¢vinc matsralindompea dielecind layerosdiént ed

di 1yt ' diel ectric. | . 25. Th h .aim 24,
Pher ol <dieifbe pEEPI ot EPERlEe in B Flrke Simpl Bl R00- 806 e of 61 ai m
24, wherein a gdlehlihgddaidaibdiraeaoh terdirdtitelih W tindPofSappebxiimbtely 600e800PCE i Vi ty
i s equal tod or higher than 1.2. 11

an

controlling at least one process parameter of at least one of dépositing and annealing
said substrate to adjust a crystalline orientation such that a first permittivity oriented parallel
to said dielectric layer is less than a second permittivity oriented perpendicularly to said

dielectric layer.
25.  The method of claim 24, wherein said dielectric comprises titanium oxide.

27.  The method of claim 24, wherein a ratio of said second permittivity to said first

permittivity is equal to or higher than 1.2.
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