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Cross Reference To Related Applications 5 This application is related to the
foll owi ng conmmonly assigned U S. patent applications, which are herein

i ncor por at rence in their entirety: U S. Appli j i.al No.

10/ 137,058%5@%(“6‘{7%5 docket no. 303.802US1 entit! ed: @d@@"@éﬁé;
Deposition and Conversion,” U S. Application Serial No. 10/137,168, attorney
docket no. 1303.048US1 10 entitled: "Methods, Systens, and Apparatus for

At om c- Layer Deposition of Al um num Oxides in Integrated Crcuits,” and

U S. Application Serial No. 09/797,324, attorney docket no. 303.717US1
entitled: "Methods, Systens, and Apparatus for Uniform Chem cal - Vapor
Depositions.” 15 Technical Field This application relates generally to

sem conductor devices and device fabrication and, nore particularly, to
dielectric layers and their nmethod of fabrication. Background 20 The

sem conduct or device industry has a market driven need to inprove speed
performance, inprove its low static (off-state) power requirenments, and
adapt to a wde rangéT@ﬂ\%hémpEPQShTﬁpmgm%gﬂﬂéqui rements for
its silicon based mcroelectronic products. In particular, in the
fabrication of transistors, there is continuous pressure to reduce the size
of devices such as transi st@ress Réfeeengé To RelatedApplirationss t o f abricate

increasingly smaller.and.mpre.reljable integrated circuits %%& for use in
product s su%lh as p(r%[f)hclzsga? glcl)%%gﬂ fsﬁgf,a{eﬁg%ﬁf: goqiovev%’«,gp%’ hed l,ly %fﬁlgﬂ%%r Hovi ces
such as dynanmi sppticatidasywhivhessheapeiitcopsratcDMNb&rencklia tisirantirty: devi ces are
frequently powered atteries.. There | S ressure to r t he size
o S A0 oAl AL A S T
entitled: “Atomic Layer Deposition and Conversion,”
U.S. Application Serial No, 10/137,168, attorney docket no. 1303.048US1
10  entitled: “Methods, Systems, and Apparatus for Atomic- Layer Deposition of

=D

Aluminum Oxides in Integrated Circuits,” and
U.S. Application Serial No. 09/797,324, attorney docket no. 303.717US1
entitled: “Methods, Systems, and Apparatus for Uniform Chemical-Vapor
Depositions.”
15 Technical Field
This application relates generally to semiconductor devices and device
fabrication and, more particularly, to dielectric layers and their method of
fabrication.
— Background
20 The semiconductor device industry has a market driven need to improve
speed performance, improve its low static (off-state) power requirements, and adapt
to a wide range of power supply and output voltage requirements for its silicon
based microelectronic products. In particular, in the fabrication of transistors, there
is continuous pressure to reduce the size of devices such as transistors. The ultimate
25  goal is to fabricate increasingly smaller and more reliable integrated circuits (ICs)
for use in products such as processor chips, mobile telephones, and memory devices
such as dynamic random access memories (DRAMs). The smaller devices are

frequently powered by batteries. There is also pressure to reduce the size of the
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batteries, and to extend the tinme between battery charges. This forces the
industry to not only design smaller transistors, but to design themto
operate reliably with |ower power supplies. Currently, the sem conductor

i ndustry rg}dﬁ&/&gw{she ability to reduce or scale 5 thFc%é%&ﬁdoﬁ&? of its
basi c devicCes, prinmarily, the silicon based netal -oxi de-"sem conductor field
effect transistor (MOSFET). A common configuration of such a transistor is
shown in Figure 1. Wile the follow ng discussion uses Figure 1 to
illustrate a transistor fromthe prior art, one skilled in the art wll
recogni ze that the present subject matter could be incorporated into the
transistor shown in Figure | to 10 forma transistor according to the
present subject matter. A transistor 100 is fabricated in a substrate 110
that is typically silicon, but could be fabricated from other sem conductor
materials as well. Transistor 100 has a source region 120 and a drain
region 130. A bafbyies, agl 0rexfed@ theimeetic@a baiy\Elrzes OThis forc&ghORddsky and
drain region 130, er.e .body .regi on 132 def.ines, a channel of the_transistor
Wi th a 15 chanifoiot PN gevienallontepsistors; b e desan tham f Rl relifld e body
region 132 Wt hwer & supphiés.| ocated over gate dielectric 140. Al though gate
dielectric 140 maybe fornmed from materials other than oxides, gate

diel ectric 140 is tSpredy:the smniesadacor indnstry selicg emtvs abijity omreduceer caleas a gate
oxi de. CGat es15¢eEied3font 85 Hadik Bvibds, | Vst cdh bhdad n%tailloﬁﬂi@-

(polysilicon), or other conducting naterials such as netal 20 maybe used.
I n fabricati ngsenigendpeteniiald effech tranststar (MOSFET) | A& eormgn cenfiguition opaxht e on

| ower  power syppli&s. ' cr‘*,%ﬁe fael t ' ke The
rré;i’nstay for fgrm nsggtl? %éa’ag?gigg{% e]l'ec r{%gf?géw%%e(ﬁscg%sﬁ@%%{%%g%g%, SiQ2. A
thermal |y gr owilluaimase piransistor SopPthe pyierartpomeskilled imthe eitedll récogritethatrible
t her nrodynam cal ll,eé? §t %bl F teri ?é .Wher e e§5 tt{t]nge i~nt.etrf ce of .the Si Q2 |ayer
wi th underlyi nB a F)lf ORI erﬁo?'il ﬁmaazgpga{ 10 16 tragpIsior, o“%?ﬁg&rsels peri or
el ectri cal 10solfdin axranpistopsocbidass to the praspitGabjedd aaerS A tignsistgd00is Si 2 on  Si
has provi ded defect char densities on the order of 1010/ cnR, _m dgap
interface sta a&’“&%ﬁg’i“taisg@u@‘equlﬁl?agif’it?‘lﬁ‘failp')?ﬂ‘f%%FEW@?%%teﬂlﬁ@%dovm
vol tages in thethepdegfcodductor materials as well. Transistor 100 has a source region 120 and a

drain region 130. A body region 132 is located between source region 120 and

drain region 130, where body region 132 defines a channel of the transistor with a
15 channel length 134. A gate dielectric 140 is located on body region 132 with a gate
150 located over gate dielectric 140. Although gate dielectric 140 may be formed
from materials other than oxides, gate dielectric 140 is typically an oxide, and is
commonly referred to as a gate oxide. Gate 150 may be fabricated from
{ polycrystalline silicon (polysilicon), or other conducting materials such as metal
20 may be used.

In fabricating transistors to be smaller in size and reliably operate on lower
power supplies, one design criteria is gate dielectric 140. The mainstay for forming
the gate dielectric has been silicon dioxide, SiO;. A thermally grown amorphous
SiO; layer provides an electrically and thermodynamically stable material, where

25 the interface of the SiO, layer with underlying Si provides a high quality interface as
well as superior electrical isolation properties. In typical processing, use of SiO; on
Si has provided defect charge densities on the order of 10'%cm?, midgap interface

state densities of approximately 10'%cm? eV, and breakdown voltages in the range
2



WO 2004/ 079796 PCT/ US2004/ 006685 of 15 MW/ cm Wth such qualities, there
woul d be no apparent need to use a material other than Si 2, but increased
scaling and other requirenents for gate dielectrics create the need to find
ot her di el %9650[]09/0 6eri als to be used for a gate dielectric. 5 Summary The
abovenenti oned problens are addressed by the present suBfEUS2M4HPIER5 and

w Il be understood by reading and studying the follow ng specification. An
enbodi ment for a nmethod for formng a dielectric layer includes formng a

| ayer of metal on a substrate by atomic |ayer deposition and formng a

| ayer of an oxide of 10 the nmetal, by atom c |ayer deposition, on the |ayer
of netal. In an enbodinent, a layer of hafniumis fornmed on a substrate by
atom c | ayer deposition, and a layer of hafiriumoxide is fornmed on the

haf ni um by atom c | ayer deposition. In an enbodinent, the |ayer of hafnium
is formed using at nost ten atomc | ayer deposition cycles. In an

embodi ment, 1t "g 1BYEPRE, GitkbRHqkalt ﬁﬁeré’%Baﬁ'bEhQ(%p;&%éh'tﬁéed%?uéeQaformthe

| ayer of hafniumranges from about four cycles to about ten cycles. A

di el ectric | aymatenadother tham §ithalut ingreasedisdalingasd etherreguérengntsifercgats ¢ const ant
than silicon di.qgxi.de, i . .l eakage . rent n god stability
wth respect %ieégq(gsﬁri&}:é(’)tﬁgEéaég\égh}s{%ﬁtg?rdﬁlgc&gﬁu1“%?{&%&3?(}%”?5%&s provi de a
significantly dilbitimer equi val ent oxi de thickness conpared with a silicon

oxi de Iayerq havi ng the 20 sane physi CS{‘ tt}iirgkness. Al ternately, such
dielectric 1ayers provjde a significa Ef% hi gcker, physical. thickness than a
silicon oxide | aye&rhﬁé Vﬁﬁle?wgga‘?ﬂlgfc@’ﬁ F’?Fﬁeg'f’&qeégg%tise Jﬁ%téga%eEnbodi nent s
i ncl ude st r uctandesdl be tndeipevd HyQesing! 4nd Bfall fih © the folloVERP Spécifiemione an and

e@ct ronic systens, with dielectric layers containing atomc |ayer deposited

haf ni um oxi de, chedinyot s adnsthnd forforming a diglestrisilayge ingludes forming gdayier ofnd. ot her

aspects, enbodheRInS suBshat Byaliiic 18RFddpeatioH 89 fnihg B BGEST andRRABLENt from
the follow ng description and the referenced draw ngs. "3 WO 2004/ 079796
PCT/ US2004100abgmetal, by atomic layer deposition, on the layer of metal.” In an embodiment, a

layer of hafnium is formed on a substrate by atomic layer deposition, and a layer of

hafnium oxide is formed on the hafnium by atomic layer deposition. In an

embodiment, the layer of hafnium is formed using at most ten atomic layer

deposition cycles. In an embodiment, the number of atomic layer deposition cycles
15  to form the layer of hafnium ranges from about four cycles to about teﬁ cycles.

A dielectric layer containing hafnium oxide has a larger dielectric constant
than silicon dioxide, a relatively small leakage current, and good stability with
respect to a silicon based substrate. Such dielectric layers provide a significantly
thinner equivalent oxide thickness compared with a silicon oxide layer having the

20 same physical thickness. Alternately, such dielectric layers provide a significantly
thicker physical thickness than a silicon oxide layer having the same equivalent
oxide thickness. Embodiments include structures for capacitors, transistors,
memory devices, and electronic systems with dielectric layers containing atomic
layer deposited hafnium oxide, and methods for forming such structures.

25 These and other aspects, embodiments, advantages, and features will become

apparent from the following description and the referenced drawings.



Brief Description of the Drawings Figure 1 shows a conmon configuration of a
transistor in which a gate dielectric containing atom c |ayer deposited

haf ni um oxi de may be forned according to various enbodi mrents of the present
subj ect maiyioBlesdofol JUr € 2A shows an atonic | ayer depospdigeofivipsedsn f or
processing a dielectric |ayer containing hafnium oxide, according to
various enbodi nents of the present subject matter. Figure 2B shows a
gas-distribution fixture of an atom c | ayer deposition systemfor
processing a dielectric |ayer containing hafnium oxide, according to 10
vari ous enbodi ments of the present subject matter. Figure 3 illustrates a

fl ow di agram of el enents for an enbodinent of a nethod to process a
dielectric layer by atom c |ayer deposition, according to various

enbodi ments of the present subject matter. Figure 4 illustrates a flow

di agram of elements for an enbodi nent of a 15 nmethod to process a
dielectric layer containing h3rie Desaiptide obtheDramings| ayer deposi tion,
according to vario prese ect te Figure 5
shows an enbodi rrentbﬁg?rn?%gd%feé%%%chaﬁ ratlon G ?gﬁ%?ﬁ t%rmﬁ'ari@ﬁl agen atom c

| ayer deposi t edieleettincontaining diomid hy@aibposiled hafﬂnm oaﬂb(maybeg‘omvari ous

enbodi nents of th oresent SUB{) C ma{.j% 6 shows an enbodi nent
of a personal tSHTHEP VEHESFR ‘ﬁ?’f’% ?/Pﬁ’é? S‘f]i’ ’H@ 9n atonic |ayer

deposi ted dsel ECtrlFﬁg&r@}lﬁrshoﬁ@ﬁﬁt&hﬂagay'éﬁdépaﬁhéﬁl@s&ﬁiﬁ@ﬂprﬂeé%&xﬁ aof the present
subject matter. Figure 7 illystrates a, schematic view of anp enbodl ment of a

central procedileptgc layes COPWEB‘P%J‘Eﬂf‘HWr?@dGeﬂFF@é@gﬁ%WQS gnbodimentyofithg or
deposi ted di el ?&géh{ﬁlb egﬁmgtféyer according to various enbodi nents of the
p esent subject matter. ure 8 illustrates a schematic view of an
odi ment of a DRAMW@%B wipegaselistiilugion §xtre oftan glomic layerrdepesiioni t ed
g; el ectri ¢ | Y gsenPfof oblsifl b Bicledhlc s odiiHRAA) R liad AtoRigIENT SUDI ect
10  various embodiments of the present subject matter.

Figure 3 illustrates a flow diagram of elements for an embodiment of a
method to process a dielectric layer by atomic layer deposition, according to various
embodiments of the present subject matter.

Figure 4 illustrates a flow diagram of elements for an embodiment of a

15 method to process a dielectric layer containing hafnium oxide by atomic layer
deposition, according to various embodiments of the present subject matter.

Figure 5 shows an embodiment of a configuration of a transistor having an
atomic layer deposited hafnium oxide dielectric layer, according to various
embodiments of the present subject matter.

20 Figure 6 shows an embodiment of a personal computer incorporating devices
having an atomic layer deposited dielectric layer, according to various embodiments
of the present subject matter.

Figure 7 illustrates a schematic view of an embodiment of a central
processing unit incorporating devices having an atomic layer deposited dielectric

25 layer, according to various embodiments of the present subject matter.

Figure 8 illustrates a schematic view of an embodiment of a DRAM memory
device having an atomic layer deposited dielectric layer, according to various

embodiments of the present subject matter.
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WD 2004/ 079796 PCT/ US2004/ 006685 Detail ed Description The foll ow ng
detail ed description refers to the acconpanyi ng drawi ngs that show, by way
of illustration, specific aspects and enbodi nents in which the present 5
subj ect matter %e practiced. These enbodi nents are I i

suffici entwh&’%ﬁ’?%? enabl e those skilled in the art toﬁg[?gsg{)@@g“?ﬂe pr esent
subject matter. Other enbodinents may be utilized and structural, | ogical,
and el ectrical changes nay be made wthout departing fromthe scope of the
present subject matter. The various enbodinments disclosed herein are not
necessarily nutually exclusive, as sone 10 di scl osed enbodi nents can be
conbined with one or nore other disclosed enbodinents to form new

enbodi mrents. The terns wafer and substrate used in the follow ng description
i nclude any structure having an exposed surface with which to formthe
integrated circuit (1C structure of the present subject matter. The term
substrate is understood to include 15 sem conductor wafers. The term

substrate is also used to refer t‘oll)ste '@nduc&or structures during
processing, and nay, ir}clhlude gt%}fr dg’lﬁ THaP ve been fahricated
t her eupon. Bot h waf £1° Q8% Adeied ARSCHRUGR g Iers 8 i &%Pa&w&éa&aa‘mg

seni conduct or sshowg By wayx bfillusetibs epetifict Spectsayi@ embodiipas irewhitlythe phaat

sem conduct or or i nsul ator em Cond'%gii%[f ructures well

as .wel|_ as other s
known to omd swa%'aatteﬁn{aﬁéeamcvghih%e ?ﬁwe@ﬂa@é@_%ﬁn hHicie8t ood t o
i ncl ude sen cogdMrio@hsble oSk kiR irfthBatt RSpacce thePresesitisBhi8G intdtter. iGthetef | ned to

include any material that is |ess electrically conductive than the

material s ref epRkedimentsmayhaiitizeding strypfural, dogidat, yad elogrieal changes mayele i n thi s
oplication is N iR F3REHhe RALELE BL pleSent A tirRD ot ane or

gﬁf ace of a waf er _or sﬁ%éaﬁlrngte,. r%ganI ess?o%ut ﬂgj&g@xﬁi I(gnt at |°gn of the
waf er or subst ¢mbadimeritedisctgsad hereintarecnmt heoesshrly snuteally eg¢élnsive, pvsomeer pendi cul ar
to the horigon {: Ve, Pt "op", "side" (as
0 oi donal] -) deipf3 elBhditifits A SonbloER AR bhP i nor dhd Bhotod, %01,
respect to themnbmhments todoral nqw emteodiomentwur f ace bei ng on the top surface of

t he wafer or subst r"ﬁ;[e%

érms%vafer and substrate used in the following description include any
structure having an exposed surface with which to form the integrated circuit (IC)
structure of the present subject matter. The term substrate is understood to include
15 semiconductor wafers. The term substrate is also used to refer to semiconductor
structures during processing, and may include other layers that have been fabricated
thereupon. Both wafer and substrate include doped and undoped semiconductors,
epitaxial semiconductor layers supported by a base semiconductor or insulator, as
well as other semiconductor structures well known to one skilled in the art. The
hd 20  term conductor is understood to include semiconductors, and the term insulator or
dielectric is defined to include any material that is less electrically conductive than
the materials referred to as conductors.
The term “horizontal” as used in this application is defined as a plane
parallel to the conventional plane or surface of a wafer or substrate, regardless of the
25  orientation of the wafer or substrate. The term “vertical” refers to a direction
perpendicular to the horizontal as defined above. Prepositions, such as “on”, “side”
(as in “sidewall”), “higher”, “lower”, “over” and “under” are defined with respect to

the conventional plane or surface being on the top surface of the wafer or substrate,

5



WD 2004/ 079796 PCT/ US20041006685 regardless of the orientation of the wafer
or substrate. The following detailed descriptionis, therefore, not to be
taken in a limting sense, and the scope of the present subject natter is
defined only by the appended clains, along with the full scope of

equi val ent svg mosdvomle such clains are entitled. 5 A gatepgi/piReldoksss140 of
Figure 1, when operating in a transistor, has both a physical gate
dielectric thickness and an equi val ent oxi de thickness (teq). The

equi val ent oxi de thickness quantifies the electrical properties, such as
capacitance, of a gate dielectric 140 in terns of a representative physical
t hi ckness. The equival ent oxide thickness, teq, is defined as the thickness
of a theoretical SiQ2 layer 10 that woul d have the sanme capacitance density
as a given dielectric, ignoring | eakage current and reliability
considerations. A Si2 |ayer of thickness, t, deposited on a Si surface as a
gate dielectric wll have a teq larger than its thickness, t. This teq
resul ts from trégardiesp aftht ariemtation dof ke waferrot adastratbaTinefollowingtdetaled he Si Q2 i s

deposited due to .tﬁe fo malgi on qf a, 15 depl ef.i on/ i nversi on re{;' on. This
depl eti on/ i nv&F¥TB oqlégtpgﬁ OFa POt BE ke 1 & SR a’l“{%ﬁf"é’p% %‘eAngst r oS
(A) larger thafesttigutecdehatths is defaes onlly by Telippented blainfig alose Witk eiedultt or

industry driving tqQ scale the gate dielectric _equivalent oxide thickness to
under 10 A tﬁ‘éoPﬁlﬁ’gg‘i‘E‘éﬂle“fsrfPé'@‘ng%wl*ﬂ?lméafﬁ@ﬂ?dayer used for a gate

di el ectricswoul d ba HeafIb@rid e4PTHIENS W&hbgé}aﬁﬂgiﬂa&anéﬁoﬁﬂgiﬁowal _
characteristics for a Si02 | ayer depend on the gate electrode used in

conj unct i on wiPh¥si¢ahgatefictecigisthiclaess and ap peuivalent pydethickness (ed- 088 pol ysi | i con
gate results g i 3@&@& it i : 1 . This
addi tional t hi%@ﬁgglg%qgfg% g%%ﬁ{raﬁﬁ?tégl Efyfglf}’ﬁ%“é&mﬁ%%ﬁ%gg%ég%r ect r ode,

t hough met al @éagste dielechist140 gntermyeflarepressatative phypicd dhiclknssp | Theent ar y

nmet al - oxi de-sem.. field, e i . ogy.
Thue, future aduract (XiRinblBdesls @ahets dd IRl s hidtRuEEIS ¢
di el ectri dol aykat wohlddaecthe Sarde capadiass. defRitylas a ghen dielcctriccignadg leakaga Si O2
oxi de | ayer creates &adiii t.j.onal .&)rqbl ens. 6

current and reliability considerations.

A SiO; layer of thickness, t, deposited on a Si surface as a gate dielectric

will have a teq larger than its thickness, t. This tq results from the capacitance in the
surface channel on which the SiO, is deposited due to the formation of a

15  depletion/inversion region. This depletion/inversion region may result in t.q being
from 3 to 6 Angstroms (A) larger than the SiO, thickness, t. Thus, with the
semiconductor industry driving to scale the gate dielectric equivalent oxide
thickness to under 10 A, the physical thickness for a SiO, layer used for a gate

\W dielectric would be need to be approximately 4 to 7 A.

20 Additional characteristics for a SiO, layer depend on the gate electrode used
in conjunction with the SiO, gate dielectric. Using a conventional polysilicon gate
results in an additional increase in teq for the SiO; layer. This additional thickness
could be eliminated by using a metal gate electrode, though metal gates are not
currently used in typical complementary metal-oxide-semiconductor field effect

25 transistor (CMOS) technology. Thus, future devices would be designed towards a
physical SiO, gate dielectric layer of about 5 A or less. Such a small thickness for a
Si0, oxide layer creates additional problems.



WO 2004/ 079796 PCT/ US2004/ 006685 Silicon dioxide is used as a gate
dielectric, in part, due to its electrical isolation properties ina SiQ2 -
Si based structure. This electrical isolation is due to the relatively

| ar ge band G2 (8.9 eV) nmeking it a good insul ectrical
conduction 8%&6&7%7?‘%%“ on reductions in its band gap V\%tl?& Stz'folg}r;ﬁ%ﬁggte it as 5
a material for a gate dielectric. As the thickness of a SiQ2 | ayer
decreases, the nunber of atom c |layers, or nonolayers of the SiQ2
decreases. At a certain thickness, the nunber of nonolayers wll be
sufficiently small that the SiQ2 layer wll not have a conplete arrangenent
of atons as in a larger or bulk layer. As a result of inconplete formation
relative to a bulk structure, a thin SiQ2 |ayer of only 10 one or two

nonol ayers wil.l not forma full band gap. The lack of a full band gap in a
SiQ2 gate dielectric could cause an effective short between an underlying Si
channel and an overSﬁyoonghqamﬂeysudedasmgagamelcctﬁb,uﬁpwa,dhswwdaélﬁ:trwabperty sets a
limt on the sical thickn |.a be, scal ed. The

m ni mum t hi ck‘gfgété on-preperties i3 81 g%ﬁb‘i’%&@“‘é&f ?%le‘%/ g’ﬂ%?%lslﬁ‘ée Bhout 7-8
A. Therefore, th@felalﬁeﬁyqéxgésandegupsﬁ&og@s@av;amaqﬁgaﬁalgs@@m&m&ﬁ&ﬁut 10 A

dielectrics other than ST need to be considered for use as a gate

di el ectric. Fofeckiqal¢andugtion; Sigaiication redpstions in itsband gap yopld ciminaleas ¢, t he

capaci t ances i S, mehQ"R I\9fke @SleQRE. Meﬁ&&és%'df@'&@'l e‘?d&&@ﬁ@é fance: C =
XSOA/ t, where x is the “dielectric constant, rq | permtt|V|ty of free

space, Ais tt‘iém%h@éaf Mmmﬂye@apm@méﬁyersgﬁtha@epzdw@aaeh@tmmss of the
di el ectri c. Hﬁsglﬁﬁlﬁ;ﬁ@b of Bbnofa d'gﬁtvgfli’g? éeﬂtﬁJsﬂaﬁ%Jt‘ﬁae'é@la&%q for a

g(\%en capaci tance Wi avin ric’constant
x/ Ke, , )t eq=yill/m®t E@macpomjilecmangﬁnmnteﬂasom gshn alaigez bebilk layerc oksst ant gr eat er

t

t han that of Sl I i ck hat

consi derabl y |r§ fl?clﬁ’gwwéegggg onée u © X \%gs Q?J'F’O%S%‘\Q {%ﬁ%rng§§‘§r ed

equi val ent l(DXI(ﬁEOi'l‘W(Eklbﬁﬂsycrd:\ﬂﬂl mxmnfplaeﬁﬂlb@d@hp eTliEalhﬂcoﬁiiﬁi]lbﬂidgap inmat eri al

with a dielectrj.c. constant.of 10 coul d_h ve a thi ckness of ut 25.6 Ato
provide a teq %#161 atg‘%heﬁ% Eﬁﬁﬁaﬁlsﬁ@na Yo shost beprien A% up 1 éyer ef f ect s.

7 channel and an overlying polysilicon gate. Tms undesirable property sets a limit on

the physical thickness to which a SiO; layer may be scaled. The minimum
thickness due to this monolayer effect is thought to be about 7-8 A. Therefore, for
15  future devices to have a teq less than about 10 A, dielectrics other than SiO, need to
be considered for use as a gate dielectric. |
For atypical dielectric layer used as a gate dielectric, the capacitance is
determined as one for a parallel plate capacitance: C = kggA/ t, where « is the
- dielectric constant, g is the permittivity of free space, A is the area of the capacitor,
20 andtis the thickness of the dielectric. The thickness, t, of a material is related to its
teq for a given capacitance, with SiO, having a dielectric constant kox = 3.9, as
t= (1or ) teq = (13.9) teg
Thus, materials with a dielectric constant greater than that of SiO,, 3.9, will have a
physical thickness that may be considerably larger than a desired teq, While
25  providing the desired equivalent oxide thickness. For example, an alternate
dielectric material with a dielectric constant of 10 could have a thickness of about
25.6 A to provide a teq of 10 A, not including any depletion/inversion layer effects.



WD 20041079796 PCT/ US2004/ 006685 Thus, a reduced equi val ent oxi de thickness
for transistors may be realized by using dielectric materials with higher
dielectric constants than Si Q2. The thinner equival ent oxide thickness for

| ower tranﬁ B&gmwyati ng voltages and snaller transi&tj% 9{%4%3&? ons may
ity

be realize y a significant nunber 5 of materials, but Iona
fabricating characteristics nmakes determ ning a suitable replacenent for
Si2 difficult. However, the current view for the mcroelectronics industry
is still for Si based devices. Thus, the gate dielectric enployed wll grow
on a silicon substrate or silicon |ayer, which places significant restraints
on the substitute dielectric material. During the formati on of the
dielectric on the silicon 10 | ayer, there exists the possibility that a
smal | layer of SiO2 could be forned in addition to the desired dielectric.
The result would effectively be a dielectric |layer consisting of two
subl ayers in p@hwl &sduvddidquivaleltt oxidedhiclaass forteansistorsrady bergalized by wbihgh t he
dielectric is forned. |In. such a .case, t.he resulifi capaci tance woul d be
that of two dihgie %‘fﬁaé?afsnma Ftéeéaleﬁgmgc?%s Ejstﬂ?‘a“trﬁgz'tw of the dielectric
I?yeL onI dkbe thefm&ge@{quivhlenﬁxﬂgtﬁiﬂine#srfeﬂs&vaxn@bnaistwbpérahigcati ve factor
of the thicknesg of the djelectric, bein orned, witten as teq =tSi O +
(KO /| K)t. Thu§9s“a£?s Hélﬂeiieqt‘é%?t%@m%‘f%gam?/ ef%z‘fs*rw(?e%%*{lg%aﬁbn Tis again
limted by & ShfRatkdai€ but addtichASFaiicaiy chiabtedstidak & deteftMing aSsuftspiered
between the silicon layer and the desired 20 dielectric in which the
barrier |ayer pPlaganensforiOs diffienlt; Haweyer,shagurent views for theymicrestpctipritd be
limted by the; géﬁ?r- ; dlaﬁ L i C 3 y s whet her
singl e diel elgltdrl lf %@r%h%ﬁé&;&ﬁ%% I e,ﬁ%%%é}@f%ﬁl%%hﬁé?%h%oyor ay§gvrvri er |ayer
W th a hi gher onia silican substrateorsilisnn lay¢rawhish placdssignifisantyrestrainthen thayer

interfacing w A -SLlLC .ayeyr . i d i . ity.interface to
mai ntain a hi g%}ﬁ!’(s: tﬁ%ﬁié?%%ﬂécrlr%gtg%ﬁ’ WF%;!/&@éﬁ%%e@%ggﬁ\kPgﬁ aca%s for
usi ng Si 021@s hyeratheredixistscthe passibiitysthitaesmal figer 6§ 810, taridrbe foomeddn t he Si 02

| lts inq. hous.. el ' ' aonr
LYooy R AT R bl B AR ARG . oo

consisting of two sublayers in parallel with each other and the silicon layer on which

the dielectric is formed. In such a case, the resulting capacitance would be that of

two dielectrics in series. As a result, the teq of the dielectric layer would be the sum
15 of'the SiO, thickness and a multiplicative factor of the thickness of the dielectric

being formed, written as |

teg = tsion t (Kox / K)t.

Thus, if a SiO, layer is formed in the process, the teq is again limited by a SiO, layer.

In the event that a barrier layer is formed between the silicon layer and the desired
20  dielectric in which the barrier layer prevents the formation of a SiO; layer, the t,q

would be limited by the layer with the lowest dielectric constant. However, whether

a single dielectric layer with a high dielectric constant or a barrier layer with a

higher dielectric constant than SiO, is employed, the layer interfacing with the

silicon layer must provide a high quality interface to maintain a high channel carrier-
25 mobility.

One of the advantages for using SiO; as a gate dielectric has been that the
formation of the SiO, layer results in an amorphous gate dielectric. Having an

amorphous structure for a gate dielectric is advantageous because grain boundaries
8



8 WD 20041079796 PCT/ US20041006685 in polycrystalline gate dielectrics
provi de high | eakage paths. Additionally, grain size and orientation
changes throughout a polycrystalline gate dielectric nmay cause variations
in the Iaygkiﬁmﬂéﬁ%)ctric constant. Many materials having a high dielectric
constant rela Si @2 al so have a disadvantage of aPEFySMIpE88 form at
|l east in a 5 bulk configuration. Thus, the best candi dates for repl acing
Si2 as a gate dielectric are those with high dielectric constant and are
able to be fabricated as a tthin layer wth an anorphous form Based solely
on the size of the dielectric constant, hafniumoxide, H Oz, with a bulk
dielectric constant of about 25, appears to be a candidate for replacing
Si02. 10 However, other considerations for selecting the nmaterial and
method for formng a dielectric layer for use in electronic devices and
systens concern the suitability of the material for applications requiring

that the diel ﬁ@@&%ﬁwg@gigﬁéﬁeme@&cy $ide | '@eaks'g% a3 %ﬁﬁiﬁ‘é}ﬁllgggr%j?i ckness,

form conf orm ! trate, and/or be engiheered to sp c thickness
and el enent al sizsraoé atiemationrebangesitbrdughout o peliyciystalline gate disleetricgnaySausae
roughness of t | el | Gl & . U . face r.qughn of the
dielectric | ay‘grﬁaﬁdgg ugﬁ% ;id %rl %@%&ﬁf&g Igec't' ﬁ%ﬁﬁ%&:@%@vﬁ aatfléh p‘r%glﬁcgcﬁ ?i es of

t he gat e oxi deconstandelative to 883l alsorhgvepdisady amageoff a coystalinke $érng at ledst inlae

transi stor.. Leakaqge_.current..thr h a.,physical,1.0 ate oxi.de.has been
found o bé | nEPCABaRRon Ty oGt cRg B BplsipesTh SRrelashie | he

r oot - nean- squadrethosIvikh high! dieRetR . cordtanberid di¢jatie obe\fatiticaeaas a tinilay&r i Ng
deposition process stage, particles of the material to be deposited bonbard
tfe surface atWith#agwe M. \\hen a particle hits the surface, sone

particles adhere, an@eddoltyf oPRE kiz€ bthie ilStEic GMEBAE haflidN o8BS HIY, withPact s
renove body region particles creatltng pits. The surface of such a deposited

| ayer may havea tulk diglgpiric sonstant ofcabeut23, amears tohgra dapdidate feracplacingOpody
region. 251[({ N B&w&/EP o ide:%ti&%ffﬂﬂ édf&ﬂ}%' tgfﬁgﬂeﬁ&%ll Tl efhol 236 4Ng a

substantially snooth surtface relative t r processing technlques is
formed using adidedtrc lagigrdpr usddpelsironisideyiogsDnd systamstponcert theshitahily off el ectric

layer using atgm claMe ap%ﬁ@aﬁi%lhé feﬂ{ﬁrmg that the dielectric layer have an ultra-thin

equivalent oxide thickness, form conformally on a substrate, and/or be engineered to

specific thickness and elemental concentrations. Another consideration concerns

15  the roughness of the dielectric layer on a substrate. Surface roughness of the
dielectric layer has a significant effect on the electrical properties of the gate oxide,
and the resulting operating characteristics of the transistor. Leakage current through
a physical 1.0 nm gate oxide has been found to be increased by a factor of 10 for

every 0.1 increase in the root-mean-square (RMS) roughness.

&

20 During a conventional sputtering deposition process stage, particles of the

material to be deposited bombard the surface at a high energy. When a particle hits

- the surface, some particles adhere, and other particles cause damage. High-energy
impacts remove body region particles creating pits. The surface of such a deposited
layer may have a rough contour due to the rough interface at the body region.

25 In an embodiment, a hafnium oxide dielectric layer having a substantially
smooth surface relative to other processing techniques is formed using atomic layer
deposition (ALD). Further, forming a dielectric layer using atomic layer deposition
provides for controlling transitions between material layers. Thus, atomic layer

9



provides for controlling transitions between material |layers. Thus, atomc

| ayer 9 WO 2004/ 079796 PCT/ US2004/ 006685 deposited hafnium oxi de dielectric
| ayers may have an engineered transition with a substrate surface that has
a subst ant| ced or no interfacial SiQ2 | ayer ALD
deposi ted hg+%¥ﬁ%§gﬁlde dielectric |layers provide confo¥ﬁHﬁE5%%W8W§ge on the
surfaces on which they are deposited. 5 ALD, also known as atom c |ayer
epitaxy (ALE), was developed in the early 1970's as a nodification of

chem cal vapor deposition (CVD) and is also called "alternatively

pul sed-CVD." In ALD, gaseous precursors are introduced one at a tinme to the
substrate surface nounted within a reaction chanber (or reactor). This

i ntroduction of the gaseous precursors takes the form of pul ses of each
gaseous 10 precursor. Between the pul ses, the reaction chanber is purged
with a gas, which in nmany cases is an inert gas, and/or evacuated. In a

cheni sor pt i on- déjositedtathivih DridESieRt ) 14yeBeEfhavelaf énpthetia trihsitidn wihid Si ng
phase, reaction with t ubstrate occurs. w hthe ecurso saturatively
chemi sorbed at S‘Ebﬁéatgﬁlﬁ'%ﬁ ﬁ’f’%h@tﬁrs’f‘l?ﬁaé‘ E%BUB@‘@&‘&J [aﬁera purging gas
15 renoves pr em&&erm@ma&@péﬁtedmaﬂﬁamrcﬁmétﬁmmaﬁﬁﬁrmﬁéeoéf&%nd pul si ng
phase i ntroduces another precursor, on the substrate where the growh

reacti on of théOV&%FPEH‘eIS&SfQGSP%W@SC fheyae depppifsdquent to the |ayer growth
reaction, reaction Ryppigfidfohs @%nﬁéﬁféﬂ%ﬁ%y%&ﬁ?%@ﬁ@v%&ltﬁﬁgé %aggct he

reaction chanber. Wth favourabl e precursor chem s r)g ursors
20 adsorb and ﬂ%maswmqth@a@w oftchemnicglyaporalepasion(GVD) andisadsoicelisdy, one ALD

cucle may be pahaRIRghikd €95 1 HARLONRREE Hotlldls RE MR ealgELEd 1 oW

fype reaction an p| cal |y, preturs pu%se times range from about
0.5 sec to aboumeZOtbasﬂ)stratesmtﬁantsmohnted\wmﬁntah@cham chraatben(or odactat)] Thise reacti on

and purgi ng pha t he 25 owth |s self-limting
growt h resul ts“ﬁrﬁa cﬁ S‘Féﬁseﬁ?‘? ﬁ‘ﬁ]h’e f%lgh?tlé’ru%ﬁff’ ﬁﬁ?%% has
i nportant appl pfeﬂﬁrsﬁﬂBefvﬁénﬁmqﬁllseaﬂESeaaﬁorp&meér is plaged ezitﬁa,gas, which in

many cases is an inert gas, and/or evacuated.

In a chemisorption-saturated ALD (CS-ALD) process, during the first

pulsing phase, reaction with the substrate occurs with the precursor saturatively

chemisorbed at the substrate surface. Subsequent pulsing with a purging gas
15 removes precursor excess from the reaction chamber.

The second pulsing phase introduces another precursor on the substrate
where the growth reaction of the desired layer takes place. Subsequent to the layer
growth reaction, reaction by-products and precursor excess are purged from the
reaction chamber. With favourable precursor chemistry where the precursors

20  adsorb and react with each other on the substrate aggressively, one ALD cycle may
be performed in less than one second in properly designed flow type reaction
chambers. Typically, precursor pulse times range from about 0.5 sec to about 2 to 3
seconds.

In ALD, the saturation of all the reaction and purging phases makes the

25  growth self-limiting. This self-limiting growth results in large area uniformity and
conformality, which has important applications for such cases as planar substrates,

deep trenches, and in the processing of porous silicon and high surface area silica

10



deep trenches, and in the processing of porous silicon and high surface area
silica 10 WO 2004/079796 PCT/ US2004/ 006685 and al um na powders. Thus, ALL)
provi des for controlling |layer thickness in a straightforward manner by
controlliqgo%mgmﬂﬁﬂper of growmh cycles. ALD was ori gi palrjué2dd@vikgaped to
manuf acture [um nescent and dielectric |ayers needed in electrolum nescent
di splays. Significant efforts have been nmade to 5 apply ALD to the growth
of doped zinc sulfide and al kaline earth netal sulfide |ayers. Additionally,
ALD has been studied for the growh of different epitaxial H V and H VI

| ayers, nonepitaxial crystalline or anorphous oxide and nitride |layers and
mul tilayer structures of these. There al so has been consi derabl e interest
towards the ALD growth of silicon and gernmanium | ayers, but due to the
difficult 10 precursor chem stry, this has not been very successful. The
precursors used in an ALD process_nay be %aseous, liquid or solid. However,

liquid or sol iad plumingpewidersybes, ALDpspvides|ter contiellipg layer thickressing nust be
hi gh enough f Qf.iskik glid\ﬁqanggqﬁ,go ROE B of Alowih id and some |iquid
precursors neegmg%(ﬁg heat e ins?gg g’reactfbﬁ#chaﬁ%%%’and i nt roduced

t hrough 15 heat ed M&EM@MY§thmﬂmwmhmmmdm@ essure must
be reached At ferd SURRALM I EL QO RoBYD ARGt BRRIAU RS RRYP! J, the

condensati on o recursors on eSSt it ng
gr owt h mectsaniapply AJiD talthe growtl aftdoped zmd spifideapd alkgiresath metbbulfidepr ecur sor s

may be used though evaporati r at es omewhat. var.y. duri 1 process
because of chgﬁ"@%s ‘Afdrq%t)oﬁ%lX' rlfagi’gmﬁ"ﬁéa éﬁtﬂg}ﬁﬁ)l’"éh gfcéf{fgrgetequgug Jer

c&w acteri sti osafdil-V l3ets] Sodepitaxiud crybtalliAd 62 amdighoup bidel asdigide U krsbe

thermal |y stable at.the substrate t erat yre, because thejr deconposition
woul d dest r oy %fﬁ@“itﬂ?ﬁawcmq?&%%ﬁ%ﬁ%ﬁwhw% rahle mffrsshes of the ALD
nmet hod that rebw&as B8 ALMEzroRACI IsDiRoPind gefmaHgs WyeR! buktud RdehSdbFultat e
surface. A slight deconposition, if slow conpared to the ALD growth, may be

t ol er at ed. 1025 Profarsp demisiyyy WisthayBotbeercYrEY#SeRstubn or react with the surface,
though the interaqilgRcRSSVERE if REAPDIES HayHetdalddfs, Hiqhiddr Sots vel | as the

mechani sm for the
However, liquid or solid precursors must be volatile. The vapor pressure must be

high enough for effective mass transportation. Also, solid and some liquid

precursors need to be heated inside the reaction chamber and introduced through

15  heated tubes to the substrates. The necessary vapor pressure must be reached at a
temperature below the substrate temperature to avoid the condensation of the
precursors on the substrate. Due to the self-limiting growth mechanisms of ALD,
relatively low vapor pressure solid precursors may be used though evaporation rates
may somewhat vary during the process because of changes in their surface area.

20 There are several other characteristics for precursors used in ALD. The
precursors must be thermally stable at the substrate temperature because their
decomposition would destroy the surface control and accordingly the advantages of
the ALD method that relies on the reaction of the precursor at the substrate surface.
A slight decomposition, if slow compared to the ALD growth, may be tolerated.

25 The precursors have to chemisorb on or react with the surface, though the
interaction between the precursor and the surface as well as the mechanism for the
adsorption is different for different precursors. The molecules at the substrate

surface must react aggressively with the second precursor to form the desired solid
11



adsorption is different for different precursors. The nolecules at the
substrate surface nust react aggressively with the second precursor to form
t he desired sol i d 11 WO 2004/ 079796 PCT/ US2004/ 006685 |ayer. Additionally,
precursorswgp oRQt react with the layer to cause etchl n/g and recursors
shoul d not ve'in the layer. Using highly reactivePpt E%?P‘%’P ALD
contrasts with the sel ection of precursors for conventional CVD. The
by-products in the reaction nmust be gaseous in order to allow their easy 5
removal fromthe reaction chanber. Further, the by-products should not react
or adsorb on the surface. In a reaction sequence ALD (RS-ALD) process, the
self-limting process sequence involves sequential surface chem cal
reactions. RS-ALD relies on chem stry between a reactive surface and a
reactive nol ecul ar precursor. In an RS 10 ALD process, nol ecul ar precursors
are pulsed into the ALD reaction chanber separately. The netal precursor
reaction at thayerubﬁajtﬁhﬂlyi preéutsﬂrmiohmxfoofehawadltbylag&to case ttchi, n%aaall se to
renoVe excess recurs &/ Erodﬁ)&ﬁs mtge reaction cha prior to
pul sing the ne °‘B§°é% rn°6 PH 3eR: Vne WighlyEsRetve mEGCURSSISAND, | ayer s
can be |ayeredALDc@ﬁm{sxﬁﬁitﬁé%ﬁ@ﬂﬂﬁﬂ%o%ﬁc&b&tﬁhhcﬂﬁ i dentical in
chem cal ki netics, dep05| tion per cycle, conposition, and thickness. RS-ALD
sequences gener al |y h?é’ﬁdg‘i’dcucﬁsé%@elf‘??ﬁﬁmhmﬂﬁlw gasggusrin prder yallpw thefegstal |y, a
deposition o Ghflnfine rdbtdRbg: Frthd BEBYbrodu(0siuRflor RacidD cycl e may
be realized. The characteristics of R”S— I nclude continuity at an

i nterface, 2034§91Ibfanth€ta§urﬁa§}e over a substrate, use of |ow tenperature and

m | dl y oxidizing 0 nf“ Te chanber
(Lpendence grow h ;&%?%Eﬁrg%egﬁé g?g% e S‘gio‘llf)jeérﬁéesm% oeéﬁ ?é;gycl es
per f or med, andsegiénce tnyowes seqmyhd@erfachhemicalyeacuhmnk&AEDraLywm Wi th
resol ution of ne.to }3‘9 monol

on the order %%Ibg eregaé??a réé%"b qnflweatc%v%&\é\%%%%hwﬁghg{f] gﬁgs

anor phous hay eAS,D process, molecular precursors are pulsed into the ALD reaction chamber

control

separately. The metal precursor reaction at the substrate is typically followed by an
inert gas pulse to remove excess precursor and by-products from the reaction
chamber prior to pulsing the next precursor of the fabrication sequence.

By RS-ALD, layers can be layered in equal metered sequences that are all

15  identical in chemical kinetics, deposition per cycle, composition, and thickness.
RS-ALD sequences generally deposit less than a full layer per cycle. Typically, a
deposition or growth rate of about 0.25 to about 2.00 A per RS-ALD cycle may be
realized.

The characteristics of RS-ALD include continuity at an interface,

20  conformality over a substrate, use of low temperature and mildly oxidizing
processes, freedom from first wafer effects and chamber dependence, growth
thickness dependent solely on the number of cycles performed, and ability to
engineer multilayer laminate layers with resolution of one to two monolayers. RS-
ALD allows for deposition control on the order on monolayers and the ability to

25  deposit monolayers of amorphous layers.

Herein, a sequence refers to the ALD material formation based on an ALD
reaction of a precursor or a precursor with its reactant precursor. For example,

forming a metal layer from a precursor containing the metal forms an embodiment
12



Herein, a sequence refers to the ALD material formation based on an Al D
reaction of a precursor or a precursor with its reactant precursor. For
exanple, formng a nmetal layer froma precursor containing the nmetal forns
an enbodi ment 12 WD 2004/ 079796 PCT/ US2004/ 006685 of a netal sequence.

Addi t i onalyy200f@fodeng a | ayer of netal oxide from a preewusguos/onsedat ai ni ng
the nmetal and from an oxygen containing precursor as its reactant precursor
forms an enbodi nent of a netal/oxygen sequence, which nay be referred to as
the netal oxide sequence. A cycle of the netal sequence includes pulsing a 5
precursor containing the netal and pul sing a purging gas for the precursor.
Further, a cycle of the netal oxide sequence includes pul sing a precursor
containing the netal, pulsing a purging gas for the precursor, pulsing a
reactant precursor, and pulsing a purging gas for the reactant precursor.
I'n an enbodi ment, a layer of hafiiiumoxide is formed on a substrate 10
nmounted in a reaction chanber, by ALD_using precursor gases i ndi vidually

pul sed into tohe et sequenrec Waditiopallyaforming gidayer of mefpl xidsfram g pregurpirecur sor s

may be used i RoARinifdRE ARG HiSoh AESSHEDTERSY brothrih 88 HREleactil D fOr mati on of
other materials is "disclosed in co-pending, comonly assigned U S. patent
appl i cation: dnedqursorefprms 7y gphadimeny of 2 Dejpberyeeriedeamde, @dmhem&b{hﬁfeferradt or ney
docket no. Syst ens,
and Apparatus%?§$%k§§%¥8§ﬁ{&§g?ié0§%g§?§f%ﬁé%gixﬁﬁﬁFﬁun1 ?@% ?n I nt egr at ed
Circuits," 5at tpnequesyrdmtaim'ngﬂnometaial&Bpl@d&ﬁmrgisggmﬂorﬂmmﬂemsm%BH¢ﬂ68

Fi gure 2A sho od| er S|t|on system 200 for
bt ocessing. adrear SofPRBeSEe SouBlte Hellts muNER pREREE biBaritie 1 2
depicted 20 anetauﬂmﬁmaebmgﬁgtgasﬂoemepmmyortpmsdgsmastsnme@fsoﬂmdl ments of
the present subject matter suc ﬁmgthose skilled in the art may practice
vari ous embodi &2 R SIRE, 825 1y %5?? BHEEP mat t er wi t hout undue

experimentation. Anf s éhisidireén$ GUser 8NhaFinmRide N forhapsid 4 fbstedd@nber can be
found in co- pendlgg connnnh§ assigned U.S. patent application: entitled
am

"Met hods, My straepateddm a reaghing cam Eerfbdﬂ@\vmm@a@ﬁgw individually pulsed

into the reaction chamber. Alternately, solid or liquid precursors may be used in an

appropriately designed reaction chamber. ALD formation of other materials is
disclosed in co-pending, commonly assigned U.S. patent application: entitled
“Atomic Layer Deposition and Conversion,” attorney docket no. 303.802US1, serial
15 number 10/137,058, and “Methods, Systems, and Apparatus for Atomic- Layer
Deposition of Aluminum Oxides in Integrated Circuits,” attorney docket no.
1303.048US1, serial number 10/137,168.
Figure 2A shows an embodiment of an atomic layer deposition system 200
for processing a dielectric layer containing hafnium oxide. The elements depicted
20  are those elements necessary for discussion of embodiments of the present subject
matter such that those skilled in the art may practice various embodiments of the
present subject matter without undue experimentation. A further discussion of the
ALD reaction chamber can be found in co-pending, commonly assigned U.S. patent
application: entitled “Methods, Systems, and Apparatus for Uniform Chemical-
25  Vapor Depositions,” attorney docket no. 303.717USI, serial number 09/797,324,
incorporated herein by reference.
In Figure 2A, a substrate 210 is located inside a reaction chamber 220 of

ALD system 200. Also located within reaction chamber 220 is a heating element
13



25 Vapor Depositions," attorney docket no. 303.717US1, serial nunber

09/ 797,324, incorporated herein by reference. In Figure 2A, a substrate 210
is located inside a reaction chanber 220 of ALD system 200. Also |ocated

Wi t hin reaﬁ%%%n ch%nber 220 is a heating elenent 13 WD 2004/079796

PCT/ US2004 B¥E%7930, which is thermally coupled to stEEP§H¢L058 ¢ o
control the substrate tenperature. A gas-distribution fixture 240

i ntroduces precursor gases to the substrate 210. Each precursor gas
originates fromindividual gas sources 251- 254 whose flowis controlled by
mass-fl ow controll ers 256- 259, respectively. Each gas 5 source, 251-254,
provi des a precursor gas either by storing the precursor as a gas or by
providing a | ocation and apparatus for evaporating a solid or liquid
material to formthe selected precursor gas. Furthernore, additional gas
sources may be included, one for each netal precursor enployed and one for
each react ant 239 ®&i¢h $therafalp Copleddo wibistrate 2D0to B! the s@bdtfaseOr . 10 Al so

included in the ALD system are, purgjn S sources 261, 262, each of which
is coupled to WEBFARIG 8 ?%P‘P@P%"Q%%?‘%ZB DAucesSRIOr 8356 OIS t her nor e,

addi ti onal puraibgiﬁtm.mbﬁﬁ@&umgamigﬁm@tﬁromh&%uﬁlg%&mwmgﬁo, one

purging gas source for eac recursor gas. For a process that uses the sane
purgi ng gas f oVhosgifflowiipeaatigl W@@ﬁ'ﬂg’&’s"@gwll?%Z%u?gﬂ, ragpestizelyobachegas ar e used

in ALD system g S5k Hés?eﬁen%ﬁsslu' : ' r 61-262
are coupled?by gﬁgigﬁzgsggﬁgte nassf%?é%&%%xgg%gkgggggﬁﬁgp%gﬁ%%ﬁggas l'ine
or conduit 270bymhvidingiadocatiopinddpparatuinfor expporating s salidior liquid fmageriat o 240 i nsi de
reaction chanb 0. C it 2 i | sQ@....coupl ed to vacguum punp, or
exnaust pamp i i eiseE R e T Bip G B Bu SRR L P T oo
gases, pu][ gi ngingad@bpxaeaﬁo?edai;gma{b}ﬂmmrsgmbyadaﬁdhm;e’mdiacﬁreactﬂﬂzggr_gi ng ' ed
sequence from gas condui. cu u or exhaust punp, is couple
by mass-flow c rﬁ‘fo’?Pmatfé’f"tP(ﬁa‘i?‘éﬂ%@é’P%’%@ss precur sor gases, purging
gases, andidy- pr odugiko oaed atthd AED s ke pargiigl ik Beir&e8 QYE 62, datloof r eact i on

chanmber 220. Foy. conveni ence, contro
which ?s cougletf to mass-flow controllers 266, 267, respectively. Furthermore,

additional purging gas sources may be constructed in ALD system 200, one purging
gas source for each precursor gas. For a process that uses the same purging gas for
multiple precursor gases less purging gas sources are used in ALD system 200. Gas
15  sources 251-254 and purging gas sources 261-262 are coupled by their associated
mass-flow controllers to a common gas line or conduit 270, which is coupled to the
gas-distribution fixture 240 inside reaction chamber 220. Gas conduit 270 is also
coupled to vacuum pump, or exhaust pump, 281 by mass-flow controller 286 to
remove eXcess precursor gases, purging gases, and by-product gases at the end of a
20 purging sequence from gas conduit 270.
Vacuum pump, or exhaust pump, 282 is coupled by mass-flow controller
287 to remove excess precursor gases, purging gases, and by-product gases at the
end of a purging sequence from reaction chamber 220. For convenience, control
displays, mounting apparatus, temperature sensing devices, substrate maneuvering
25  apparatus, and necessary electrical connections as are known to those skilled in the
art are not shown in Figure 2A.
Figure 2B shows an embodiment of a gas-distribution fixture 240 of atomic
layer deposition system 200 for processing a dielectric layer containing hafnium

14
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di spl ays, nounting apparatus, tenperature sensing devices, substrate
maneuveri ng 25 apparatus, and necessary electrical connections as are known
to those skilled in the art are not shown in Figure 2A. Figure 2B shows an
enbodi nent of a gas-distribution fixture 240 of atom c |ayer deposition
syst em 200wloaoqarronessi ng a dielectric |ayer contaiMIubéﬁ%gﬁMM%aég VO
2004/ 079796 PCT/ US2004/ 006685 oxide. Gas-distribution fixture 240 includes
a gas-distribution nmenber 242, and a gas inlet 244. Gas inlet 244 couples
gas-distribution nmenber 242 to gas conduit 270 of Figure 2A

Gas-di stribution nmenber 242 includes gas-distribution holes, or orifices,
246 and gas-distribution channels 248. In the illustrated enbodi nent, holes
5 246 are substantially circular with a cormon di aneter in the range of
15-20 mcrons, gas-distribution channels 248 have a conmon width in the
range of 20-45 mcrons. The surface 249 of gas distribution nmenber 242
havi ng gas-distribution holes 246 is substantially planar and parallel to
substrate 210 axideFiGgsrdistribition fikture\249 inchidbsa gasrlixtibution member242t ieka sur f ace

forms as well as.sh sand sizes qf 10 ,hol.es and ch | s. The.distribution
and size of h(ﬁa‘g}snfeﬁggfa dmgf# ec%ouﬁ%sp%gﬂsﬁgwﬁo? W@E?&lg?%ﬁ%f cf’ﬂ‘ﬁ’ét ni ght be
used to assi st270lf Bign@eA. cGatdistibutioh emberBl 2dncudes gas-distribitivhtolss, or
gas-distribution ch el s 248 to.gas inlet 244,  Though, A St 200 is
wel | suited fd%“%ﬁ?sag{g] ?Hdrgés'ﬂiﬁ@tbt}?‘g’scz‘mm@éﬁef‘}thﬁ&[]‘FE%?d?}P At %Leﬁst ens
commerci al 15y aM8iatedlibgantiily biecult® §6th atomidof dRanfter & Ghe RaigY o5¥5-2d in the art of
sem conductor fabrication, understaﬂﬁét he use, construction and fundanent al

operation of rBisOR:§As-disEivEEenchapnels 74P bayes commpm wighh ia theypngenf 2045
Enbodi ment s ofyibhs, PrRS@ithcedDiof £ds disRitufibn FRMBEr ﬂ&%%g%%-&lﬁhiﬁuﬁoﬁar ety of

such reaction chanbers w thout undue experinentation. Furthernore, one of

ordinary ski | Ihojes 26is substantinily plannp andperallel tesubstrate2d  0f Figaredeti on, 20
B L L o
control | edlOby heles enpchapnels. Thhe distribution and size of holes may also affect deposition

thickness and thus might be used to assist thickness control. Holes 246 are coupled

through gas-distribution channels 248 to gas inlet 244, Though ALD system 200 is

well suited for practicing the present subject matter, other ALD systems

commercially available may be used.
15 Those of ordinary skill in the art of semiconductor fabrication understand the

use, construction and fundamental operation of reaction chambers for deposition of

material layers. Embodiments of the present subject matter may be practiced on a

variety of such reaction chambers without undue experimentation. Furthermore,

one of ordinary skill in the art will comprehend the necessary detection,
20 measurement, and control techniques in the art of semiconductor fabrication upon

reading the disclosure.

The elements of ALD system 200 may be conﬁolled by a computer. To

focus on the use of ALD system 200 in the various embodiments of the present

subject matter, the computer is not shown. Those skilled in the art can appreciate
25  that the individual elements such as pressure control, temperature control, and gas

flow within ALD system 200 may be under computer control. In an embodiment, a

computer executes instructions stored in a computer readable medium to accurately

15



focus on the use of ALD system 200 in the various enbodi nents of the present
subject matter, the conputer is not shown. Those skilled in the art can
appreciate 25 that the individual elenents such as pressure control,

t enper at ur and gas flow within ALD system 20 be under
conput er c&f?@?ﬁ&ﬂ% an enbodi ment, a conputer execut egcf/ﬁg{opﬁ@ﬁsans stored

In a conputer readable nmediumto accurately 15 WO 2004/079796

PCT/ US2004/ 006685 control the integrated functioning of the el enents of ALD
system 200 to forma dielectric layer. Figure 3 illustrates a flow di agram
of elenments for an enbodi nent of a nethod to process a dielectric |ayer by
atom c | ayer deposition. This enbodinment 5 includes formng a |ayer of a
nmetal on a substrate by atom c | ayer deposition, at block 310, and form ng
on the layer of nmetal, by atom c |ayer deposition, a |layer of an oxide of
the metal, at block 320. In an enbodi nent, the layer of netal is fornmed ti.

t hrough per f or gonfigl the intEFited Sictiondlg@T tHefeldnttatsHEALID SBRHEIVDe forA 22N
enbodi nment , thsiflléa%er of netal of netal is formed through performng from

four cycles to 7Y€ cl es of the netal sequence. The nunber of cycles for

the netal oxide sequgies ifltral§a BEWUREARIOfenfalsG6L £lbniddREQY bl @ desired
t hi ckness of the netal oxide. In an enbodi nent, a hatniumlayer is fornmed on

a substrate bymgthedfaprpegses dicleelpio dayer byrptoryia dayarddposition. sThiegrobadiment on t he
substrate usin | | I Sl E@Qp L BE t nost ten
cycles are %er gl?lflre ﬂ%ﬁ%ﬂg&%@fﬁ%ﬁ?@%ﬁ% ni terbg{ag&g?e ur%@% tgr

conpl etion of bloekd fgatdformingion thetliner efietely by afomic layer defwisition; alaybr ofinber of

cycles of a hafni ' r e J t. th concl.usi on of
fé%rri ng the pr %ﬁ@%ﬁ@aﬁﬁ%@&%ﬁsﬁc% ggbgélﬁ%eghgﬁeﬁ%eﬁlgﬁ?ﬁe%%sg)émegequence,
a haf ni um oxi dthrdugh performitgdha nsasbisth cydes of the meta seqhiende. dn pi emleslimentnduct ed

e e o O Sl R, AL bl OLL NS (B, LA 0, 8l um
di ffusi ng tlowasydtes of the ntdtdlisequancell The mahiser Sfigyicleg forhie tétaloxidy sdidencatol Nt er act s
W e e L8 et Pl s de ST Bkt e el S O 9
In an embodiment, a hafnium layer is formed on a substrate by atomic layer
deposition. The hafhium is deposited on the substrate using a hafnium nitrate
precursor. In an embodiment, at most ten cycles are performed using the hafnium
15  nitrate precursor. After completion of forming hafnium on the substrate, a
predetermined number of cycles of a hafhium oxide sequence are performed. At the
conclusion of forming the predetermined number of cycles for the hafnium oxide
sequence, a hafnium oxide layer on the substrate results. With a process conducted
where the formation of a hafnium layer is followed by forming a hafnium oxide
20 layer, a Hf/HfO, nanolaminate is fabricated. However, oxygen diffusing towards
the silicon substrate during the HfO, formation interacts with the hafnium layer that
prevents formation of a silicon oxide interfacial region.
Performing each atomic layer deposition includes pulsing one or more
precursors into a reaction chamber for a predetermined period. The predetermined
25  period is individually controlled for each precursor pulsed into the reaction

chamber. Further the substrate is maintained at a selected temperature for each

pulsing of a precursor, where the selected temperature is set independently for

16



Perform ng each atom c | ayer deposition includes pulsing one or nore
precursors into a reaction chanber for a predeterm ned period. The
predeterm ned 25 period is individually controlled for each precursor

pul sed int\gﬂkgogggg%gtion chanmber. Further the substrat %ﬁ]@%“ﬁb&wed at a

selected t urfe for each pulsing of a precursor, e selected
tenperature is set independently for 16 WD 20041079796 PCT/ US2004/ 006685
pul si ng each precursor. Additionally, each precursor nay be pulsed into the
‘reaction under separate environnental conditions. Appropriate tenperatures
and pressures are maintai ned dependent on the nature of the precursor,

whet her the precursor is a single precursor or a mxture of precursors. 5
Using atom c | ayer deposition, the pulsing of the precursor gases is
separated by purging the reaction chanber with a purging gas foll ow ng each
pul sing of a precursor. In an enbodi nent, nitrogen gas is used as the

pur gi ng gas f opulsing eagh pieeursdall Additignally, €ab brepireorh§be pafed intéitha cycle to form
a |l ayer of haf nicktm oxjde. Additionall % he r%act i Qn chanber mag al so bhe
purged by evacG&tRY" eﬁéepﬁﬁaéec?rﬁvﬁ'ﬂ“meféal ?Pé#ﬂf@? PPgaRae FPErRilEshtes a f1ow
di agram of el epresdiun®s &elinaﬁﬂaiﬁétt&gbﬂ&ﬂﬁon(lﬁe maturdBF the PrdcrsbY, AEaRE the di el ectric

| ayer contai ning hafniumoxide by atomc |ayer deposition. This enbodi nent

may be i npl en&wm%aw%@@raeweraweawwq%n system 200 of Figure
2A, B. 15 A bl OCkLfs%ato?ﬂi@?éy’é@&@oﬁﬁ&,Hﬁ_pﬁ[sﬁﬁ%f%pr@ﬁfso?%%@ﬁ%?%p@m@ed for

formng a transistor 1s typicall'y a silicon or silicon ntaining material.
I n ot her enbodyiawgiag the geachiemehamperguith 3 prvging gasfolewing iepdhqwlsingref ¢apphi r e
substrates, or it ahl . ‘?g[ ' ation
Ql’ocess may | rPu e;'c?léggrﬁﬁ}r%& oeﬁggﬁo%%a elﬂ%%ggtggﬁ r%%ﬁp%%?;ﬂeand ‘
regi ons of t hepusiigsefreatheprecmson used inla ayclstodonh 3 layerad afpfumpodde. net al  oxi de

som conduct o, (Ul 05154 oAl B B AURSLT, SRb Gl BRTREDE, " "

depl et ed of0 i tchambati ve oxide. In an enbodinent, the initial substrate is

cleaned to also pr %{éugg 4 ﬁlustrates a flow diagram of elementé for an embodiment of a
method to process a dielectric layer containing hafnium oxide by atomic layer
deposition. This embodiment may be implemented with the atomic layer deposition
-system 200 of Figure 2A, B.

15 At block 405, substrate 210 is prepared. The substrate used for forming a
transistor is typically a silicon or silicon containing material. In other embodiments,
germanium, gallium arsenide, silicon-on-sapphire substrates, or other suitable
substrates may be used. This preparation process may include cleaning of substrate
210 and forming layers and regions of the gubstrate, such as drains and sources of a

20  metal oxide semiconductor (MOS) transistor, prior to forming a gate dielectric. In
an embodiment, the substrate is cleaned to provide an initial substrate depleted of its
native oxide. In an embodiment, the initial substrate is cleaned to also provide a
hydrogen-terminated surface. In an embodiment, a silicon substrate undergoes a
final HF rinse prior to ALD processing to provide the silicon substrate with a

25  hydrogen-terminated surface without a native silicon oxide layer.

The sequencing of the formation of the regions of the transistor being
processed follows typical sequencing that is generally performed in the fabrication

of a MOS transistor as is well known to those skilled in the art. Included in the
17



hydrogen-term nated surface. In an enbodinent, a silicon substrate undergoes
a final HF rinse prior to ALD processing to provide the silicon substrate
with a 25 hydrogen-term nated surface without a native silicon oxide |ayer.
The sequengiongosfrotobe formation of the regions of the tl‘é’f}ﬁézﬁ&%r 69§:i ng
processed foll ows typical sequencing that is generally per orne I'n the
fabrication of a MOS transistor as is well known to those skilled in the
art. Included in the 17 WO 2004/ 079796 PCT/ US2004/ 006685 processing is the
maski ng of substrate regions to be protected during the gate dielectric
formation, as is typically perfornmed in MOS fabrication. In this

enbodi nent, the unmasked region may include a body region of a transistor;
however one skilled in the art will recognize that other sem conductor
device 5 structures may utilize this process. Additionally, substrate 210 in
Its ready for processing formis conveyed into a position in reaction
chanber 220 fcproc&tsihgipﬁlemmslsihggfsubstrdndmgibnsﬂtﬂ)(bcpﬁ)tdsm‘drduuﬂg&rergh'ai ni ng

precursor | s nt Q. reactjon er,.2 .an. enpodi ment, anhydrous
haf ni um nitr atd(i,-| lecgi?c(m%ﬁ? » §5ds legallyagc rm@dnﬁ%%%ﬁ%%a&on% ( NOB) 4
precursor is pRubodichent)the maﬂdedeegx@ftﬁ@bﬁélu&?@bddbrr@gmbﬂafma& di stribution

fixture 240 o substrateélo Mass-fl ow control l er 256 regul ates the flow
of the Hf(NCB;i‘rQ WEYeS Apgsidled dp fhegrtyuil recognizg thatathey serpigenducteRdeyifsst r at e

tenperat ur g i Sui@hres AbyesliRihidPRuEss. 1ﬁa&odanly,asﬂséd%erzmriﬁ>a§ifew the
substrate terrperature I s mai ntai ned between apout 300C and about 500C. The

Hf (NOB) 4 15 r PAREEHing formn isisanvsyed mEa RAFItoR &n reagiion charabey 220 fos ALR: desi r ed
region defi neg“%é e unmasked areas of the substrate 210. In other
egbodi nment s ?I’ll um contai ni ng precursor includes a hafnium

tetrachl ori de precétbloek 4}, ahafnijm eontainihgprecurser isrubded yntaredctioni t i ati on of

ALD cycl o5 ar SonEE 255 tnth e Rishi Bth bt Gy TRINOD S me a0 O
sili con sulf apeecsrsnc lheH(NG))speausamisTiulsed ing) Pehttimmti&nlm'raﬁo thinegh ¢ter achl ori de
species is not a§- S{nlb}.{tl t?:'n e"%ﬂo on substrate 210. Mass-flow controller 256 regulates

the flow of the Hf(NO3), from gas source 251. In an embodiment, the substrate

temperature is maintained at about 180°C. In another embodiment, the substrate

temperature is maintained between about 300°C and about 500°C. The Hf(NO;3)4

15  reacts with the surface of the substrate 210 in the desired region defined by the
unmasked areas of the substrate 210,

In other embodiments, a hafnium containing precursor includes a hafnium-

tetrachloride precursor. Although excellent uniformity and initiation of deposition
- is provided with hafnium-tetrachloride precursors, a number of ALD cycles are used
20  to produce total coverage of a hydrogen-terminated silicon surface since the
displacement of Si-H bonds with the tetrachloride species is not easily achieved.
This difficulty related to initiation of deposition on hydrogen-terminated silicon can
lead to surface roughness and deposition inconsistencies. Moreover, the metal
tetrachloride also has a tendency to incorporate trace amounts of chlorine in a layer,
25  which can lead to stability and reliability problems.
Anhydrous nitrates of hafnium allows for better control of the initiation of
the deposition on hydrogen-terminated silicon , which aids in optimizing the

interface properties and improvement of the carrier mobility in transistors. These
18



This difficulty related to initiation of deposition on hydrogen-tern nated
silicon can lead to surface roughness and deposition inconsistencies.
Moreover, the nmetal tetrachloride also has a tendency to incorporate trace
anounts of _ch |ne in a layer, 25 which can lead to stability and
reliabilityﬁﬁkgghgﬁg. Anhydrous nitrates of hafniun1a|I%GEU$@%MB@?§er

control of the initiation of the deposition on hydrogen-term nated silicon,
which aids in optimzing the interface properties and inprovenent of the
carrier nmobility in transistors. These 18 WD 2004/ 079796 PCT/ US2004/ 006685
precursors do not | eave hydrocarbons or halogen inpurities, and the nitrogen
oxi de by-products are easily renoved. At bl ock 415, a first purging gas is
pul sed into reaction chanber 220. In an enbodinent, nitrogen with a purity
of about 99.999%is used as a purging gas. 5 Mass-flow controller 266

regul ates the nitrogen flow fromthe purging gas source 261 into the gas
condui t 270.  Uskhsdkd i ﬂb@[e%v@ﬁfdid&ﬂi&n@&rlﬁﬁg&?’ﬂi\ﬂgﬂﬁ&vﬁﬂd @O nftogdd igdr €CUT SO
pul ses and possi bl e gas phase reactions. Followi ng the purge, a cycle of

t he haf ni um nebyaproducti aspeasily semayaghl et ed. Then, a determnation is nmade as to

whet her the desire f | r{ormed, at

bl ock 10 420. |If t%grb es??%’%ﬁﬁ%@%ﬁ%‘%@%ﬁfi@%ﬁg@ﬁ%&%&m al sequence
has not been cxmbvpilmrmqhitrdghmwliih@cpaﬁs'qfaquﬁg9iﬁll%ml:ised%sglpl?ginﬁgdsgi um .
cont ai ni ng pregursor . ont ot substr.ate. at 10. Lf the desire

unber of Ccbcr i SlBdroRs reS i sivodth o dfoin e Buraia sl S " he
process noves 241 ifitornhd gag candoit270.uUsiaY thed puemitidpen pirgé Bvaids dvasl@y of tHS | N an
enbodi nent, the desi rﬁg nu eriﬁf Cﬁgles for tEe11 haf num nmetal _ sequence is
a_nunber of cyRPREOF BUSEART ROSTRIGH4) RP4TE F3Ptqng,y EplloxaneLe Prige aqYFef at e

]E)rovi ding a thﬂnélliﬁmﬁlﬁl ﬂétal&eﬁ@ﬁbe?@@&hpl@ﬁ&- Theh, aﬁgt&gﬁﬁﬁibﬁ'ﬁlkhade%k{] orm ng about
our to ten cycles provides ew angstrons i ckness. I n anot her

enbodi ment, pﬁﬁ?tmrﬁhperﬁgs@gwfn%mb@%%gwmwieaégsttqﬁ%pﬂ&%%mthlefla |

thi ckness. 14 n 4av, 3Pthe GRREE FBHber o Selbs ForGhEnatahim tnitdal RefuBhdéBas RStWRAL € | NCl udes

pul si ng the hafni um ) . .
completed, the process returns to pulsing the hafnium containing precursor onto the

-substrate, at block 410. If the desired number of cycles for the hafnium metal

sequence had been completed, the process moves to forming a hafnium oxide on the
.hafnium layer.

15 In an embodiment, the desired number of cycles for the hafnium metal
sequence is a number of cycles to form a hafnium metal layer across the substrate
providihg a thickness of a few angstroms. In an embodiment, performing about four
to ten cycles provides a few angstroms thickness. In another embodiment,

W performing about ten cycles provides the hafnium metal thickness. In an

20 embodiment, each cycle for the hafnium sequence includes pulsing the hafnium
nitrate for about 0.6 s, and pulsing the nitrogen purging gas for about 0.6 s.

Forming the hafnium metal layer on the substrate prior to forming a hafhium oxide
prevents oxygen from diffusing to the silicon surface during subsequent ALD
formation of the hafnium oxide. As the hafhium oxide is being formed by ALD,

25  oxygen that diffuses towards the silicon substrate interacts with the hafnium metal
layer. In an embodiment, the hafnium layer substantially becomes hafnium oxide.

Foliowing the completion for forming a layer of hafnium metal on substrate

210, a second hafnium containing precursor is pulsed onto substrate 210, at block
19



nitrate for about 0.6 s, and pul sing the nitrogen purging gas for about 0.6
s. Formng the hafniumnetal |ayer on the substrate prior to formng a
haf ni um oxi de prevents oxygen fromdiffusing to the silicon surface during

subsequent tion of the hafniumoxide. As the eis
being for w@%@wok%&ra% oxygen that diffuses towards t |co§&§ﬂbstrate
interacts with the hafniumnetal |ayer. In an enbodi rrent, the haf ni um | ayer

substantially beconmes hafnium oxide. Followi ng the conpletion for formng a
| ayer of hafnium nmetal on substrate 210, a second haf ni um cont ai ni ng
precursor is pulsed onto substrate 210, at block 19 WD 2004/ 079796

PCT/ US2004/ 006685 430. In an enbodi nent; anhydrous hafniumnitrate, -

Hf (NO3)4, is used as a precursor. The H (NOG3)4 precursor is pulsed into
reacti on chanber 220 through the gas-distribution fixture 240 on substrate
210. Mass-flow controller 257 regulates the flow of the Hf (NG3)4 from gas
source 252. | M38n eabasbodinmdnt, anbgircusthafidih Ritfate] HANE: R} ivhsedias anai nt ai ned at
about 180C. In anothe ijrent, the strate re | i ntai ned
bet ween about E{%@O&ﬁ@%ﬁ&k%@ﬂﬁﬂ%ﬂﬁﬂ%ﬂ&}%@éﬁ@&%ﬁﬁhfa? @ surface
of substrate d@ﬁqmﬁb&hxﬁ]feez4b@ﬁ@uu&htem@lMb@yf&rwmou&%vwkm dtest he desired
regi on define ﬁ the unmasked areas of the substrate 210. After pulsing the

haf ni um cont ai ¢ Hg™ of %ﬁf@lﬁh)“ fé"%é&ﬁ‘?ﬂ“’ﬁ@%ﬂIﬁg‘ngﬁlbo‘ih@entlﬁleﬁ&bsgé@ at bl ock,
435. I'n an g @?tﬂfels aﬁ}%@'}thb%g HERACEH dldther & %Bﬁ{tﬂ% gs. Excess
product s e syst

precursor gas, ahd react are renove em by the
purge gas in ctempcramteils)mamtmﬂedt‘de'sveeuhlmnsmm@ aod absomh 500°CN Thk HifiNeD;)220 usi ng

Condui 1270 byt LR R SRR A oh et O R A DrE Pogs, 15 O

After pul sing mhﬁemwuésmr@agdmdbﬁmewg&edmw@mmstwtemsor is

pul sed into reactio at block 440. In an enbodi nent, the oxygen
cont ai ni ng precurso&qg 8 @%&ﬂcowémm@va%?seﬁwgag gi’*“‘s‘spul sed into

reacti on caMbgised 0 blodk, ABSINr dheenbRgimbh hithogét is Aed'ds el Nobondflrgdily SUDSL I at e
210. Mass-flow control I'er 258 regul ates the flow of the H2 vapor from gas
source 253. gas. Excess precursor gas, and reaction by-products are removed from the system

by the purge gas in conjunction with the exhausting of reaction chamber 220 using
vacuum pump 282 through mass-flow controller 287, and exhausting of the gas
conduit 270 by the vacuum pump 281 through mass-flow controller 286.

15 ~ After pulsing the second purging gas, an oxygen containing precursor is
pulsed info reaction chamber 220, at block 440. In an embodiment, the oxygen
containing precursor is water vapor. The H,O vapor precursor is pulsed into
reaction chamber 220 through the gas-distribution fixture 240 on substrate 210.
Mass-flow controller 258 regulates the flow of the H,O vapor from gas source 253.

20 In an embodiment, the substrate temperature is maintained at about 180°C. In
another embodiment, the substrate temperature is maintained between about 300°C
and about 500°C. The water vapor aggressively reacts at the current surface of
substrate 210.

At block 445, a third purging gas is introduced into the system. Nitrogen gas

25 may also be used as a purging and carrier gas. The nitrogen flow is controlled by

mass-flow controller 267 from the purging gas source 262 into the gas conduit 270

20



20 I'n an enbodi nent, the substrate tenperature is naintained at about 180C.
In another enbodinent, the substrate tenperature i s nmaintained between
about 300C and about 500C. The water vapor aggressively reacts at the
current sugf csSubstrate 210. At block 445, a thir ' S is

i ntroduced |nto @Ee system Nitrogen gas 25 may al so bgcﬁﬂéng‘&gaggpur gi ng
and carrier gas. The nitrogen flowis controlled by nass-flow controller
267 fromthe purging gas source 262 into the gas conduit 270 20 WO

2004/ 079796 PCT/ US2004/ 006685 and subsequently into reaction chanber 220.

I n anot her enbodi nent, argon gas may be used as the purging gas. During an
Hf (NO3)4 / water vapor sequence, the substrate is held between at about 180
C by the heating el enent 230. The Hf (N0O3)4 is pulsed for about 0.6 s. 5
After the Hf (NO3)4 pul se, the hafnium oxi de sequence continues wth a purge
pul se foll owed by a water vapor pulse followed by a purge pulse. In an
enbodi nent , trmdsb&%mdnﬂjzmw@eéhoﬁeﬁuﬁmezo Mg labi6tBer ebddigneat, kgohi@@y 4 pul se, a
0.6 s nltrogen a 0.6 s water vapor pulse, and a 0.6 s nitrogen

pul se. O her éﬂgb 'W%h?% f RUBINESaS- pul se periods that range from about 0.2 s

to several seconds mﬁrngtahmm@wrvmérs/a@?deqmnde%ﬁ@uﬁaﬁatbmldmeénaa@ge from
about 0.5 s to about 20 s for ngmgrz%ases | ock 450, a determ nation

is made as to Qmé‘t W@r°cab36@§ fﬂP@@gﬁ 8+ The HIENGs)« hepnlseddor abewti(hh #red, t hat

i's, whet her th Let ned
nunber . The pre et erm ne ﬁgﬁgélr%%%g%@gé%ﬁf%gggﬁ%%%w@é?#&gghﬁ i ckness
for the ALD habhowed oyxa ‘dateﬂvapbmﬂseifoildvmgiéyapm,getphbe nm”dneambbmmmg(ﬂmrrpl et ed

cycles is les han, t he predet er m af ni u cont ai ni ng
pLecursor is éﬁ#’g Wy oxygey's P%‘%?BY?IB%]“@ r?{)busrrﬁ@el‘ ﬁS%lafS’c‘ﬂ“lf Beci M the
process conti rme5waiefv:iﬁwpﬁ1@é, ahd 1068 aitrogén Pite! @thdrembodifeht3éndliati r ed
t hi ckness has een . et ed, h d| % ectric_l ac)é@%%o&?al ni ng haf ni um oxi de

may be anneal (?en? éa“éﬁ?o s tQiseYemR) §© HTEYSPY e
di ffusion of Opﬁﬂ@@enwmagan%@ﬁaﬂﬂwaﬁﬂowsmb&lhtzosffw;ﬁ@gaﬂglgdsesr substrate

surface, any anneal | n erforned
y ?ock 4%0 a determination is made as to whether a desired number of

cycles has been performed, that is, whether the number of completed cycles is equal
to a predetermined number. The predetermined number corresponds to a
predetermined thickness for the ALD hafnium oxide dielectric layer. If the number

15 of completed cycles is less than the predetermined number, the second hafnium
containing precursor is pulsed into reaction chamber 220, at block 430, and the
process continues. If the total number of cycles to form the desired thickness has
been completed, the dielectric layer containing hafnium oxide may be annealed to

- « remove any residual nitrous oxide. To avoid the diffusion of oxygen during

20 annealing to the semiconductor substrate surface, any annealing may be performed
in an oxygen-free environment for short periods of time. An embodiment of an
annealing environment may include a nitrogen atmosphere. In addition to avoiding
oxygen diffusion to the semiconductor substrate, the relatively low temperatures
employed by atomic layer deposition of a hafnium oxide dielectric layer allows for

25 the formation of an amorphous hafhium oxide dielectric layer.

The thickness of a hafnium oxide layer is determined by a fixed growth rate

for the pulsing periods and precursors used, set at a value such as N nm/cycle. Fora

desired hafnium oxide layer thickness, t, in an application such as forming a gate
21



in an oxygen-free environnent for short periods of tine. An enbodi nent of an
anneal i ng environnent nmay include a nitrogen atnosphere. In addition to

avoi ding oxygen diffusion to the sem conductor substrate, the relatively

| ow t enper d's@PoroRyeP! oyed by atomic | ayer deposition of, ?/Ugﬁ»i)ﬂ?db'ﬁ? 0xi de
dielectric layer allows for 25 the formation of an armrpﬁous hatf ni um oxi de
dielectric layer. The thickness of a hafniumoxide |layer is determ ned by a
fixed gromth rate for the pulsing periods and precursors used, set at a

val ue such as N nm cycle. For a desired hafnium oxide |ayer thickness, t,
in an application such as formng a gate 21 WO 2004/ 079796 PCT/ US2004/ 006685
dielectric of a MOS transistor, the ALD process is repeated for tIN total
cycles. Once the t/N cycles have conpleted, no further ALD processing for
haf ni um oxi de is perforned. In an enbodi nent, ALD processing provides for
the engineering of a dielectric |layer containing hafniumoxide having a
dielectric condiebnmcloﬂaM@Sﬁm@&r&hémmmdmsﬂls&pbﬂemmtaﬁlcyélm bl ock 455,

after formng oces t devi ce ha g th
dielectric | ay& V&Wﬁ‘?@ﬁﬂﬁﬁmaﬁﬁ g’ﬂ ?@‘%?eé PesEge ?"Ir At nent |
conpl eti ng thels(iféivfbﬁ&dl e hleSodeaéns) AL p @céﬁmg;pﬁrvﬁ@w&nhéﬁng&eéﬁ@rbilastor I'n
anot her enbodi nent, conpl eti ng the dey 4 ce includes conpleting the formation

of a 10 capaci figlectrialayer epptainipg hafp; ehgvinga ﬁ%@@%@tﬁﬁﬂfﬁéﬁané%npl eting
the construgti @Bm Bbut® tRBRItEsJeEVi ce having an array with access transistors
formed wwth gate dielectrics containing atomc | ayer deg‘gm ted hafnium

oxi de. I'n another &hjetk 4penafter Emingehe afninmoxidecereesssing the dedee havingf or nat i on

of. an el ectron Erﬁﬂl‘a HBafiund e that uses
el.ectronic dev?h%é‘?sa%m %éé%étg%igast ors %r neggg)ﬂl%ﬁﬁ ﬂldainlect rc gyers

cont ai ni ng at opémpletingshe deixsdncledds beoipleting thoformation f pitreadigter, In afothenat i on
handl i ng devi cesy éﬁ&%tggoﬁngéﬁﬁtﬁggd;eﬁg%cﬁge ma%t%g%} éngiev' es, having many

access transistors conprehe P88 bsure, it can
be appr eci 40 edcdpacitdrhadternatelyl ta@npletingttiecpracess inhlaﬂestcbmpt&mgrmatcmstrﬁctmnrret hod
for formng an {aé

I%[:nmgryl (flezlce having an array with access transistors formed with gate
dielectrics containing atomic layer deposited hafnium oxide. In another
embodiment, completing the process includes the formation of an electronic system
including an information handling device that uses electronic devices with

15  transistors formed with dielectric layers containing atomic layer deposited hafnium
oxide. Typically, information handling devices such as computers include many
memory devices, having many access transistors.

Upon reading and comprehending this disclosure, it can be appreciated by
those skilled in the art that the elements of a method for forming an atomic layer

20  deposited hafnium oxide layer in the embodiment of Figure 4 may be performed
under various other environmental conditions and pulse periods depending on the
hafnium oxide layer to be formed for a given application and the system used to
fabricate the hafnium oxide layer. Determination of the environmental conditions,
precursors used, purging gases employed, and pulse periods for the precursors and

25  purging gases may be made without undue experimentation.

Atomic layer deposition of a hafnium oxide dielectric layer may be

processed in an atomic layer deposition system such as ALD system 200 under
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20 deposited bafniu moxide |layer in the enbodi nent of Figure 4 may be
performed under various other environnental conditions and pul se periods
depending on the hafniumoxide |ayer to be forned for a given application
and the sygiemipefet 0 fabricate the hafnium oxide |aygr. 0ot ermipation of
the environnental conditions, precursors used, purging gases enployed, and
pul se periods for the precursors and 25 purging gases nay be made w t hout
undue experinentation. Atom c |ayer deposition of a hafnium oxide dielectric
| ayer may be processed in an atomi c |ayer deposition system such as ALD
system 200 under 22 WD 2004/079796 PCTI US2004/ 006685 conputer control to
perform various enbodi nents, and operated under conputer- executable

i nstructions to performthese enbodi ments. In an enbodi nent, a conputerized
met hod and the conputer-executable instructions for a nethod for formng a
dielectric layer includes formng a |ayer of netal by atomc |ayer 5

deposi ti on, anchnipniarcogrobto genforth ayrius embaotdihernts, ahy opdrated endengoaiputkeposi tion, a
| ayer of an oxid f.the netal . |n another . .enbodinent, a. copputerized

met hod and theailgﬂgﬁFﬁ -é&&%ﬁ?&ﬁﬂ@“ﬁﬁ??F@8¢Fﬁﬂ§-Fb?l%ﬂ%@?ﬁﬂggfor formng a
di el ectric | ay@mpubgizedi@eth6d andiBpasmiputengxcutableahstbtidha for ametyd ff omi ¢ | ayer

deposition on substrate_ surface b atom c | ayer deposition, and formng a
| ayer of haf ni QFRBgRElecie léY%l‘Hcg‘dF%/\‘;‘?E?mEGléﬁ’éb%éflﬁtiﬂchif,at%cﬂ%@r | ayer of

haf ni um netal . depBsiféh, § hi¥B8Bh thefayeP BRHEEE, by SSmiEhPR defRfliohNElayer of
conput er -executable instructions for a nmethod for Tormng a dielectric

| ayer further FdidsRfshermaetal duanather prbodimentagamputiraedmethpdandther by at onic
| ayer depositi 1% & BRR I EEIE 3% md ., nt ' hanber
f\Q a predet er%&él. per P%Sfe The pre etéél%énﬂ?)r(llggll§§%nggrd?eé%h?c§gﬁlgg&dgual |y
control | ed fordepesitings layerro bafhingd byeaornindayer dapositiorcon @ substnaterpeface BSur t her, t he
substrate may & {ﬁ | t %E t BRaLat pul sing of a
precursor, vvhe%%e héeyy%g%ﬂeaglﬁg aflgﬁpergt%l}?}%r?s se?&ﬁoh{{d%b%ﬁgﬁrﬁ%%ﬁa or pulsing
each precut®ordepbsitiarg oh thedayer efledfnipmingstahg of a precursor is foll owed by

In an embodiment, a computerized method and the computer-executable
instructions for a method for forming a dielectric layer further includes forming
the hafnium oxide dielectric layer by atomic layer deposition, where each precursor
is pulsed into a reaction chamber for a predetermined period. The predetermined

15  period is individually controlled for each precursor pulsed into the reaction
chamber. Further, the substrate may be maintained at a selected temperature for
each pulsing of a precursor, where the selected temperature is set independently for
pulsing each precursor. In addition, each pulsing of a precursor is followed by
purging the reaction chamber with a purging gas.

20 In an embodiment, a computerized method and the computer-executable
instructions for a method for forming a dielectric layer may includes regulating the
deposition of hafnium and hafnium oxide to form a dielectric layer having a
dielectric constant in the range from about 8 to about 25.

In an embodiment, a computerized method and the computer-executable

25  instructions for a method for forming a dielectric layer include controlling an
environment of a reaction chamber, Additionally, the computerized method
controls the pulsing of purging gases, one for each precursor gas and pulsing each

purging gas after pulsing the associated precursor gas. Using a computer to control
23



purgi ng the reaction chanber with a purging gas. 20 In an enbodi nent, a
conputeri zed nmethod and the conputer-executable instructions for a nethod
for formng a dielectric layer may includes regulating the deposition of
haf ni um and hafnium oxide to forma dielectric layer having a dielectric
constant i o bssdnge from about 8 to about 25. In an ep@pﬁg%m% a
conputerized nethod and the conputer-executable 25 instructions ?or a

nmet hod for formng a dielectric layer include controlling an environnent of
a reaction chanber. Additionally, the conputerized nethod controls the
pul si ng of purging gases, one for each precursor gas and pul sing each
purgi ng gas after pulsing the associated precursor gas. Using a conputer to
control 23 WD 2004/ 079796 PCT/ US2004/ 006685 paraneters for grow ng the
dielectric layer provides for processing the dielectric |ayer over a w de
range of parameters allowing for the determ nation of an optinum paraneter
set for the ALD system used. The conputer-executable instructions may be
provi ded i n anparameips farigrovdag thsldeleviti layer préuites foo pygessing tieadieldtdc nedi um 5

may include, but is not..limted to, .fl di sks,. di skette har.d di sks,

& Rove, T okt high bBtet B peaser AR 1 drteb bt 2t SBRSRR < et hod
may be real i zephrasétergetdbiihs WiiDespstused. THeicgtmpateRéxecivable tnstrii@ioaomby ol s f or

t he individual,  ele S of ALD system 200. ar coupled to conput er, not
Shown i n Fi gur & ZRVIOAPHE S0 RS RAAGN P BERioR ep b PO o BIeGRFBRE | o f or
processing f hahPinthi€ butie n6i 18hie@!ts| TophRdticks, Bivkdieq harildisks, CHRANMSW  Of
precursor gases | ntqQ reaction chanber_220. The conputer controls the flow

rate of precuflasbROMIqonyglatle ROMIdRAM peri ods for these gases by

control | ing mass-f | Qyembithé bf BisnARE BAbe OBk4 LGRAAL Bsybilis 2608PUt €T
centrols the tenperature of gas sources 251-254. Further, the pul se period

and flow of puFighiedAgabers theconirpls forithrindisidual slementsof ALPGsystem@POjaee 1 egul at ed
t hrough conput - I tively.
The conputer a g%ﬁﬁ@%ﬂ?ﬁ?ﬁ%ﬂﬁﬁiggﬁéﬁﬁﬁﬁﬁgﬁ?e0 f%ggﬁgfp%%aé%%&ﬁgggcin

10 the operation for processing a hafnium oxide dielectric layer by regulating the flow

of precursor gases into reaction chamber 220. The computer controls the flow rate
of precursor gases and the pulsing periods for these gases by controlling mass-flow
controllers 256-259. Additionally, the computer controls the temperature of gas
sources 251-254. Further, the pulse period and flow of purging gases from purging
15  gas sources 261, 262 is regulated through computer control of mass-flow controllers
266, 267, respectively.
The computer also regulates the environment of reactor chamber 220 in
which a dielectric layer is being formed on substrate 210. The computer regulates
w the pressure in reaction chamber 220 within a predetermined pressure range by
20  controlling vacuum pumps 281, 282 through mass-flow controllers 286, 287,
respectively. The computer also regulates the temperature range for substrate 210
within a predetermined range by controlling heater 230.
For convenience, the individual control lines to elements of ALD 200, as
well as a computer, are not shown in Figure 2A. The above description of the
25  computer control in conjunction with Figure 2A provides information for those
skilled in the art to practice embodiments for forming a dielectric layer containing

hafnium oxide using a computerized method as described herein.
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which a dielectric layer is being forned on substrate 210. The conputer

regul ates the pressure in reaction chanber 220 within a predeterm ned
pressure range by 20 controlling vacuum punps 281, 282 through mass-fl ow
controller , respectively. The computer also regul ates the

t enper at ur Zvég)ﬁg%%f%r substrate 210 within a predet er mfHEYST4HYEo3s,
controlling heater 230. For convenience, the individual control lines to

el enents of ALD 200, as well as a conputer, are not shown in Figure 2A. The
above description of the 25 conputer control in conjunction with Figure 2A
provides information for those skilled in the art to practice enbodi nents
for formng a dielectric |ayer containing hafniumoxide using a
conput eri zed nmet hod as descri bed herein. 24 WO 2004/ 079796 PCT/ US2004/ 006685
The enbodi nents descri bed herein provide a process for growing a dielectric
| ayer having a wi de range of useful equival ent oxide thickness, tq,

associated with a dihebﬁaadiinen@aéb@ﬁeﬁthe}dmmﬁdéaPﬁﬁes‘srf&rgra«bﬂF 8 to about 25.
The teq range_in accordance wi.th enbodi nents of the present subject matter

fa

are shown in  &eleqide lyinbaying g idarpageodusabehegnivalentopidsithigkocsieei cal
Thi ckness Thi Cliged it dIBIRSirid &&&Hﬁﬁihex%&ée-ﬂn&’ﬁb&?@t&&%@fﬁ-@?qt =10. Onm
(10A) (25 A (50 A) (loo A) Kteq (A tegh(A) t g (A teq (A 8 4°88 12.19
24.38 48.75 I1m@ngg inaccordpacenuitienizginmts ofthopregnisubjgetigatoazsham in20 1. 95
4.88 9.75 19. 54 ffiBwing26 3-90 7.80 15.60 The relatively large dielectric

g ; . . .
constant for material -l ayers of hafniumoxide 10 allows for the engineering
of dielectric layers having a physical thickness in the 10

Physical Physical Physical Physical
Thickness Thickness Thickness Thickness
t=1.00m t=25nm t=5.0nm t=10.0 nm

(104) (25 A) (50 A) (100 A)

K teq (A) teq (A) teq (A) teq (A)

8 4.88 12.19 24.38 48.75
10 3.90 9.75 19.50 39.00
15 2.60 6.50 13.00 26.00
20 1.95 4.88 9.75 19.50

e
25 1.56 3.90 7.80 15.60

The relatively large dielectric constant for material layers of hafnium oxide
10  allows for the engineering of dielectric layers having a physical thickness in the 10
nm (100 A) range, while achieving a t,q of less than 5 nm (50 A). From above, it is
apparent that a layer containing hafnium oxide may be attained with a tq ranging
from about 1.5 A to about 12 A. Further, an atomic layer deposited hafnium oxide
layer may provide a t.q significantly less than 2 or 3 A, even less than 1.5 A.
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nm (100 A) range, while achieving a teq of less than 5 nm (50 A). From
above, it is apparent that a |ayer containing hafnium oxide may be attai ned
with a teq ranging fromabout 1.5 A to about 12 A Further, an atom c |ayer
deposi ted haf nium oxide |ayer may provide a teq significantly |less than 2
or 3 A eveyph@ssobdsan 1.5 A 25 WO 2004/ 079796 PCT/ USZQQ%/U%@g@% 5

Attai nment of a teq in the nonol ayer thickness range is assocl a easvm'th an
interfacial |ayer between a sem conductor substrate surface and the haf nium
oxide dielectric layer that is exceptionally small or conposed of a
material having a dielectric constant approaching that of the hafnium oxide
value. The formation of a 5 SiQ2 interfacial |ayer should be avoided. Thus,
the preparation of the sem conductor substrate surface prior to the first
pul se of the first sequence of the ALD process should include renoving any
Si 2l ayer that nmay exist and preventing the formation of a SIQ2 prior to
the begi nning of the ALD process. Further, initial formation of a netal

| ayer by ALD, such Atsifneenbofit.nltlef monoiayestiizknesnirange ib@ssootatediwitdn f or a
haf ni um oxi de dielectric.layer, assists in the reductign or. . elimnation of
aSiinterf a'é‘#eﬁém bet?%?r}ﬁ W?@“%%SHPWE&&%“IC aflg&?rha&ﬂ“’?ﬁél ®substrate
prior to forn diglectrib ffyer thaniOesicertion ity iilisor Q¥mpRBd bf Diiatdiihiftagingg t o the
silicon surface during subsequent ALD formation of the hathi um oxide. As the

haf ni um oxi de $islegfEf FopstaBt appEpapynghef of b hatnium exide yalue.  Lhetormgpongf at he

silicon 15 subsio, #igfichl Ry@shsuldbt Bvdidid, Mahd) théPréataBbn bAwEr - I N an _
enbodi nent, the hafnium [ayer substantially bécones hafnium oxi de. Hafnium

metal at the i¥pruEGondectongibsivate surfpqeqsin totbafitaudsepd therfiptpegnenes ofitiem  si | ci de
as- an interfachpp &%Esfshbﬁa‘ﬁféﬁme}é}gov%ﬁg #9%%35%?&&%@ &gt a%l@?reb@t{tiﬂ um oxi de
ough” smal educe

Ieyer. This hafniumsilicide interfacial”layer t t he
ef fective 20 dibefamationcof@diiOs prar t6 the begioning of the ALDprbcege rFutthepgstial on t he

S1icide i's: apBipeien S AR b5y AL, SEb b G0 Ehh Brerifi 1000101 i e
di el ect ri c10 ayenbodideq fratiarhgfndum dide dielectom layer, assiststih ¢helradurtiomosi | | ci de and
the thickness aIrm}imo% oif Q%%zf igt%li'fgcl:ialrlgygl'. Olpdrm}n%%he hafnium metal layer on the

substrate prior to forming a hafnium oxide prevents oxygen from diffusing to the

silicon surface during subsequent ALD formation of the hafnium oxide. As the

hafnium oxide is being formed by ALD, oxygen that diffuses towards the silicon

15  substrate interacts with the hafnium metal layer. In an embodiment, the hafnium
layer substantially becomes hafnium oxide.

Hafnium metal at the interface with a silicon substrate may form a hafnium
silicide as an interfacial layer between the silicon substrate and the hafnium oxide
layer. This hafnium silicide interfacial layer though small reduces the effective

20  dielectric constant for the dielectric layer disposed on the silicon substrate.
However, the dielectric constant for the hafhium silicide is about 8, which is
significantly higher than a silicon dioxide dielectric layer. Depending on the
formation of the hafnium silicide and the thickness of this interfacial region, the
dielectric constant for the hafnium oxide formed by atomic layer deposition of

25  hafnium metal followed by atomic layer deposition of hafnium oxide ranges from
about 8 to about 25.

Any micro-roughness associated with thin layers of hafnium oxide may be

due to partial monolayer formation of the dielectric layer across the substrate
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dielectric constant for the hafniumoxide formed by atom c | ayer deposition
of 25 hafniumnetal followed by atom c | ayer deposition of hafnium oxide
ranges from about 8 to about 25. Any m cro-roughness associated with thin

| ayers of hafnium oxide nay be due to partial nonolayer formation of the

di el ectri cwomoeso7@di0ss the substrate 26 WO 2004/ 079796pE¥its2oazfdeas 006685
surface. Wth sone areas of the dielectric |ayer formng a nonol ayer in two
or three cycles, while another area or region of the layer fornms a

nonol ayer in one or two cycles, the surface of the hafnium oxide dielectric
| ayer may exhibit some mcro- roughness. It is anticipated that the use of
hafnium nitrate precursors assists in 5 providing for uniformdistribution
across the substrate surface to help alleviate the occurrence of such

m cro-roughness of the dielectric layer. As can be understood by those
skilled in the art, particular growth rates and processing conditions for
provi ding a hafniumoxide dielectric |layer with reduced or_substantially
elimnated ni &¥@ce oWith pemearpasof e didlectiinlayrs dorming amgormdayenin twaior thate t est i ng
of the ALD 10 : [ | i | | yer for a
gi ven applicat %%’%{e%ﬂ@%ﬁr%@%% a?i}r%ﬁa‘i@ﬁ%aﬁ%rﬁﬁ%gégﬁt@t ric layers
of haf ni um oxi ehsles,chareuifapsoftbohrfaivinpxiste didkeprisdayer oy eslibip same miErorot onl y

ultra thin teq e QUL r tdhorel ativel I |l eakage current.
"o i 11 on ¢ oUBHE IR AR AR B Sl it Bedhmo B H S

t hi cknesses5 wi providingiforamiferin distibetion actoss thestisnhie surdee do bl alkedivterthel ectri c
field properties, and.relatively.low |eakage currenfs, ALD praqocessing

provi des for %‘i"&'l"@c?f’f’f%m*‘%“é?goql SSB*@%?H@“E‘&BE?-‘/&F éalni’g?é'fl&?ﬁﬁo sel ect ed
su‘bs_tralte SUFf‘gﬁﬁSse_sEmlé@_ m?e%&,?ag{cumg@gwﬁ&sdﬁs&gééaﬁﬂgm_ nilﬁ,fw perfolrrri Rg
atonm c | ayer eposition.o j um oxi de are used t recj sely control the
t hi ckness of tPFQBI g&ihéﬁ’é‘&‘{'f’@e%G&WC#WFW&ITWF]@}"S&%%% teﬁB‘F'PaffiS’ provi di ng
an ultra thin feGe-rdugBncad AR Be ddiditiied UGRASAIMANNPBAOERES oPfRWIdSS for
relatively smooth surfaces and |limted _interfacial |ayer formation.

Addi tional 1§, syeadforpmerssing A hafnfugy oxidqtielpiielaysrder agiven application

without undue experimentation.

Further, dielectric layers of hafnium oxide formed by atomic layer
deposition may provide not only ultra thin t. layers, but also layers with relatively
low leakage current. In addition to using ALD to provide precisely engineered layer

15 . thicknesses with engineered dielectric constants, good breakdown electric field
properties, and relatively low leakage currents, ALD processing provides for
dielectric layers that provide conformal layering on selected substrate surfaces.

Embodiments of processes described above for performing atomic layer
deposition of hafnium oxide are used to precisely control the thickness of the

20  dielectric layer formed, where, in addition to providing an ultra thin t.q, the atomic
layer deposition process provides for relatively smooth surfaces and limited
interfacial layer formation. Additionally, these embodiments for ALD processing of
dielectric layers, such as hafnium oxide dielectric layers, may be implemented to
form transistors, capacitors, memory devices, and other electronic systems

25  including electro-optic devices, microwave devices, and information handling
devices. With careful preparation and engineering of the hafnium oxide layer,
limiting the size of interfacial regions, a teq of about 5 A to about 3 A or lower for

these devices is anticipated.
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dielectric layers, such as hafiriumoxide dielectric |ayers, may be
inplemented to formtransistors, capacitors, nenory devices, and ot her
el ectronic systens 25 including electro-optic devices, mcrowave devi ces,

and i nfor nilg Roydeag! i ng devices. Wth careful prepar f}%&ﬂﬂszﬁﬁ%o?&?i neering

of the hafniumoxide layer, Ilimting the size of interfacral regions, a teq
of about 5 Ato about 3 A or lower for these devices is anticipated. 27 WO
2004/ 079796 PCT/ US2004/ 006685 A transistor 100 as depicted in Figure 1
maybe fornmed by formng a source region 120 and a drain region 130 in a
silicon based substrate 110 where source and drain regions 120, 130 are
separated by a body region 132. Body region 132 defines a channel having a
channel length 134. A dielectric layer is disposed on substrate 5 110 forned
as a layer containing hafniumoxide on substrate 110 by atom c | ayer
deposition. The resulting hafniumoxide dielectric |ayer forns gate
dielectric 140. A famssisté(0D ss depioteiin digure hmbpbelforhetby forming@ soiligpi cal | vy,

form ng gate 150. i.ncl ude farm a polysilicon |.a t hough a . met al
gate may be f olHsH PR sathe o restin} a3 sfisenRased mbp Rt G yhere el e, (e
source and dr adninregibani0, E0chré ftparattd bgabedy regipe 1 S0 r B&lY regibin §35defnear d
processes known to those skjll i e art. Additionall t he sequenci ng of
the various el AR baying g wgi@gﬂl #?gr Af‘{'lf'lﬁ‘?tﬂ@ aﬁerlfa’éﬂ‘é%éf’%?“%?gat%onduct ed
with standasd ﬁﬁbfohﬁ@ids@flaﬁf&ﬁﬂﬁﬁﬁ§haﬁihﬁﬁbﬁd%dﬁ%ﬁw&aicqlbfb?%ﬁjmi&%iyéﬂ ed in the
art. The method for, form ng_an _atom c | ayer deposited hafnium oxide in

various 15 enﬂﬁl?ﬁlﬁ%pgh%?ﬂ%héﬁ‘&}q‘%d? jelsttre layer fopes gatediclsetrigdtr es having
dielectric |ayers. ABL@ys@isTorta'WrerateRliOiRI! ic@il}fj%%%]gﬁéiﬁn of a

tnansi stor 500 having an atom c | ayer deposited hafn e dielectric
| ayer. Transi smay isbde formingchenplysilicen layerofongicametal gatq ay ke Hmoedineh a source

our oo 520 and riyie BREEE. Pttty fo Wiate RElGRR: AnFaraliMab LM 0, PP TOET
534. Locat 8 abdeis feddynedaging stapd@d processes known B5Boseiskitled th thgarh gat e
dielectric 540 Adaitiula?@} t!hQ gqug}cﬁlg%?%lc v%ﬁgds%?ctnie'ﬁ% of ﬁ}eeprgcicgg fof }'orninfngSallz '
transistor is conducted with standard fabrication processes, also as known to those
skilled in the art.
The method for forming an atomic layer deposited hafnium oxide in various
15 embodiments may be applied to other transistor structures having dielectric layers.
Figure 5 shows an embodiment of a configuration of a transistor 500 having an
atomic layer deposited hafnium oxide dielectric layer. Transistor 500 includes a
silicon based substrate 510 with a source 520 and a drain 530 separated by a body
region 532. Body region 532 between source 520 and drain 530 defines a channel
20 region having a channel length 534. Located above body region 532 is a stack 555
including a gate dielectric 540, a floating gate 552, a floating gate dielectric 542,
and a control gate 550. Gate dielectric 540 may be formed containing atomic layer
deposited hafnium oxides described above with the remaining elements of the
transistor 500 formed using processes known to those skilled in the art. Alternately,
25  both gate dielectric 540 and floating gate dielectric 542 may be formed as dielectric
layers containing hafnium oxide in various embodiments as described herein.
The embodiments of methods for forming hafnium oxide dielectric layers

may also be applied to forming capacitors in various integrated circuits, memory
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and a control gate 550. Gate dielectric 540 may be forned containing atomc
| ayer deposited hafni um oxi des descri bed above with the remaining el enents
of the transistor 500 formed using processes known to those skilled in the

art. Alter{aiBldeonse both gate dielectric 540 and fl Oatﬂé}%ﬁ@&g}o&k?' ectric

542 may be forned as dielectric |ayers containing hafniumoxide In various
enbodi nents as descri bed herein. The enbodi nents of nmethods for formng

haf ni um oxi de dielectric layers nay also be applied to form ng capacitors
in various integrated circuits, nenory 28 WO 2004/079796 PCT/ US2004/ 006685
devices, and electronic systens. In an enbodi nent for formng a capacitor, a
nmet hod i ncludes formng a first conductive layer, formng a dielectric |ayer
cont ai ni ng hafnium oxi de on the first conductive |ayer by atom c | ayer
deposition, and form ng a second conductive |ayer on the dielectric |ayer.
ALD formation of 5 the hafniumoxide dielectric layer allows the dielectric

| ayer to be endpvices asdleledtiohicsystempriadaembodiment forofopmniag hicagaciperpyi di ng a

desired dielectrjc,caonstant.. Transist.ors, .capacitors,. and ot her devices
havi ng di el ectIP?tb°q Q@@ﬁ?&oﬁ%a%&‘ﬁ’gﬁﬂvﬁ}ﬁ%ﬁ?%@% %@@8&‘? Yfayers, forned
by atomi c | ayedontiégshdfiian okile 0f theEirtedaductasiaydr bedioias Riyer dEposithe,

i npl emented intq nenory devjces and. el ectronic systens 10 incl udi ng
i nf or mati on haﬁ?&lf?rﬁﬁn%wgéis“. n&etife laﬂ?r(ﬂnﬁ%i‘?lﬁlﬁctﬁ%wge%@qnﬁ’é?’lﬂfe wirel ess

systens, tef ecoimbiufAixiRUiQNIEEHPor afbWs O BRI Jayeftd RIAPHEIBIiBh 2
conputer having a dielectric |ayer, such as a hafnium oxide dielectric

layer, forned appdearmined compasitionapeidding adesirsd digleptic kordantiescri bed herein is
Gevi ces and somput 1rg bl EFRERR 2 B Aic v e Wil Byl B8 &1 Toea By
one skilled i nhafiiemaxidedigkcirivdaysrsa formed pegomic layerdenpsition using mathddse| ect r oni ¢
systeme el g BLaClL AL L g e e sybaanat ou0lect
noni t or 6010 kiaglbdiag thformation kepdlimgdbvizes Such aforpration deiicey magidcl@e4d. Cent r al
20 processor upl b 804, Lybl fal by I Ickude T CL OB OE kR oL RS TRIO Y U

computer having a dielectric layer, such as a hafnium oxide dielectric layer, formed

by atomic layer deposition using methods described herein is shown in Figures 6-8

and described below. While specific types of memory devices and computing
15  devices are shown below, it will be recognized by one skilled in the art that several

types of memory devices and electronic systems including information handling

devices utilize the present subject matter.

A personal computer 600, as shown in Figures 6 and 7, may include a

monitor 601, keyboard input 602 and a central processing unit 604. Central
20  processor unit 604 typically may include microprocessor 706, memory bus circuit

708 having a plurality of memory slots 712(a-n), and other peripheral circuitry 710.

Peripheral circuitry 710 permits various peripheral devices 724 to interface

processor-memory bus 720 over input/output (I/O) bus 722. The personal computer

shown in Figures 6 and 7 also includes at least one transistor having a dielectric
25  layer, such as a hafnium oxide dielectric layer, formed by atomic layer deposition

using methods described herein according an embodiment of the present subject

matter.
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708 having a plurality of menory slots 712(a-n), and other peripheral
circuitry 710. Peripheral circuitry 710 permts various peripheral devices
724 to interface processor-nmenory bus 720 over input/output (1/0) bus 722.
The person r shown in Figures 6 and 7 also in ast one
transistor%kg@?ggagedielectric 25 |l ayer, such as a hafnftﬁﬂ%@?@@“%?electric
| ayer, fornmed by atom c | ayer deposition using nethods described herein
accordi ng an enbodi nent of the present subject mtter. 29 WD 2004/ 079796
PCT/ US2004/ 006685 M croprocessor 706 produces control and address signals
to control the exchange of data between nenory bus circuit 708 and

m croprocessor 706 and between nenory bus circuit 708 and peri pheral
circuitry 710. This exchange of data is acconplished over high speed nenory
bus 720 and over high speed 1//0 bus 5 722. Coupled to nenory bus 720 are
pluralities of nmenory slots 712(a-n), which receive nenory devices well
known to those ski IMietbpratedste7brpiroduees coatxelnipd address Sighals ta dontrolitke menor y

nodul es ( SI Mvs nd dual Jin-line nmenpry.no S (DRv1Ms be used in the
i mpl enent at i ongﬁﬁa“@ﬁﬁg‘gﬁweewwgng?%%ﬁyéﬁiﬂ mﬁﬁ’tc%sé&%f(imghese nenor y
devi ces may bebdpwérd wiatbry Bustcir¢ait 768 ahquriﬂﬁﬁdlgﬁ&i@ato. PrhisvdxdBangd of f er ent

nmet hods of reading fromand witing to the dynamc nenpry cells of nenory
slots 712. Oneda38 Aecomphighed oxeribigh speedhmemery bias, 220-and gier bighywesii@ bupper at i ons
in a DRAM ag e gef i ned by the nethod of accessing a row of a nenory cel
arrays and random y accessing different colums of the arra%. Data stored at
15 the row and col §reypied tamemenyibyp 72h3re pluraliigsolamemasy slotst7 1dtarewhiplat  col urm
I.s accessed. IP@fg@e[gp,g RRAME 318 Fost WAL LB hmbiaEs:
eQmruni cati on .espee o(?ynermry Cll rcﬁlﬁ?\é78%.Sﬁgﬁda#\étﬂg%'a#ggtﬁ%‘éﬁ’gsfm evice is
the extended diatlmememont mp@s)(SREMs) gud duhipdine alemonsmodules may a menory
been ol osed. Ty oSkl it B kbl Gf e ptsbib urfiRELGRECC O M RS

10 These memory devices may be produced in a variety of designs that provide

different methods of reading from and writing to the dynamic memory cells of
memory slots 712. One such method is the page mode operation. Page mode
operations in a DRAM are defined by the method of accessing a row of a memory
cell arrays and randomly accessing different columns of the array. Data stored at
15 therow and column intersection may be read and output while that column is
accessed. Page mode DRAMS use access steps, which limit the communication
speed of memory circuit 708.
An alternate type of device is the extended data output (EDO) memory,
b which allows data stored at a memory array address to be available as output after
20 the addressed column has been closed. This memory may increase some
communication speeds by allowing shorter access signals without reducing the time
in which memory output data is available on memory bus 720. Other alternative
types of devices include SDRAM, DDR SDRAM, SLDRAM and Direct RDRAM
as well as others such as SRAM or Flash memories.
25 Figure 8 illustrates a schematic view of an embodiment of a DRAM memory
device 800 having an atomic layer deposited dielectric layer formed according to an
embodiment described herein. Illustrative DRAM memory device 800 is

compatible with memory slots 712(a-n). The description of DRAM memory device
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comuni cati on speeds by allow ng shorter access signals w thout reducing the
time in which nmenory output data is avail able on nenory bus 720. O her
alternative types of devices include SDRAM DDR SDRAM SLDRAM and Direct
RDRAM as wed boodgredsher s such as SRAM or Fl ash nenori es Figure 8
illustrates a schematic view of an enbodi nent of a DRANFﬁi%ﬁ?O;()%O&Wi ce 800
havi ng an atom c | ayer deposited dielectric |ayer formed according to an
enbodi ment described herein. Illustrative DRAM nenory device 800 is
conpatible with menory slots 712(a-n). The description of DRAM nenory device
30 WD 2004/ 079796 PCT/ US2004/ 006685 800 has been sinplified for purposes of
illustrating a DRAM nenory device and is not intended to be a conplete
description of all the features of a DRAM Those skilled in the art wll
recogni ze that a wide variety of nmenory devices nmaybe used in the

i npl enentation of enbodi ments of the present subject matter. The 5

enbodi ment  of momﬂﬁmpﬁﬁwﬁvrﬁ@o&b@mﬁﬂﬁﬁg SDRAM niefhydRsceahd Iseast one
transi stor havi nglteggd' electric er, .such_as a hafnium_oxi de dielectric

| ayer, fornmed 2 bepggRaplets ptipnof Allthe fratipes RE DRAMc Thos€d her ei n
according to tskmed I8 bk D4IBreRbgrliZehad a W& WaristyIf BlemoPPidvites mePBE 1R, address

and data information provided over, mem)ré,ﬁbus 720 is 10 further represented
by i ndi vi dual ip Hsdmplementpsipnafegdodigsnts bihs prasentisghiect matterrdge, i ndi vi dual
represent aty ONg3fiigeht %ﬁ&i\ﬁg deiige sbRAt &St lehdi B 804 and
various discrete Flﬁlnes%fgll recte et%h’cont rcl)#oaﬁqglﬁgégoggg As is e{/\kﬁl ?e known in
the art, DRAMBOSstpmnvingadliclestus \ayer sugly asgulgifniwniostde digtectrierlayer,domedses r ows

and col ums ofb %%%gﬁgﬁﬁ?%@#g%ﬁoﬁspﬁﬁpﬁmxw Ctgltﬂe inarowis

ceupled to a common e 1s coupled 0 gates of
i ndi vi dual tr aesshingoofthe prhentsubject matr. one transi stor has a gate coupled to

Stom o layer  depoSeiroredred e B R R R B R ure
previ ousl| y10deSoithed epraabnpEby indidiliubl iopas 1oyDR AME00, B 3héwn theligure 8. Thesel umm i s
coupled to a S Rdvidual l1)1ieptresleliltgl]t(lecins Igf;%:clﬂustrated by data lines 802, address lines 804 and
various discrete lines directed to control logic 806.
As is well known in the art, DRAM 800 includes memory array 810, which
in turn comprises rows and columns of addressable memory cells. Each memory
15 cell in a row is coupled to a common word line. The word line is coupled to gates
of individual transistors, where at least one transistor has a gate coupled to a gate
dielectric, such as a hafnium oxide dielectric layer, formed by atomic layer
deposition in accordance with the method and structure previously described above.
(- Additionally, each memory cell in a column is coupled to a common bit line. Each
20  cell in memory array 810 may include a storage capacitor and an access transistor as
is conventional in the art.
DRAM 800 interfaces with, for example, microprocessor 706 through
address lines 804 and data lines 802, Alternatively, DRAM 800 may interface with
a DRAM controller, a micro-controller, a chip set or other electronic system.
25  Microprocessor 706 also provides a number of control signals to DRAM 800,
including but not limited to, row and column address strobe signals RAS and CAS,
write enable signal WE, an output enable signal OF and other conventional control

signals.
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20 cell in menory array 810 may include a storage capacitor and an access
transistor as is conventional in the art. DRAM 800 interfaces with, for
exanpl e, m croprocessor 706 through address |ines 804 and data |ines 802.
Alternatively, DRAM 800 may interface with a DRAMcontroller, a

m cr o- contwobkdoenre7gs chip set or other el ectronic systepcrARadd/6iseqr 0cessor
706 al so provides a nunber of control signals to DRAM 800, i ncluding but
not limted to, row and colum address strobe signals RAS and CAS, wite
enabl e signal WE, an output enable signal OE and other conventional control
signals. 31 WD 2004/079796 PCT/ US2004/ 006685 Row address buffer 812 and row
decoder 814 receive and decode row addresses fromrow address signals

provi ded on address |ines 804 by mcroprocessor 706. Each uni que row
address corresponds to a row of cells in nenory array 810. Row decoder 814
may include a word line driver, an address 5 decoder tree, and circuitry

whi ch translates a given row address received fromrow address buffers 812
and sel ectivel y acRpvaddressitmiferfigapgravadasodas 84 receize erid daspdarrpw array 810 vi a
the word line ' m decoder 818
recei ve and dgg%%ség%oé?%%e ?ggéﬁszﬁaﬁg s&{)ardgl\]ﬁg%@%ggﬁgggdr ess |lines 804.

Col um decodemi&oproedssay 704.0Eabbtuaique mecaddimsscarespdndsito 4 ®wiefcelltinve and t he

address of a replac cgl nn_decoder 818. i 5..coupl t0 sense
anplifiers 826‘."8’§§h"se‘gaeya%rr81 ?‘P%e@recs“% H&?aém"g%‘?fpﬂ‘@%‘%ﬁ%e@}ﬁ% Sy pairs of
bit lines 6f desdentreasandyirBiify whichtandatyy d ive@rmwdidOresy ecdvidftoatiroiso dat a-i n
buf fer 822 and,dat a- gut ffer, 824. ta-jn buffers 8 and dat a- out

buf fers 824 atagdqﬁscﬁﬂ%g‘a‘ 8?%“5%‘35“]‘ eWe?Eg%‘is.d‘C ﬁ@r‘mﬁ‘ﬁeﬁ’b"éﬁw P{I’B“B?%rati on,
data |ines 8024rriy 9N igthd aord Lie @l i n buffer 822. Sense anplifier 820
™eceives data fromgdata-in byffer 822 and stores the data in nenory array

810 as a charge o nCalumg sddressuifsr 816 and polugn dggoderftiSaeceivesed deqodyl on addr ess
lines 804.  column address signals provided on address lines 804. Column decoder 818 also

10  determines when a column is defective and the address of a replacement column.

Column decoder 818 is coupled to sense amplifiers 820. Sense amplifiers 820 are
coupled to complementary pairs of bit lines of memory array 810.

Sense amplifiers 820 are coupled to data-in buffer 822 and data-out buffer
824. Data-in buffers 822 and data-out buffers 824 are coupled to data lines 802.

15 During a write operation, data lines 802 provide data to data-in buffer 822. Sense
amplifier 820 receives data from data-in buffer 822 and stores the data in memory
array 810 as a charge on a capacitor of a cell at an address specified on address lines
804.

\_, During a read operation, DRAM 800 transfers data to microprocessor 706

20 from memory array 810. Complementary bit lines for the accessed cell are
equilibrated during a precharge operation to a reference voltage provided by an
equilibration circuit and a reference voltage supply. The charge stored in the
accessed cell is then shared with the associated bit lines. A sense amplifier of sense
amplifiers 820 detects and amplifies a difference in voltage between the

25 complementary bit lines. The sense amplifier passes the amplified voltage to data-
out buffer 824.

Control logic 806 is used to control the many available functions of DRAM

800. In addition, various control circuits and signals not detailed herein initiate and
32



During a read operation, DRAM 800 transfers data to m croprocessor 706 20
fromnmenory array 810. Conplenentary bit lines for the accessed cell are
equi librated during a precharge operation to a reference voltage provided by
an equilibration circuit and a reference voltage supply. The charge stored
in the acWOWMPO®WB| is then shared with the associ at eBCHUS200i/00685 A sense
anplifier of sense anplifiers 820 detects and anplifies a difference in

vol t age between the 25 conplenentary bit |ines. The sense anplifier passes
the anplified voltage to data- out buffer 824. Control logic 806 is used to
control the many avail able functions of DRAM 800. In addition, various
control circuits and signals not detailed herein initiate and 32 WO

2004/ 0797% PCT/ US2004/ 006685 synchroni ze DRAM 800 operation as known to
those skilled in the art. As stated above, the description of DRAM 800 has
been sinplified for purposes of illustrating an enbodi ment of the present
subj ect matter S I IHAE e a.c t 2SeL] lop.of all the
features of a sﬂﬁégﬁd’ﬁ@g@sﬁoﬂ%@%&n ﬁgwgmrﬁg%ﬁ%@g gn%‘zteﬁg 'ia{%gt a w de
vari ety of mnenboye, de\desoeiption OFIDRAMRPOMas bea:ﬁtslnhplmeﬂmipumoscsmmungLDRANs,
RDRAMs and ot her Vs Ms and EPROVB used in the

i npl enent at i orf®d™ QWHE’B?#&WE%“’W{S[ Rptpﬁ‘ §H‘Eﬁ‘@t€¥d‘ﬂga¥%?°°m & DRAM

i mpl ement at i ondeg@iptibh bl the featufesio a DRAM! Tﬁése‘éﬁlled‘ﬁﬁth@ﬁdwﬂpfecégﬁiz@nded to be
exclusive or limting. 10 Concl u3| on A dielectric, | ayer such as a hafnium

oxi de di el ett rthdt al“&Q%Ya“"FYder?F&“W evigesripcluding byt ngelifaitéd P SPRAMSg et hods

described her esrDRAREUESR AMs2hd aitEeDRAMs@68H BRAMS, FrAMBMIBEPROMEAUI val ent
oxi de thi ckness t hi nner than attai nable using Si02. Dielectric layers

&ant ai ni ng at gA#EDY uspdin theimpleoetation pembadimenticofiias present sibieet matier. 15 net hods
descri bed her efy 5 & ﬁ%[e&ﬂ%ﬁﬁéﬂ@ﬂé&@&ﬂe&héﬁeﬁﬂ& ﬁhﬁﬁ’éiﬂefo tandl thxﬂﬂeﬁdeﬁ% ric

| ayers formed wll have mnimal reactions wt on substrate or other
structures durienglusiveoerdisiting.

10 Conclusion

A dielectric layér, such as a hafnium oxide dielectric layer, formed by
.atomic layer deposition using methods described herein produce a reliable dielectric
layer having an equivalent oxide thickness thinner than attainable using SiO,.
Dielectric layers containing atomic layer deposited hafnium oxide formed using the
15 methods described herein are thermodynamically stable such that the dielectric
layers formed will have minimal reactions with a silicon substrate or other structures
during processing.
Forming hafhium oxide layers by atomic layer deposition in relatively low
processing temperatures allows for hafnium oxide layers that are amorphous and
20 conformally layered on a substrate surface. Further, the ALD formation of a

(%

hafnium oxide dielectric layer provides for enhanced dielectric and electrical
properties relative to those attained with an amorphous SiOy layer. These properties
of layers containing atomic layer deposited hafnium oxide layers allow for
application as dielectric layers in numerous electronic devices and systems.

25 Capacitors, transistors, electro-optic devices, higher level ICs or devices, and
electronic systems are constructed utilizing various embodiments of the process for
forming a dielectric layer having an ultra thin equivalent oxide thickness, t.q. Gate

dielectric layers or layers containing atomic layer deposited hafnium oxide are
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Form ng hafnium oxide | ayers by atom c |ayer deposition in relatively | ow
processi ng tenperatures allows for hafnium oxide | ayers that are anorphous
and 20 confornally |ayered on a substrate surface. Further, the ALD
formation Q% gbohﬁg ni um oxi de dielectric |ayer provides for enhanced

di el ectric hEPUPEL i cal properties relative to t hosePalUS208&8P6¢HSt h an
anor phous Si O layer. These properties of layers containing atomc | ayer
deposi ted haf ni um oxi de |l ayers allow for application as dielectric |ayers

i nnumer ous el ectroni c devices and systens. 25 Capacitors, transistors,

el ectro-optic devices, higher level ICs or devices, and electronic systens
are constructed utilizing various enbodi nents of the process for formng a
dielectric layer having an ultra thin equival ent oxide thickness, tq. Gate
dielectric layers or |ayers containing atom c |ayer deposited hafni um oxi de
are 33 WD 20041079796 PCT/ US2004/ 006685 fornmed having a dielectric constant
substantially E?éaqf ; : el d Q%) i ctric

| ayers are capig e gﬁng%{a#é; t %éryr[llgr% ttS %%BE%@A@%"H%%‘?%%%%H ﬁgidg’expect ed
limt for Si Cowksse e dieldctisilayersare Tapable bf ntagthinner, thayf 16 Acthimnelitharetbe ri ¢ | ayer s
allows for a hj pACickan . S e _di [ . Whi provi des
further 5 effe%: |\?éedlgglgrnﬁns§gé? a?e%ﬁ%%?é ra%%ﬂbﬁgﬂgvtﬁ%égieg%gw\g&egm. At the
sane tine, theallophyfaiadaghet bapatitrassthad SiOh gata tligtectrich,awtdch wroyides furtikrhaf ni um

oxide dielectrig layer,.i much. |l arger,_than fhe Si hi ckness .associ at ed
Wt the tah | e Espagedor M RO inich S et BrhesEReiaE F5 Che
nmanuf act uri ng physica siickness dfabecataiell@ei déposited hafnhinhexide ditletteic layecis | ayer s.
2Ll oved' by af oD TRpURaL R S0 PoRo BRI DR okl af S1 R FPFRRE | ayer's
havi ng rel ati v lardePMidkRadsadR i the n@hifabt@ingisi6cedSTod ik Bfeldoirfes btV @h& | N

el ectronic devices and systens. Although specific enbodi nents have been
illustrated andicladeelayered o) ;hafpipm oxjdelayseprapgsseddn mlalyelnlovhose of

ordinary sig | | tenBerhiifes Alidwid B atGiBi 18)ef ADSREBIBrovilalaniiphoh dtRLE! at ed to

achi eve the sane purpose may "be substituted for the specific enbodinents
shown. Thi s apleydrekavingrelatvelnlosnlgakage enrrentfer usgay digleaisicdayenin elsetronic

devices and systems.
Although specific embodiments have been illustrated and described herein, it

will be appreciated by those of ordinary skill in the art that any arrangement that is
15 calculated to achieve the same purpose may be substituted for the specific
embodiments shown. This application is intended to cover any adaptations or
variations of the present subject matter. It is to be understood that the above
description is intended to be illustrative, and not restrictive. Combinations of the
;_,,. above embodiments, and other embodiments will be apparent to those of skill in the
20  art upon reviewing the above description. The scope of the present subject matter
includes any other applications in which the above structures and fabrication
methods are used. The scope of the present subject matter should be determined
with reference to the appended claims, along with the full scope of equivalents to

which such claims are entitled.
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variations of the present subject matter. It is to be understood that the

above description is intended to be illustrative, and not restrictive.
Conbi nati ons of the above enbodi nents, and other enbodinents will be
apparent to those of skill in the 20 art upon review ng the above

description. The scope of the present subject matter includes any other
applications in which the above struGhAMMS and fabrication nethods are
used. The scope of the present subject matter should be determned wth
reference to the appended clains, along with the full scope of equival ents
to whi chWWetisklaghediis are entitled. 34 CLAIMS Wat is clained is: 1. A
nmet hod of formng a dielectric |layer conprising: formng a | ayer of a netal

on a substrate b tami c.layer. deposition,. and formng on the netal, by
anot her 3t om gméb@r&%w&%ﬁﬂ?ﬁm@ﬁy%ﬁ?mlw- the netal, wherein, as the
oxide is being forned, oxygen diffuses into the |layer of the nmetal such that

essential |y tR@mimd%QiyePbf a h&if oRtsabstraie BP hShf liyeP8GR5EEn; andret 2l oxi de. 2. The
met hod of claim 1, wherein formng a |ayer of a nmetal on a substrate by

atomc |ayer deposition includes performng a predetermnm ned nunber of
atomic | ayer &upogionithermeigichyanother atiempio dayer depdsition sanexidgfof the mekal,ovheteineas

subst rat gye Rfdk ¥bek ggﬂ%@p&%g%pg{bgfrfﬁég i tnul?%:g r8f tg?ﬁlgtlal sugh th &%semﬁlg% lge{ Gt al m

2, wherein perfor m ne atomc layer eposition
cycl es i thelmatd somglettlyrbasomgs ametabetide.en cycl es. 4. The nethod of claim 2,
wherein perform ng a predeterm ned nunber of atom c |ayer deposition cycles

i ncl udes ,perfqQrmn nber of .cycles rangi from4 to 10 cycles. 5. A
et hod of for RPRGeRof R r MEerp ST Ra AT Shaae s R P o= oy BRI pat i um
on g Subdépoaitien myluadseiferntimyEpredbegprained hdiibier 6 utbrhi® lageri3psitiongdlesab dépadini um
oxi de on the |ayer of hafnium b t her atanic.|ayer. deposition, wherein,
as the hgTen?yﬁﬁ?a%%tﬂé’"iﬂ? SHRSTA ‘f%’F %ﬁ@‘&?@@ﬂmﬁ?ﬁtkﬁﬁl'i nto the |ayer of the
haf ni um such that essentially the |ayer of hafniumconpletely becones

haf ni um gxi de Th§mehB@ofBRLiRQIwREreif bartdhnmhg AMARIERINnd QLRG0 fAtdnAY Berof haf ni um
on a substrate by atom c Iﬁyep
deposition cycles includes performing at most ten cycles.

4. The method of claim 2, wherein performing a predetermined number of atomic layer

deposition cycles includes performing a number of cycies ranging from 4 to 10 cycies.
5. A method of forming a dielectric layer comprising:
forming a layer of hafnium on a substrate by atomic layer deposition; and

forming a layer of hafnium oxide on the layer of hafnium by another atomic layer deposition,
wherein, as the hafnium oxide is being formed, oxygen diffuses into the layer of the hafnium such that

essentially the layer of hafnium completely becomes hafnium oxide.

6. The method of claim 5, wherein forming a layer of hafnium on a substrate by atomic layer

deposition includes pulsing a hafnium nitrate precursor on the substrate.

7. The method of claim 5, wherein forming a layer of hafnium on a substrate by atomic layer

deposition includes pulsing an anhydrous hafnium nitrate precursor on the substrate.
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deposition includes pulsing a hafniumnitrate precursor on the substrate. 7.
The nmethod of claim5, wherein formng a | ayer of hafniumon a substrate by
atom c layer deposition includes pul sing an anhydrous hafniumnitrate
precursor on the substrate. 35 8. The nmethod of claim5, wherein formng a

| ayer of hafniumon a substrate by atom c | ayer deposition includes
perforni &g at Theosdthader cta'tlmﬁdvmerqi{y@rmidepwbndfbmmMImsubﬂratbdmasintic lape | ayer
of  haf nj 0n . mng a
ayer - of SOy eHEes PR e ke chUER DA definEh il To B8 L By BE S

per f or m kedniam oo thsenbstrhteat oni ¢ Iayer deposition cycles ranging from4 to 10
cycles to deposit the layer of hafniumon the substrate. 10. The net hod of
claimb5, vvher rmn f hafni um_oxi de on t hafnlumby
anot her &t oni ?hel W od 8%6% ?’tv?%ﬁe"f REP‘B%E yf)reorf%gp%?j‘ aaﬁ‘fpsgfaif%@tqnﬁﬁ/@

deposi t i deposgitya 1ﬁclu®s ﬁgf(mmlngal’llbmﬂér@!ﬂStoﬁla:flﬁbleuﬂépﬂi;ltldilﬂdyelepfaﬁglug fom 4a600 a wat er
vapor pre;:?% fﬂ‘% ]tgglbel hod o C|t§i n{15 wherein the nethod further

i ncl udes“Hf It SPRH Y BFE° PP QP Ee410S 58ut 180C during the forming of the
| ayer of hafniumand the form ng of the |ayer of hafniumoxide. 12. A nethod

of formpg a @mﬂ&hmfclaﬁ@wne%mmmgQummwﬁlfuhf&édeqmwg}eruﬂlalﬁﬂoﬁﬁby on a
substrate; form ng a layer of a netal on the first conductive |ayer by
3

atoni c | dipter depisdaves Qfﬁosmqndpcrwqﬁgpeaf%%ﬁn gipmigrlaysk Aepesition ¢ygle usig 8 on t he

| ayer of ofiR§Bhs Hvhidh RiARHrRLQH 28d h IURF vapdEResidol.ON, Wherein, as the oxide is
bei ng forned, oxygen dlffpuses into the Iayer of the netal such that

essentially the | ayer of the netal conpletely becones a netal oxide; and
f ormi ng hl s e c blrecnethndchi clainy &, Wheeyeinr the methié furthgranclesfes mhimtainingiibe sifbstrateat abaub|

Layer LT NGRS AL oF bl AR el SR Y Sl oBE 2! on the

first con uctiv y atomc ayer eposition In Por i ng at
nost ten atom c | ayer deposition cycles to deposit the Iayer of the netal.
14. The et hoA nefthodlofifammnihg a capreit@] conipeising:ng a | ayer of an oxi de of the netal
on the layer of the netal by another atom c |ayer deposition includes

perform ng an_atom c |ayer deposition cycle using an anhydrous hafnium
nitrate precufogBF‘gérf'ﬁst&O‘\%?tgF%\YSr 2 Yl sor. 36

forming a layer of a metal on the first conductive layer by atomic layer deposition;

forming a layer of an oxide of the metal on the layer of metal by another atomic layer
deposition, wherein, as the oxide is being formed, oxygen diffuses into the layer of the metal such that

essentially the layer of the metal completely becomes a metal oxide; and
forming a second conductive layer on the layer of the oxide of the metal layer.

13. The method of claim 12, wherein forming a layer of a metal on the first conductive layer by
atomic layer deposition includes performing at most ten atomic layer deposition cycles to deposit the

layer of the metal.

14. The method of claim 12, wherein forming a layer of an oxide of the metal on the layer of the
metal by another atomic layer deposition includes performing an atomic layer deposition cycle using

an anhydrous hafnium nitrate precursor and a water vapor precursor.
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15. The nmethod of claim 12, wherein formng a |ayer of a netal on the first
conductive layer by atomc |ayer deposition includes formng a | ayer of

haf ni um on the first conductive |layer by atomc |ayer deposition. 16. The
met hod of claim 15, wherein formng a |ayer of hafniumon the first
conductive layer by  atomc |ayer deposition includes pulsing a hafnium

ni trate or ecuthedpetiod of clympl 2, pherein forming alayer ofa mpplanghg imiopdysvalayeaher of

haf ni um ggit lhgerfdeP&hiommhae; fov@in% BYHEr I afm RSN the FiRYQdHEPORIdribg Btolnite! udes
perform ng at npst atomi c | ayer deposition cycles ten cycles"to” deposit the
| ayer of!a¥eaflsRogiHen-18. The method of claim 15, wherein formng a |ayer of

haf niumon the first conductive |layer by atomc |ayer deposition includes

per form a + OH 3 mﬁlﬁ{)a it I r i to 10
cycl es tfggdep%ﬁ%ﬂ{oﬁg?f%%?’ g]P Llﬁ%? éu u O@%ﬁ{r b%gﬁbf{fgf ﬁghé tggg%@ftye?&er%er ein
f or mi ng atorhigyayer dgpositiondnclugles pfisingrehafivm nitwate présursprayer of the metal by
another atom c | ayer deposition includes perform ng an atom c | ayer
deposi ti cygl e usi,ng . an anhydr qus .hafni um ni.t.rate precursor..and wat er
vapor pr i[ellgur s]f)\hre m%d Ogﬁl%lmn%sfﬁ'gée%‘f " arﬁa%g}'\lﬁl%\“g i°R ﬂ{% Hﬁ“ ﬁ%‘lq(‘)fﬁtﬂ’ e?ﬂ'ﬁ er
i ncl ude satevnic dyer depoition e klabsdrfoahiag attmosediomic 1dy80dspatitionycleden Eyaldditarg of t he
| ayer of, haf %ﬁu]m angqa&.he formng of the |layer of hafniumoxide. 21. A

r

met hod ofPYYH M ‘AT 8" ¥ st or conprising: forming a source region and a
drain region in a substrate, the source region and the drain region

separ at e, by PhelRihodlof el 5, WRERINTEmAngH 18)eP 6f Kdfifiuth 3% ®e A& chitRciRRWef O ON
bet ween the source and drain regions by atomc, |ayer deposition;

3 C . ; _an
coupl i ncptemiglaver degosition ingludepparforrping a ppber ghatpraic favebderpsiion welesriengingirem

layer i ngloudessles th pdkingie faybrf Bimfin. @ Metal on the body region by atomic
| ayer deposition; and formng a |ayer of an oxide of the netal on the |ayer

of metal by another atonic |ayer deposition, wherein, as the oxide is being
f or med, ©xygehedietifodoéslaimtS wherein| forgeng wlfryer hbamaxidglof theuagital o the layssdithe al | y

1 2 S SRS SRS 8S BE b PL

of claim erein ayer a
| ayer degpomhydran hafnwihudese peedrar andaywater vapgtpracamorat oni ¢ | ayer deposi tion
cycles to deposit the |ayer of

20. The method of claim 15, wherein the method further includes maintaining the substrate at

about 180°C during the forming of the layer of hafnium and the forming of the layer of hafnium oxide.
21. A method of forming a transistor comprising:

forming a source region and a drain region in a substrate, the source region and the drain

region separated by a body region;

forming a dielectric layer on the body region between the source and drain regions by atomic

layer deposition; and
coupling a gate to the dielectric layer, wherein forming the dielectric layer includes:
forming a layer of a metal on the body region by atomic layer deposition; and

forming a layer of an oxide of the metal on the layer of metal by another atomic layer
deposition, wherein, as the oxide is being formed, oxygen diffuses into the layer of the metal

such that essentially the layer of the metal completely becomes a metal oxide.
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the netal on the body region. 23. The nethod of claim21, wherein formng a
| ayer of an oxide of the netal on the |layer of netal by another atomc

| ayer deposition includes performng an atom c |ayer deposition cycle using
an anhydrous hafniumnitrate precursor and a water vapor precursor. 24. The
met hod of claim 21, wherein formng a |layer of a netal on the body region by
atom ¢ 42ayerThapetwidtof olaim 2 wherein fororing algyen of apetal @i thhbddyiregiondyy atdmic body

regi on it J 5 el . Of i elcn
formm ng W Lot Al DEMRIY £ fog GPnonis iy BRl AR bt Tl pERSERIT

i ncl udesthpmeial anghebadsifregianm nitrate precursor. 26. The nethod of claim 24,
wherein formng a | ayer of hafniumon the body region by another atomc

| ayer depositi,on incl udes rform .at_ nost .ten.atamic | ayer, deposition
ol s th depta et il BE Vppe i pihiths BT ot Billr el R e 15568 et hoo
of cl ai nm&4dl,bywheheriatonfiolapirdgpaition jreludafpetfodnting im atomit hgetdefysitioagydéuding at oni ¢
| ayer de osl1t' on itﬁ'lCl ud S erforn‘iaswg nunber of atom c | ayer deposition
cycl es r%‘rfé’ 50% iU Qigalg grecyrsor il e JaBI DUl | ayer of haf ni um on t he
body region. 28. The nethod of claim 24, wherein formng a | ayer of an oxide

of the nmetal DR kdiRdoR¥Rinm 2f whERindbrntiyg AaRY 0L methPdH the by 9&gicHRuyQtdntit ON
i ncl udes, performng an atom c | ayer deposition cycle using an anhydrous

m ng ) 3
haf ni um 1AYer Agpogitipn Belydes dormingp layeRaf kafniyn 98 thebody-iseion by atomic laype depesifify of
claim 24, wherein the nmethod further includes maintaining the substrate at

about 184C dufiditebdarLRRTH Sk DhaY Rler St AL MANY [onbPkmhflg of the

| ayer of "haf ni um oxi ( ) ormng a nenory’ c si ng:
f or mi ng layendegositionincludesepulsingadntmiust witrafe plegursarng at | east one of the access
transistors including formng a dielectric |layer on a body region between a

source regiongand a drain Lon. formng a er of r.d lines coupled to
The manta of Mzt Pl P € sbin oG £k oLRIRG of re"0Y reeloREY BB oo e
t 0 t he natobiellayef depodittmiandludes pérfiraing at mbse tea iatonfiokyar degpdsition cybiles teddpoditthd ayer
i ncl udes; fogl%nng a Iaeﬁne(rj of. a netal on the body region by atom c |ayer
deposi t i G¥ET OLbainitp op fiebodyregiohar “of an oxide of the metal on the |ayer of
nmetal by another atomc | ayer deposition, wherein, as the oxide is being
formed, oxygemddhdifiddsiaimtd whbRin Bdfihg £laydrd€hdtBili@lon the body region by atomic

layer deposition includes performing a number of atomic layer deposition cycles ranging from 4 to 10

cycles to deposit the layer of hafnium on the body region.

28. The method of claim 24, wherein forming a layer of an oxide of the metal on the layer of
metal by another atomic layer deposition includes performing an atomic layer deposition cycle using

an anhydrous hafnium nitrate precursor and a water vapor precursor.

29. The method of claim 24, wherein the method further includes maintaining the substrate at

about 180°C during the forming of the layer of hafnium and the forming of the layer of hafnium oxide.
30. A method of forming a memory comprising:

forming a number of access transistors, forming at least one of the access transistors including

forming a dielectric layer on a body region between a source region and a drain region;

forming a number of word lines coupled to the number of access transistors;
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such that essentially the layer of the netal conpletely becones a netal
oxide. 31. The nethod of claim 30, wherein formng a |ayer of a netal on the
body region by atomic |ayer deposition includes performng at nost ten
atom c | ayer deposition cycles to deposit the layer of the netal on the
body region. 32. The nmethod of claim 30, wherein formng a | ayer of an oxide
of the netal formingenymbesef bjt linepequpled i the puelee pf ageesairansistpye Whereindeintingshe

i ncl udesqipedifiORyer naks; at oni ¢ [ ayer deposition cycle using an anhydrous

haf nium nitrate precursor and a water vapor precursor. 33. The method of
claim 30, wherein formng a |layer of a netal on the body region by atomc

| ayer deposition ifaohinglekyérmf aimetpl an thapedy rediotif atoroinlayer depesitiomgandr egi on by
atom c | ayer deposition. 34. The nethod of claim 33, wherein formng a

| ayer of hafnium on the body regi.on at qmi | ayer depositjon includes

pul sing a haf ni umf?fF?IP%? gayf)')r/oééﬁg’élger919%5@@@8?%?31?\68{‘8‘?&% éf‘?wtl’%‘gfo% Y&Li n
forlm' gg al a%/dblpos.iﬂonhﬁfld’iéiu,msﬂfe oxfile istedhg fc}ixﬁ@ﬂ,&ﬁ)éii:)i diffu3es ifito thelyyl of@MStal | ON

i ncl udes performng at.. ten om c |ayer osition cycles to deposit
Lhe 1ayer of A CSFEAD a0 s BbioPEiely SREmHE RIH Hec) ai m 33
wherein formng a |ayer of hafniumon the body region by atomc |ayer

deposi tipn i NEleuslfodREERRE 50, MierRinTHARES a Fﬁ%er%f PRLE] drAHEbodI SRR BylaBimi€ Y Cl es
ranging from4 to 10 cycles to deposit the |ayer of hafniumon the body

regi on. RByer danqsitippinglydesperfemingat grost teionaic fayeilepesitipn sy ¢lesta derssit the laygi e of
the met adhe Biatal HPthé B regddn. t he netal by another atomic |ayer deposition

i ncl udes performng an atom c | ayer deposition cycle using an anhydrous
haf nium nitrate precursor and a water vapor precursor to forma |ayer of
haf ni um ¥xi deThe @@hod T elaime3h adiersin foinzingr BPer ofumeaxaderpf theaneatad oh te l4yer ether

i ncl udes It aini . . 0 ] - ] of the
| ayer of "ot Mot By HBREIEh Sl ARG B I Blcp IR WAL A
met hod odn dnbydrpusdrataiumenitrate prsmireorapda watec@pETPresunsgr.  provi di ng a processor;
coupling a nmenory to the processor, wherein the nenory is formed by a nethod

access { Pansi egparodbe AR g Rersiiom et BFERLE pPREon AS b GRid wAlf™ ogion

bet ween Ry&degosition giudes famtnga Eyeionhafiiiedio e body region by atomic layer deposition.

34. The method of claim 33, wherein forming a layer of hafnium on the body region by atomic

layer deposition includes pulsing a hafnium nitrate precursor.

35. The method of claim 33, wherein forming a layer of hafnium on the body region by atomic
layer deposition includes performing at most ten atomic layer deposition cycles to deposit the layer of

hafnium on the body region.

36. The method of claim 33, wherein forming a layer of hafnium on the body region by atomic
layer deposition includes performing a number of atomic layer deposition cycles ranging from 4 to 10

cycles to deposit the layer of hafnium on the body region.

37. The method of claim 33, wherein forming a layer of an oxide of the metal on the layer of the
metal by another atomic layer deposition includes performing an atomic layer deposition cycle using

an anhydrous hafnium nitrate precursor and a water vapor precursor to form a layer of hafnium oxide.

38. The method of claim 33, wherein the method further includes maintaining the substrate at

about 180°C during the forming of the layer of hafnium and the forming of the layer of hafnium oxide.
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formng a nunber of word lines coupled to nunber of access transistors;
formng a nunber of bit lines coupled to the nunber of access transistors,
wherein formng the dielectric layer includes: formng a |layer of nmetal on
the body region by atom c | ayer deposition; and formng a |ayer of an oxide
of the netal on the | ayer of netal by another atomc |ayer deposition,

wher ei n, 3%s t Aancthed 9& fqrming an glgctfapicrrysiem exypyisingdi f f uses into the |ayer of
the netal such that essentially the |ayer of the nmetal conpletely becones a
met al oxi de. Iy d of claim39, wherein formng a |ayer of a netal
on t he body régflgﬁggfﬁ%%gﬁ’c | ayer deposition includes perform ng at nost
ten atomc | ayer deposition cycles to deposit the |ayer of the netal on the
body region. édbplingremerrdriacitheprocdssdrviResin thb ateiory if Grikdsy AmbtByEincledingn oxi de
of the metal on the |ayer of nmetal by another atom c |ayer deposition

i ncludes performng an atonm c | ayer deposition cycle using an anhydrous

haf ni um nitrate prO&HiNgaMURRAY ohadret Frnsisigss forpingeal leagt one the accessdrapyisi9ind of

clai m 39, whepnehfing MrXingQ dfeldcBiAiyePbn Abd r@lionWRivdf a BRF% rESSH 81 aRiYait OM C

| ayer deposition includes formng a |ayer of hafniumon the body region by
atom c |l ayer Wé€WbBsition. 43. The nethod of claim42, wherein formng a

| ayer of hafniumon the body region by atomc |ayer deposition includes

pul sing a haf ni um %@gg%mm;e%manmas%}@é‘d tomﬁnygp;%tfg%q%sq;apﬁétgjs;m 42, wherein

formng a | ayer of Ium on the body gl on ayer’ deposition
i ncludes performng at nost ten atom c | ayer deposition cycles to deposit
the |l ayer of haf nfoaninga ntinberlo6bly lities goupied tdlthe niiker wEhdeesd tradisistdra iwierdin,
wherein form a lL.ayer of haf ni on the body region by atomc |ayer
deposi tion i ngogrﬁ@é%heéﬁj?cg%cnl?yﬁémﬁfdﬁ]ﬁrrber of atomic |ayer deposition cycles
ranging from4 to 10 cycles to deposit the [ayer of hafniumon the body

region. 46. The nethod fbfrmﬁalgaildyeﬂa,mefmﬁﬁiemoéyqregﬁbmgyaoﬂnfwgrer@a‘ppﬁﬁb@xﬂdie of
the netal on the layer of netal by another atom c |ayer deposition includes

perform ng an atomc | a}/er. deposition cycle using an anhydrous hafnium
nitrate precursor and afofminge laygpefran gride ofrtbometalon theriager gbmptakbyahotberai m 42,

wherein the met hOdatEMfctl(Eﬁf dép'aﬁ{iéhg evﬁergiﬂ,i AR JHda % ﬁelfl% tﬁ%ﬁ} 6}@&&1 dHffuses into

the layer of the metal such that essentially the layer of the metal completely becomes a

metal oxide.

40. The method of claim 39, wherein forming a layer of a metal on the body region by atomic
layer deposition includes performing at most ten atomic layer deposition cycles to deposit the layer of

the metal on the body region.

41. The method of claim 39, wherein forming a layer of an oxide of the metal on the layer of
metal by another atomic layer deposition includes performing an atomic layer deposition cycle using

an anhydrous hafnium nitrate precursor and a water vapor precursor.

42, The method of claim 39, wherein forming a layer of a metal on the body region by atomic

layer deposition includes forming a layer of hafnium on the body region by atomic layer deposition.

43. The method of claim 42, wherein forming a layer of hafnium on the body region by atomic

layer deposition includes pulsing a hafnium nitrate precursor.
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about 180C during the formng of the layer of hafnium 48. A capacitor,
conprising: a first conductive layer; a dielectric |ayer disposed on the
first conductive layer without a silicon oxide interfacial region between
the dielectric layer and the first conductive |ayer; and a second conductive
| ayer di sposed on the dielectric layer; the dielectric |ayer forned by a
met hod i%dc| udihagethod ofi¢lpig 42, whsrein ferfinge layer othafityem pi thetbodioredion by stemicayer by
atom ¢ |1tehepdGRAShEIL RS pertSHiing!aPiBlt Ah Aforki@ ke ) i on
the neta [d?%r g anopﬁ%r a#@ﬁ?cg%ayér a6 dgg%ﬁgﬁ?ga%%ﬁgﬁﬁ?&géeFﬁ%q%xide

i s bei ndafrdmmenrithe bedygegionli f f uses into the |ayer of the netal such that
essentially the layer of the netal conpletely becones a netal oxide. 49. The
capaci tof. of .cl ai 8. wherein the nmetal, includes haf.nium 50.. The capacitor
of o ai rsag, ik Bt B S Wherbl SorP s e S iR OF B Yl wBOn bl Ve

| ayer bylayeatiepotition iayledes genfomirigiaonmbercif adedc Ipwer flepositingcyales tanbiap frofm 4ab 00

| ayer deposi tion cl.es ranging fro 4 to 10 cycles to deposit the |ayer of
haf ni um gleitﬁge%oﬁﬁé}erl‘gfre(? 3%1@??“%&& afﬁ%{%ﬂ-t or of claim49, wherein the
dielectric layer has a dielectric constant in the range fromabout 8 to

about 256, 52. Th@ niektda SF Slhigd 42C GHREn Forithg sAaye Ban' R fle @Nthe Slcyd 8Mthe 1HBLFCe I egi on
and a drain . region; a.dielectrjic |a di sposed on the body.regi on between

t he sour'B“é‘r‘]rbéﬁi“B‘PFrétr?ﬂ"“t lyer dengsition @gug%yerf?rﬂ@gcﬁnér%f fayer depgpition QYLss¥gd on

t he bodyanfagRjdesus Wathiliitrale friebiir&® Bndawaler vapdrpraebral regi on between the
dielectric layer and the body region; and a gate coupled to the dielectric

| ayer; the dielectric layer forned by a nmethod including: formng a |ayer of

a netal 9n t hidhemsthed cbglpion 2 yhereintieansthaddprihee nolides maintaining thefsubstratagt a | ayer
of an oxj,da 1@6°6Jﬁ?in£ﬁn%%r{%%&f% |hRY 6fhafifiung e metal by another atomic |ayer

deposition, wherein, as e oxide 1s being forned, oxygen diffuses into the
| ayer of the nmetal such that essentially the layer of the netal conpletely
becones 48. netAtapacitotl@omprising:

a first conductive layer;

a dielectric layer disposed on the first conductive layer without a silicon oxide interfacial

region between the dielectric layer and the first conductive layer; and
a second conductive layer disposed on the dielectric layer;
the dielectric layer formed by a method including:
forming a layer of metal on the first conductive layer by atomic layer deposition; and

forming a layer of an oxide of the metal on the metal layer by another atomic layer
deposition, wherein, as the oxide is being formed, oxygen diffuses into the layer of the metal

such that essentially the layer of the metal completely becomes a metal oxide.
49. The capacitor of claim 48, wherein the metal includes hafnium.

50. The capacitor of claim 48, wherein forming a layer of hafnium on the first conductive layer by
atomic layer deposition includes performing a number of atomic layer deposition cycles ranging from

4 to 10 cycles to deposit the layer of hafnium on the substrate.
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53. The transistor of claimb52, wherein the nmetal includes hafnium 54. The

transistor of claim53, wherein formng a |ayer of hafniumon the body

region by atomc |ayer deposition includes performng a nunber of atomc

| ayer deposition cycles ranging from4 to 10 cycles to deposit the |ayer of

haf nium on the substrate. 55. The transistor of claim&53, wherein the

di el ect rile | alhsrcappgibor of glaim €% phpreindhadielentric lpyer harer diglepiric constenhintho tangd t o

about 25goRfbout R sbb@nsi stor of claimb53, wherein the dielectric |ayer has

an equi val ent oxide thickness (teq) of |ess than about 10 Angstrons. 57. A

menory conprising: a nunber of access transistors, at |east one access

transi stB i nlrawbistag cempyiping: coupl ed to a dielectric layer, the dielectric

| ayer di sposed on a body regi on between a source region and a drain 42

regi on and dif@%s%9k9Q>ﬁQF bq%yerg i on m%thout a silicon oxide interfacia

regi on bet weeh”ThEBIGY PEIWEER # PR LRI 204 AL B8%y regi on: a nunber of word

| ines coupled to the nunber of access transistors; and a nunber of bit

l'i nes coupl ed diéledfi€lapei A3PEse®bn the 66ESedibPbibhdeh HeSourk&Rgidh @hEME biafm bANELT
met.hod including: formng a netal |ayer on the body region by

formed b

at omi c |t§9@?leﬁew§?rﬁsaﬂs,ed anHepadhieaign withow a piliegn oxide dtprfasiabregiongetitgendhe on’ t he
| ayer of diélegridByerndite BEDIrEESn; @hdM C | ayer deposition, wherein, as the
oxide is being fornmed, oxygen diffuses into the |layer of the netal such
that essentially the |ayer of the netal conpletely becones a netal oxide.

58. The menoragatsfconpled intierdielogidg leyas; t he nmet al i ncl udes hafnium 59. The
menory of claim58, wherein formng a | ayer of hafniumon the body regi on by
atomc |ayer,d iL.tiondncludes perform ng a nunber of atomc |ayer

deposi tion cf% %ggég%EVﬁg&?FS#Y3nFooiﬂwL@§@1es to deposit the | ayer of
haf ni um on the substrate. 60. The nenory of claim58, wherein the dielectric
|l ayer has a diel ecfoﬁﬁiﬁgsmatoata&netamomebé@r}egon$)r@6ﬂ1iah>@fd1tde§o§iﬁbn§mut 25. 61.
The nenory of cl ai m 58, erein the dielectric |ayer has an equival ent oxide

t hi ckness (teq) of |ess than about 10 Angstrons.
forming a layer of an oxide of the metal on the layer of the metal by another atomic

layer deposition, wherein, as the oxide is being formed, oxygen diffuses into the layer of the metal

such that essentially the layer of the metal completely becomes a metal oxide.
53. The transistor of claim 52, wherein the metal includes hafnium.

54. The transistor of claim 53, wherein forming a layer of hafnium on the body region by atomic
layer deposition includes performing a number of atomic layer deposition cycles ranging from 4 to 10

cycles to deposit the layer of hafnium on the substrate.

55. The transistor of claim 53, wherein the dielectric layer has a dielectric constant in the range
from about 8 to about 25.
56. The transistor of claim 53, wherein the dielectric layer has an equivalent oxide thickness (t.,)

of less than about 10 Angstroms.

57. A memory comprising:

a number of access transistors, at least one access transistor including a gate coupled to a

dielectric layer, the dielectric layer disposed on a body region between a source region and a drain

42



62. An electronic systemconprising: a processor; a systembus; and a
menory coupled to the processor by the system bus, the nenory including: a
nunber of access transistors, at |east one access transistor including a
gate coupled to a dielectric layer, the dielectric |ayer disposed on a body
regi on between a source region 43 and a drain region and di sposed on the
body r egegion audidisposed an thelbbdyomegion withouit asidicdnaxidalinterfgiabregion dttweeanthe he

dielectrlaakﬁx For héﬂ§ Q9q¥uregion; a nunber of word lines coupled to the
s tra %’ %,

nunber of acce nsI st or and a nunber of bit lines coupled to the
nunber of access transistors; the dielectric |layer formed by a nmethod

i ncludi ng: f crdiiniber & woed Bies kaupbd t@the hidbdd 0flyccése Gradistday ard om ¢ | ayer
deposition; and formng a |ayer of an oxide of the netal on the netal |ayer
by another atom ¢ |ayer deposition, wherein, as the oxide is being forned,
oxygen di f f use¥imbg Qf bitiiaey coppled toshe Rumberpfiacqessdipnsisttliat essential ly the | ayer
of the netal conpletely becones a netal oxide. 63. The el ectronic system of

claim 62, whepebeliCla)& iéinel B b Hiddsd RRfuingm 64. The el ectronic system of
claim 63, wherein fornming a |ayer of hafnitimon the body region by atomc

| ayer deposition includes performng a nunber of atom c |ayer deposition
cycl es rangi ng fr dormidg 4 methDlayey oh 8® bbdy mgipmby stomivdayleagepositién; kaf ni um on t he
substrate. 65. The el ectronic systemof claim63, wherein the dielectric

| ayer has a dieleciri,c constant i.n the rﬂn ﬁgfronl Eout q1to bout .25. 66.
The el ectronic sysPCENB! ol an ggde Bt °ﬁ ‘%Meéi”g‘ ¢ prial by gpatperatamic

equi val ent  oXagke depokiti6k MsRin( 4sahd oxide ib Béidg foltidd, @Qet difflselAn@Sthe RNE of thé

metal such that essentially the layer of the metal completely becomes a metal oxide.
58. The memory of claim 57, wherein the metal includes hafnium.

59. The memory of claim 58, wherein forming a layer of hafnium on the body region by atomic
layer deposition includes performing a number of atomic layer deposition cycles ranging from 4 to 10

cycles to deposit the layer of hafnium on the substrate.

60. The memory of claim 58, wherein the dielectric layer has a dielectric constant in the range

from about 8 to about 25.

61. The memory of claim 58, wherein the dielectric layer has an equivalent oxide thickness (t.q) of

less than about 10 Angstroms.
62. An electronic system comprising:
a processor;
a system bus; and
a memory coupled to the processor by the system bus, the memory including:

a number of access transistors, at least one access transistor including a gate coupled

to a dielectric layer, the dielectric layer disposed on a body region between a source region
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and a drain region and disposed on the body region without a silicon oxide interfacial region

between the dielectric layer and the body region;
a number of word lines coupled to the number of access transistors; and
a number of bit lines coupled to the number of access transistors;
the dielectric layer formed by a method including:
forming a metal layer on the body region by atomic layer deposition; and

forming a layer of an oxide of the metal on the metal layer by another atomic
layer deposition, wherein, as the oxide is being formed, oxygen diffuses into the layer

of the metal such that essentially the layer of the metal completely becomes a metal

oxide.
63. The electronic system of claim 62, wherein the metal includes hafnium.
64. The electronic system of claim 63, wherein forming a layer of hafnium on the body region by

atomic layer deposition includes performing a number of atomic layer deposition cycles ranging from

4 to 10 cycles to deposit the layer of hafnium on the substrate.

65. The electronic system of claim 63, wherein the dielectric layer has a dielectric constant in the

range from about 8 to about 25.

66. The electronic system of claim 63, wherein the dielectric layer has an equivalent oxide

thickness (t.q) of less than about 10 Angstroms.
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