1 METHOD OF FABRICATING A NITROGENATED SILICON OXIDE
LAYER AND MOS DEVICE HAVING SAME TECHNICAL FIELD
[0001]The invention relates, generally, to MOS devices having thin gate
dielectric layers and, more particularly, to the fabrication of MOS devices
having nitrogen-containing, silicon oxidk gate dielectric layers.
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dioxide gate dielectric layer. The EOT is the thickness of a silicon dioxide

gate oxide needed to obtain the same gate capacitance as that obtained
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dimensions. Equivalent Oxide Thickness (EOT) is a number used to compare

performance of MOS transistors having a high-k dielectric layer with the performance
of MOS transistors having silicon dioxide gate dielectric layer. The EOT is the
thickness of a silicon dioxide gate oxide needed to obtain the same gate capacitance
as that obtained with a dielectric having a higher dielectric constant k. For example
an EOT of 1 nm would result from the use a 10 nm thick dielectric with a k of 39 (the
k of Si0, is 3.9).

[0003] While high-k dielectric materials offer better capacitance than silicone
dioxide, these materials are not compatible with the polycrystalline silicon commonly
used as a gate electrode material. The electronic conduction band structure of
polycrystalline silicon does not match well with high k materials. Accordingly, a
metal gate structure is required in MOS devices having a high k gate dielectric in
order to fully realize the potential performance improvement. Fabricating the
required metal gate structure is expensive and requires advanced metal deposition

technology.



2 [0004]In view of the difficulty in incorporating high k dielectric materials
in MOS devices, silicon dioxide continues to be used as MOS devices are
scaled to smaller geometries. As the EOT of the silicon oxide layer falls
below about 20 angstroms, it becomes mandatory to reduce the oxide
leakage current. One method of reduci®g leakage is to include nitrogen in
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inteqrity. [0007]Several prior art references disclose plasma pitridation
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process advantageously operates at low temperatures, a post nitridation anneal (PNA)

is required to remove low-temperature induced defects in the SiON layer. Hence,
post-DPN annealing at a relatively high temperature is required to eliminate the
defects and improve the oxide integrity.

[0007] Several prior art references disclose plasma nitridation processes. For
example, U.S. Pat. No. 6,140,187 to DeBusk et al. discloses a remote plasma
nitridation process for a gate oxide. A He/Ar plasma is used followed by an anneal in
oxygen at about 800°C. In U.S. Pat. No. 5,861,329 to Yeh, a plasma process for
forming a barrier layer is discloses. Gases used in the process include nitrogen,
ammonia, nitrogen oxide, and nitrogen/oxygen mixtures. U.S. Pat. No. 6,225,169 to
Chew discloses a RTN process in which the nitrided layer is formed on the sidewalls

of the gate structure, while U.S. Pat. No. 6,162,717 to Yeh et al. discloses a high



density plasma process in which the gate dielectric becomes sandwiched

between two layers of silicon nitride. [0008]U.S. Pat. No. 7,176,094 to

Zhong et al., and assigned to the instant assignee, discloses the formation

of a nitrided silicon oxide layer by DPN and PNA in which the PNA is

carried out in a 1:4 oxygen-nitrogen mixture. The nitridation process
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SUMMARY

[0010] In one embodiment, a method for fabricating a nitrogen-containing
dielectric layer includes forming a silicon oxide dielectric layer on a substrate
whereby an interface region resides adjacent the substrate and a surface region resides
opposite the interface region. Nitrogen is introduced into the silicon oxide dielectric
layer by applying a nitrogen plasma. After applying the nitrogen plasma, the silicon
oxide dielectric layer is annealed. This process is repeated at least one time to form a
nitrogen concentration profile in the silicon oxide dielectric layer. The nitrogen
concentration profile is characterized by a bimodal distribution, such that peak
nitrogen concentrations are situated away from the interface region and at least one of
the peak nitrogen concentrations is in proximity to the surface region.

[0011] In another embodiment, a method for fabricating a semiconductor

device includes forming a silicon oxide dielectric layer on a substrate whereby an



interface region resides adjacent the substrate and a surface region
resides opposite the interface region. Nitrogen is introduced into the
silicon oxide dielectric layer by applying a nitrogen plasma. After applying
the nitrogen plasma, the silicon oxide dielectric layer is annealed. This
process is repeated at least one time td form an SiON layer having a
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DRAWING [0013]FIG. 1 is a comparative plot of nitrogen concentration
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BRIEF DESCRIPTION OF THE DRAWING

[0013] FIG. 1 is a comparative plot of nitrogen concentration versus depth in
an SiON layer formed in accordance with an embodiment of the invention and the an
SiON layer formed according to the prior art;

[0014] FIGs. 2-3 are plots of oxygen and nitrogen concentrations versus depth
in SiON layers formed in accordance with an embodiment of the invention for
varying DPN annealing time;

[0015] FIG. 5 is a plot of total nitrogen concentration versus DPN annealing
time for SiON layers formed in accordance with an embodiment of the invention;
[0016] FIG. 6 is a plot of the relative location of two concentration peaks
versus DPN annealing time for SiON layers formed in accordance with an

embodiment of the invention;



5 [0017]FIG. 7 illustrates, in cross-section, a semiconductor substrate
having an SION layer fabricated in accordance with an embodiment of the
invention; and [0018]FIG. 8 illustrates, in cross-section, an MOS device
including a gate electrode formed on the SiON layer of FIG. 7. DETAILED
DESCRIPTION [0019]The nitrogentated silicon oxide layer will be referred
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formed on the substrate, the silicon oxide layer is then subjected to a
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annealing process. The nitrogen introduction process and the subsequent annealing

process are repeated as necessary to obtain a desired nitrogen concentrated profile in
the silicon oxide layer.

[0021] As will subsequently be described in more detail, the nitrogen
introduction process and the subsequent annealing process are carried out in a manner
that produces a nitrogen concentration profile in the silicon oxide layer that exhibits
characteristics of a bi-model distribution. SiON layers having a bi-model nitrogen
concentration profile provide improved performance characteristics when
incorporated as a dielectric layer in an MOS device. For example, MOS devices
having SiON layers fabricated in accordance with the invention exhibit reduced
leakage current compared to MOS devices having dielectric layers of the prior art
having the same EOT. Alternatively, MOS devices having SiON layers fabricated in
accordance with the invention exhibit lower EOT at comparable leakage current.

This is significant when compared with nitrogenated silicon oxide layers of the prior



This is significant when compared with nitrogenated silicon oxide layers of
the prior 6 art in which reduced leakage current comes at the cost of
higher EOT, or alternatively, reduced EOT comes at the expense of higher
leakage current. [0022]A plot of nitrogen concentration versus depth in an
SIiON layer formed in accordance with &n embodiment of the invention is
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example, plasma-enhanced-chemical-vapor-deposition (PECVD) methods can be

used in which substrates are subjected to a plasma atmosphere in a conventional

chemical vapor deposition apparatus. Further, parallel plate plasma deposition

systems can also be used to introduce nitrogen into a dielectric material. Preferably, a

decoupled plasma nitridation (DPN) process is used to introduce nitrogen into the

silicon oxide layer. In the DPN nitrogen plasma system, inductive coupling is used to

form a nitrogen plasma, rather than subjecting the substrate to a direct RF field. RF

power is transferred to the plasma through an RF magnetic field that generates the



concentration profile of the nitrogen in the silicon oxide layer is dependent,
in part, upon the exposure time to the nitrogen plasma. FIGs. 2-4 are plots
of nitrogen concentration and oxygen concentration in a nitrogentated
silicon dioxide layer. In each case, nitrogen was introduced using a DPN
process, and plasma exposure time wds the only DPN parameter that
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FIG. 4, such that the distinct bi-model concentration profile is much less evident.

Accordingly, increasing the nitrogen plasma exposure time results in a more constant



[0029]To achieve a high nitrogen concentration, while maintaining a
relatively large nitrogen concentration at the silicon dioxide surface, the
inventors have surprisingly discovered that the desirable bi-model nitrogen
concentration distribution in a silicon oxide layer can be preserved through
repeated nitrogen plasma exposure folfwed post nitridation annealing
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fix the initial nitrogen concentration profile in the silicon oxide layer.



process and the PNA process can be each carried out for a varying length

of time, in a preferred embodiment, the DPN process is carried out for

about 7 seconds and the PNA process is carried out for about 5 seconds.

[0033]The inventive process further contemplates the fabrication of MOS

devices in which the gate dielectric Iay8r is fabricated using the plasma
[o03ufation and Rengeling WRRSRREaSRSIRGH BPAKCiAL bl UTRIER

semiconductor substrate 40 having a silicon oxide gate glefecfrlc ayer ikg
capiredpingia whiddiplgregdade introdeemditdodoc olisubskate kY ePbefappbiyng a

-Sili ide. | is.formed rapid. thermal oxidation.process in
N R S E i R
infooelssumg oftedwrt ih2E thoy silibenr apiddheyenahnaadataling deesiion oxide layer
. refega@lé/t arriged OLﬁI for at%out 20 seco%d . Those skilled in the art will .
18 TSREYS L & AP LS HIBSitR TR A Riamederatitagen, ohsan BRI distr Gittipn in
thesilioonexidas$oermat SIONRG e utbehdhesa 6l 8 Heihenitoyih

appreciate that the rapid thermal oxidation process described above is

CORGERIANARS SHPRiSH difrarciipma the intsHcoegendie preshthe rilisam pide layer
and%8e QoA S HGARRERLCINEE Adnd HFFAY ?&Wt@@ﬁ&?é’(‘ﬂ%&@raﬁ ns is located

embodiment of the invention, nitrogen is introduced into silicon oxide layer

in pyopjreikp ety surface ofghs ailineagerdsidaran. Phefiraonivecpnivessorsults in
8P A ARYEh MR hARCaRR R KId-Qut 8Pgﬁep D E80uP8 %0 about

an effective RF power of about 200 watts. Thenitrog asmaIs tormed
25mpamroduciftitogboand e praferablygehdntd tleeaplagrBatymieMofaitrogen.

t.7 seconds. Those skilled.in.the ill recognize that a njtroge
R R e S D ol petrd o ] haut 20
angstioding PECVD systems and the like. Further, although particular

erred DEN operating parameters are described, those skilled in the art
m@éﬁ recogniigl & ,ﬁfgﬁ%ﬁsd{m rahig e ied Ppka deast anttipdaae

nitidges it hdieaih @d0R s BlcAn 10 ORRIEIRHE WIR RS Y P85 hed in an
introduction step, a PNA process is carried out at about 1050C and,

OXNEERCANIAITIRG ABNOSP et nEs opsoTBhedimesic seantis idmeartiogen is
uséaPRNCARIRNAPIAGESARS & eRRBEALNRIRA qgﬁggghvggi%ﬁ%mam

concentration profile in silicon oxufle.layer 42. In accorda one
smahhBaMIHEH 06 PHEaRy e Rao nittag AN thadmnalipgatesesshare stipplements the

O R S AR M g o
andbdo/oimdaheenitoogdn entbapgécvrantainingmtxypsahesntdihminuentivshere used
in B RERRTH A P SR R e Y B D o A BP QU5 IS 0)
atmosphere. The nitrous oxide produces oxygen radicals in the silicon oxide layer
that are believed beneficial in the nitrogen bonding process within the silicon oxide
layer during nitrogen introduction.

[0032] The inventive process repeats the steps of introducing nitrogen into the
silicon oxide layer and annealing the silicon oxide layer in a number of repeated
cycles. In accordance with one embodiment, the introduction and annealing steps are
repeated at least three times. The repeated steps, however, can be carried out from

one repetition up to and including any number of repetitions necessary to achieve the

desired nitrogen concentration profile in the silicon oxide layer. Although the DPN



[0037]Once silicon oxide layer 42 is nitrogenated to form an SiON layer, a
gate electrode 48 is formed to overlie surface 46 of SION layer 42. Gate
electrode 48 is formed by depositing a gate electrode material onto
surface 46, followed by a patterning and etching process. Those skilled in
the art will appreciate that numerous different materials can be used to

prifiEEsGRiE SIe RO AR J N EREHDIRIAS AREH G ?&l@%ﬁ %erisi. | C;gf time, in a

refractory metals, refractory metal silicides, and the like. , ga

prefesied ganbe diznenb foerRFNoyrasekspiedarisd ofinfiatabalst ifskatings and the
PIAl c@&diy%%lliji(@d SdEeRadY: X%@%ﬁdé‘.”ds of known lithographic
processes and etching processes can be Used to form gate electrode 48.
[0i3338]After FhteinlentivdpuR ¢ssfduntbel, contempdategihe HbeostiaddiMOS
region 52 formed in semjconductor sybstrate 40. Further, source/drain
A P s R e v s pAtgergrndation
ansListealingpastienesidesthid sduber anBidrainilkgienss ThemiesRiisor substrate
illustrated in,FIG. 8 represent the gperative components of an MOS

I , . . I an
APt BHOM QX ide i IRAITHRIRKAE ARV RS BBkRRIRLG surface 44 of
scHABMANBIIE *AASO AT PRITEAISY QiR BRiMQSR deyict ﬁﬂﬁ%&%gﬁ rapid
integrated circuit, a microprocessor, a logic device, and the like. MO
thermii S ationRERGRIg B Iy spingipls uEEra g Euprdizadahddonpertture
of BARRII B Urd ﬁ%ﬁ?@%%&ﬂ?f?@m%ﬂe%ﬁgﬁ'%‘?%&?aﬁ %&;&Qﬁm Z)rocess is
od for fabricating a

with the various émbodiments of the invention, a met
prefeegbneasdestivsrfoxibeus@rsendnals. MhSsdskitke dniol thkrayttinell recognize
i ifi oxide Jayer that fully, provides the adyantages set forth
e s S N L R P R e R e
thenmdlfivaitiatisaiitheratdeydiialied épaisngtfooith 4pprepisteandt saeRepd
the inventign. For example, additional processes, such as surface .
G DB 0 R B AROF G RBLA R e appbenpid
théfeainRigbin i the se iverhsicato fome YiRto N6 RIEIRYY £, such
riations and modifications are included within the scope of the

[08}Hended daifGEAHRNSEINAI R ReBNTIEbS iMention. MEtasands
infiiAicaHNEE NIRRT ERNARING IS RBIGIAYSL ARG, nitrogerf’;g}%asma.

forming a silicon oxide dielectric layer on a substrate whereby an‘interface

Pr?é‘aﬁhbfégﬁd@graamh@mi&m@m@dmwg& iERessegrmiedsiteat about 30
miBRRP SR DL dHEHRERRYer of aPovS)t) i@H%ﬁi%ng%rr?@r%r%%%l%?na is

silicon oxide dielectric layer by applying a nitrogen plasma;

formed by introducing about 500 sccm of nitrogen into the plasma system for about 7

seconds. Those skilled in the art will recognize that a nitrogen plasma can be
provided by various types of plasma deposition systems, including PECVD systems
and the like. Further, although particular preferred DPN operating parameters are
described, those skilled in the art will recognize that different operating parameters
can be used to introduce nitrogen into silicon oxide layer 42.

[0035] Following the nitrogen introduction step, a PNA process is carried out
at about 1050°C and, preferably, for about 5 seconds.

[0036] In accordance with the invention, the DPN and PNA processes are
repeated to form a desired nitrogen concentration profile in silicon oxide layer 42. In

accordance with one embodiment of the invention, the DPN and PNA processes are
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wherein at least the final annealing step is carried out in an
oxygen-containing atmosphere, and !lwherein the nitrogen

AR AU CAARERIAE B A AR ISR BRI in o
eak nitrogen concentrations are situated away from the interface region

substhatidbhsninegoh itenpsplienitroget st érritishBNsAnspravdiedtguoithen

surface region. 2. The method.of claim 1, wherein steps b )

oS RTE T e tosbliimy o STTE aStraReR s S lvss

hatoie?EOTedabout 13.ahlgstrorihiod of claim 1, wherein steps b) and c)
rovide a nit en-.(iontainin ilicon gxide comprising ahout 5 tg about 8

Lk i

ic % nit 100 OXHIE MW O 8 E%Pﬁaﬁmﬁ%ﬁ?%f}% %5%&@“’ a
g@Eovieara ditsas Thandairing sHieos e RIRIONT AR LR IVEIRR QXIR de 48
thickness of about 10 to about 20 angstroms. 5. The method of claim

isfoppmeden denestingrtaeimeleatiodsmptariehante sufancAbubalionedpy a
pRHRIHY 948 RIS BRI Sss. 1P hosc i lIGiMEhe QI?(XHH‘MB#WQ&' f193umerous

least one annealing step comprises annealing in an N20 atmosphere.

different mateioal Deaiehe Bod te foimagate sheetodertBI2Blasnauptesials include
peRFNRA AR R AR FREIAR!HARARR, HeRh A SRR tie
Further, gate electrode 48 can be formed by multiple layers of materials including
copper and the like. Additionally, various kinds of known lithographic processes and
etching processes can be used to form gate electrode 48.

[0038] After gate electrode 48 is formed, a source region 50 and a drain region
52 are formed in semiconductor substrate 40. Further, source/drain extension regions
(not shown) can also be formed in semiconductor substrate 40 adjacent to the source
and drain regions. The elements illustrated in FIG. 8 represent the operative
components of an MOS transistor 54. In accordance with the invention various
additional components can also be fabricated to form an MOS device, such as an
integrated circuit, a microprocessor, a logic device, and the like. MOS transistor 54
advantageously displays low leakage current and a low EOT.

[0039] Thus, it is apparent that there has been described in accordance with the
various embodiments of the invention, a method for fabricating a nitrogenated silicon
oxide layer and an MOS device including the nitrogenated silicon oxide layer that
fully provides the advantages set forth above. Those skilled in the art will recognize
that variations and modifications can be made without departing from the spirit and
scope of the invention. For example, additional processes, such as surface cleaning
processes, surface activation processes, and the like can be incorporated into the
inventive fabrication method. Accordingly, all such variations and modifications are

included within the scope of the appended claims and equivalence thereof.
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repeating steps b) and c) comprises repeating steps b) and c) at least
three times. 10. The method of claj; 1, wherein applying a nitrogen
plasma comprises applying a decoupled plasma nitridation process.
1€ ethod of claim 1, wherein introducing nitrogen into the silicon
oxide dielectric layer comprises applying a nitrogen plasma for about 7

seconds, and wherein annealing the silicon oxide dielectric layer
comprisks aAKERRHE P EEIE S BEgARrsOntaining dielerltisday s cPaMtiE Htgng

a semiconducfer devigmGMRNisHADxide dicle@ifQENchaRHICAB VKidDy an
dielectric layer on a substrate whereby an interface region resides

aH)sEBRE tRE B BETatadaanh e s E e gRdhA sl SPpbS TR hePpREifdBe

regiQiice region;b) introducing nitrogen into the silicon oxide dielectric layer
by applying a nitrogen plasma; _c) annealing the silicon oxide
dielectric layePhfter REBHAFIgEARAITLHEN Bradinen arde diclpesicdirg Steps

b)ging ) Atileashnadimentp form an SiON layer having a nitrogen
concentration profile characterized by a bi-modal distribution, such that

the peak nitrogen 1A"8EHEEHIGHERO radsitliclesHialpsy Abnambyintehace

regiRRAMhahieast one of the peak nitrogen concentrations is in proximity

to the surface region ) _ , _
repeating steps b) and c) at least one time to form a nitrogen concentration profile

in the silicon oxide dielectric layer,

wherein at least the final annealing step is carried out in an oxygen-containing
atmosphere, and

wherein the nitrogen concentration profile is characterized by a bi-modal
distribution, such that peak nitrogen concentrations are situated away from the interface
region and at least one of the peak nitrogen concentrations is in proximity to the surface

region.

2. The method of claim 1, wherein steps b) and c) provide a nitrogen-containing

silicon oxide comprising about 5 to about 25 atomic % nitrogen.

3. The method of claim 1, wherein steps b) and c) provide a nitrogen-containing

silicon oxide comprising about 5 to about 8 atomic % nitrogen.

4. The method of claim 1, wherein steps b) and c) provide a nitrogen-containing
silicon oxide comprising an equivalent oxide thickness of about 10 to about 20

angstroms.

5. The method of claim 1, wherein at least a first annealing step is carried out in a

substantially pure nitrogen atmosphere.
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plasma comprises applying a decoupled plasma nitridation process.

14. The method of claim 12, wherein a}?nealing the silicon oxide dielectric
layer comprises annealing in an N20 atmosphere and introducing oxygen
radicalsfintg'¢Heeding oh dxid didraethiatiigyeone anneglingHemeqmBE St claim

1gmyg51ﬁ{§m iepgating&igRsb) and c) comprises repeating steps b) and c)
at least three times, and wherein at least the first annealing step is carried
out in a substantially pure nitrogen atmosphere. 16. A method for

fabricatmora gaiendiebe elkienl8YenGem iR Sy AING@atmosphere comprises
nitrogen-containing dielectric layer on a substrate according to the

fonGRdHg e epygen radicalsiytio thssilisPRy it giels 5Hie laY8lticon oxide
dielectric layer by applying a nitrogen plasma; and b) annealing
the silicon oxide dielectric layer after applying the nitrogen plasma, and

repeatinty SR gt leabetsiamens a silicon pxidetirkeidakystinal

apHapHag SisA iBeEARNISHRAULMHAMONEE ICRNABXRGRIMARIMAER: comprising
whereby an interface region resides adjacent the substrate and a surface

ré&i@n resides opposite the interface region, wherein the
nitrogen-containing dielectric layer has a nitrogen concentration profile
characterized by a bi-modal nitrogen concentration distribution, such that

peak nitrogEf diehaliyRs ardititRs LIRGSITPS R 1RE fhfomREises ispeating

steps b) and c) at least three times.

10. The method of claim 1, wherein applying a nitrogen plasma comprises

applying a decoupled plasma nitridation process.

11. The method of claim 1, wherein introducing nitrogen into the silicon oxide
dielectric layer comprises applying a nitrogen plasma for about 7 seconds, and wherein

annealing the silicon oxide dielectric layer comprises annealing for about 5 seconds.

12. A method for fabricating a semiconductor device comprising:

a) forming an silicon oxide dielectric layer on a substrate whereby an
interface region resides adjacent the substrate and a surface region resides opposite the
interface region;

b) introducing nitrogen into the silicon oxide dielectric layer by
applying a nitrogen plasma;

c) annealing the silicon oxide dielectric layer after applying the
nitrogen plasma, and

repeating steps b) and c) at least one time to form an SiON layer having a nitrogen

concentration profile characterized by a bi-modal distribution, such that the peak nitrogen



oo IIIUMIIIIH QLUP IV vialiliivu Juil 111 i QUUQLMIILIMIIy PUIC LA UHCII

atmosphere. 18. The method of claim 16, wherein forming a
nitrogen-containing dielectric layer con rises forming an SiON layer
comprising about 5 to about 25 atomic % nitrogen. 19. The method of

CIRAASCIBAURE PES P Bt Y AR BIgBA IS HASHiRE At endcatisasiyde b HipPrRids

fq{[ﬁi‘&%@n%&é@c%tﬁ@b{?fs%’p@ﬂ%iﬁg Bt Rrie-abaeh 8 atomic % nitrogen.
20. The method of claim 16, wherein forming a nitrogen-containing

dielectrit1&iFét ¥dpApridite kpRsHE &8I RUESE PH AV YL ANSBR GRAAETRE
oxigR dhliskness of about 10 to about 20 angstroms. 21. A method for
fabricating a gate dielectric layer comprising:  forming a silicon oxide
layer on a subStrate [URERHEASE tHeFrdsOrdioNdalgks adjacent the
substrate and a surface region resides opposite the interface region;
introducing nitrogen into the silicon oxide layer and annealing the silicon

oxide lajer HcnepehahelaitrbadRGRitRIGERSETHEIS AR BIRG HEIBRE e

tiH@l@n@ﬁ%@oﬁﬂﬂ’%ﬁhﬁ@ﬂIﬁiHQﬁGrﬂBﬁ!@@éﬂC layer having a bi-modal
nitrogen concentration distribution, such that peak nitrogen concentrations
are situated away from the interface region and at least one of the peak

nitrogen £OMGE HERHANSE isalth POXIRIHAINQIS TACS e QRiRIIRRStIB®1yer
final annealing step is carried out in an oxygen-containing atmosphere.

2SOMPIESTHAMERIBS 14D 2ATI0sPRRH ARGt PPy BTG S 18]S fhe
caflited exténrIsthstRnsially pure nitrogen atmosphere.

15. The method of claim 12, wherein repeating steps b) and ¢) comprises
repeating steps b) and c) at least three times, and wherein at least the first annealing step

is carried out in a substantially pure nitrogen atmosphere.

16 . A method for fabricating a gate dielectric layer comprising:
forming a nitrogen-containing dielectric layer on a substrate according to the
following steps:
a) introducing nitrogen into a silicon oxide dielectric layer by
applying a nitrogen plasma; and
b) annealing the silicon oxide dielectric layer after applying the
nitrogen plasma, and repeating steps a) and b) at least one time,
wherein at least a final annealing step is carried out in an oxygen-
containing atmosphere
whereby an interface region resides adjacent the substrate and a surface region
resides opposite the interface region, wherein the nitrogen-containing dielectric layer has
a nitrogen concentration profile characterized by a bi-modal nitrogen concentration

distribution, such that peak nitrogen concentrations are situated away from the interface
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region and at least one of the peak nitrogen concentrations is in proximity to the surface

region.

17. The method of claim 16, wherein at least the first annealing step is carried out

in a substantially pure nitrogen atmosphere.

18. The method of claim 16, wherein forming a nitrogen-containing dielectric
layer comprises forming an SiON layer comprising about 5 to about 25 atomic %

nitrogen.

19. The method of claim 16, wherein forming a nitrogen-containing dielectric

layer comprises forming an SiON layer comprising about 5 to about 8 atomic % nitrogen.

20. The method of claim 16, wherein forming a nitrogen-containing dielectric
layer comprises forming an SiON layer having an equivalent oxide thickness of about 10

to about 20 angstroms.

21. A method for fabricating a gate dielectric layer comprising:

forming a silicon oxide layer on a substrate, wherein an interface regions resides
adjacent the substrate and a surface region resides opposite the interface region;

introducing nitrogen into the silicon oxide layer and annealing the silicon oxide
layer and repeating introducing nitrogen and annealing at least one time to form a
nitrogen-containing dielectric layer having a bi-modal nitrogen concentration
distribution, such that peak nitrogen concentrations are situated away from the interface
region and at least one of the peak nitrogen concentrations is in proximity to the surface

region, at least the final annealing step is carried out in an oxygen-containing atmosphere.

22. The method of claim 21, wherein at least the first annealing step is carried out

in a substantially pure nitrogen atmosphere.



