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The substitution of deposited alternative gate dielectrics for thermally grows iSi@ygressively
scaled complementary metal—oxide—semiconductor devices requires separate and independent
processing steps fdr) the oxidation of the Si substrate to form the Si-dielectric interface(and

the deposition of thin film dielectric. Ultrathin plasma-oxidized Si—siBterface layers which
contribute approximately 0.3—0.4 nm to the overall electrical oxide thickness have been integrated
into devices with Si nitride, Si oxynitride, and X2y alternative dielectrics. This article proposes an
analogy betweerti) microscopically inhomogeneous bulk glass alloys such as Geflle 1<x

<2, and (ii) interfaces included in these composite gate dielectric-semiconductor structures
including, for examples, the Si—SjOand internal dielectric Si@-SiN, interfaces. Scaling
relationships for bond defect states applied initially to microscopically inhomogeneous glasses and
thin films are applied here to interfaces in stacked gate dielectrics20@ American Vacuum
Society[S0734-211X00)10403-3

[. INTRODUCTION and/or introduce electrically active defects. One approach to
this problem is to use composite dielectrics with an interfa-
The projected scaling of complementary metal—oxide—;g| Jayer that suppresses substrate interactions and maintains
semiconductofCMOS) devices into the thickness regime jnterfacial electrical properties as, for example, nitrided
<_1.5 nm, in which direct tunneling through ther_mall)_/ grown gio, . The challenge is even greater for these composite di-
Si0, becomes much greater than 1 A__C%n requires Intro-  gjactrics since they have an additional band offset step at the
duction of alternative deposited gate dielectrics. An obviou§, oz dielectric interfacé Because of decreased band gaps
appro_ach IS to substitute noncrys_tallme insulators W't.h disp, the highk dielectrics, the internal potential steps are gen-
electric constants, greater than Si9)(kq,~3.8), to obtain erally down hill going from an SiQ interfacial layer to the

physically thicker films with the same capacitance as thinner . : . . .
SiO,. The increased physical thickness for a direct substituhghk dielectric. Model calculations have shown this type of

tion is given by the ratio of the dielectrick/ko,. Since energy band profile introduces inherent symmetries between

tunneling current scales exponentially with thickness, alter® ubst_r ate gnd gate electron |n_jecti'on.
This article focuses on a different aspect of stacked gate

native gate dielectric materials witt> (2 -3 )k, are antici- . . . . . o .
pated to produce significant reductions in tunneling Currentgilelectrlcs, mechanical bonding strain at the Si-dielectric and

However, the tunneling transmission probability also de-nternal diellectric interfaceg. This is f.iddressed-by comb-ining
pends or(i) the height of the tunneling barrieg;,, e.g., the bqnd counting on the atorr_uc level with theor(_encal consider-
conduction band offset energy between the Si substrate ar@jions for network constraints that have previously been ap-
the alternative dielectric, angi) the effective mass of tun- Plied to bulk glasses and thin filnis. Recent studies have
neling electronsm? , in the alternative insulatdr.Since ~ Shown that the prediction of a connectivity induaegidity
band gaps and dielectric constants generally scale inverself@nsition in network glasses made over two decades’ago,
with each other, increased physical thickness alone may né@s been realized experimentally in chalcogenide glass
be sufficient to insure the many order of magnitude decreaseédloys? This transition occurs in two steps in the Ge-Se
in tunneling current required for the performance and reli-alloys, specifically as second-order and first-order transitions
ability of advanced CMOS devices with electrical oxide at alloy compositions of approximately 20 and 23 at. % Ge,
thickness(EOT) ~1 nm or less. Direct deposition of high- close to the predicted first-order transition at 20 at. %’ Ge.
oxides and silicates is frequently accompanied by substrat@ecent refinements in the rigidity theory have predicted two
interactions which decrease the gate dielectric capacitanqghases transitions in the Ge—Se alloy system at compositions
corresponding to an average number of bonds/atog, of
dElectronic mail: gernlucovsky@ncsu.edu 2.375 and 2.389, respectivelyThese are very close to the

1742  J. Vac. Sci. Technol. B 18 (3), May/Jun 2000 0734-211X/2000/18(3)/1742/7/$17.00 =~ ©2000 American Vacuum Society 1742



1743 Lucovsky et al.: Bond-constraint induced transition regions 1743

. gate-electrode T
deposited < bulk film Lk (a) as grown ]
dielectric interface -

e.g., Si-nitride,
Ta205 |
internal W oqf -
dielectric < [
; 3 L |
. interface o I, M
interface layer o :
nitrided $i0; | sj.dielectric 2
Si substrate interface =
c
K=y
(77}
(72}
o
Fic. 1. Schematic representation of a stacked gate dielectric, indicating the x
Si-dielectric interface and the internal dielectric interface as well.
experimentally reported values of 2.4 and 2.46. Ry, b e )

<2.4, the Ge—Se alloys are floppy in the sense that the av- 6 5 4 3 2 1 0 4

erage number of constraints per atd®y,, is less than 3, so Relative Binding Energy (eV)

that there are zero frequency, or so-called floppy médes. Fic. 2. Synchrotron XPS data in the Sy2egion for RPAO interfaces on
This concept of a “rigid” to “floppy” transition as a func-  si111) (a) as-grown at 300 °C, antb) after being subjected to a 900 °C
tion of alloy composition in a mean-field theory has recentlyRTA in an inert ambiente.g., He (see Ref. 18

been extended to a spatially rigid to floppy transition that can

occur at interfaces between crystalline semiconductors such

as Si, and gate dielectrics such as S#Bd SiN,.™" It will region with excess suboxide bonding arrangem&nfwo

be shown below that this extension of mechanical constraint,cant studies by Keister and co-workér¥ have focused
theory to these interfaces helps to explairthe many orders  ,, hree aspects of the suboxide bonding in these transition

of magnitude differences in electrically active defects atregions for interfaces prepared by remote plasma
Si-SiQ; and Si-SjN, interfaces;® and(ii) the existence of processing®!! These ardi) changes in the excess suboxide

transition regions with suboxide bonding between crystallineoonding in the spectral regime between the Si substrate and

. . 7,9
Si and SiQ. the SiGQ as a function of annealindji) increases in inte-
grated excess suboxide bonding at nitrided interfaces, and
Il. EXPERIMENTAL RESULTS (iii ) the spectral position and width of the interfacial nitrogen

Figure 1 is a schematic representation of a gate dielectrifeature as function of nitrogen concentration. Figures 2 and 3
structure that includeg) a Si substrateji) a dielectric com- ~Summarize some of these results. There is about a 25% re-
prised of(a) an ultrathin interfacial layer, e.g., nitrided SiO duction in the areal density of Si atoms in suboxide bonding

with a physical thickness of 0.5-0.6 mh!! and (b) a  arrangements for interfaces formed on H-terminated13)
thicker bulk dielectric, e.g., $N, or an alternative higl- and S{100 surfaces by remote plasma-assisted oxidation at

oxide such as T®s: and (iii) a gate electrode, e.g., poly- 300 °C, and then subjected to annealing in inert ambients at

crystalline Si, or a simple or compound metal. The gate stackemperatures to 900 °€.These additional spectral features

in Fig. 1 includes three interfaces that contribute to electricafall into three spectral bands that have been designated as
performance and reliability. These af@ the Si-dielectric  Si**, SP*, and St*, based on an assumption that they rep-
interface, (i) the internal interface between the two dielec- resent bonding arrangements with one, two, and three oxy-
trics, and(iii) the interface between the bulk dielectric and gen atom neighbors, respectivéfyConsistent with this no-

the gate electrode. This article will not address the gatéation, the substrate Si feature i€ Sand the SiQ feature is
electrode-dielectric interface: however, it is important to noteSi**. After a 900 °C anneal, there is a little less than one
that issues relative to chemical bonding, electronic energynonolayer of Si atoms in suboxide bonding arrangements in

and defects are equally as challenging and important as at tigxcess of what is required at an ideal abrupt interface. As
other two interfaces addressed below. shown in Flg 2, the Iargest decrease in the XPS spectra fora

Si(111)-Si0, interface is in the $i oxidation state corre-
sponding to a Si atom with two oxygen neighbors. This
bonding configuration is natativeto a S{111) surface un-
X-ray photoemission spectroscogXPS studies have less there are deviations in planarity such as surface steps. If
demonstrated that in addition to the Si substrate,,Si0d the excess areal density of Si atoms is converted into an
ideal interface bonding core shifts in Sy2states that are equivalent thickness corresponding to an SiO interfacial
expected at an ideal chemically abrupt interface, there areomposition, then the physical thickness of this transition
additional XPS features indicative of an interfacial transitionregion is approximately 0.27 nm, see Ref. 15 for detalils.

A. Transition regions with suboxide bonding at
Si-SiO, interfaces
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N{(1s) spectra vs. N Concentration Complementary techniques for probing interfacial bond-
(45, 90, 135 s exposure) ing and structure have also yielded evidence for transition
L L regions with qualitatively similar suboxide bonding arrange-
ments, and with approximately the samféectivethickness
of 0.3 nm. These include Auger electron spectroscopy

g%g BE=398.38 eV

<
" b . . _
— ] {l—mwhm=1.33 ev (AES),*® infrared absorption spectroscopyRAS),!’" and
F i _ high-resolution  electron  energy-loss  spectroscopy
i 0=15ML | (HREELS 8
el B
i R
o 1 =
L / 5%\ BE=398.23 eV i B. Internal interfaces in stacked gate dielectrics
—— ) ihe—1fwhm=1.22 eV Previous experiments have shown that direct deposition

H

of SIO, (Refs. 19-21 or SN, (Refs. 6 and B onto
H-terminated Si surfaces yielded interfaces that were inferior

¢ o

-1
1
Q
[ix]

6=1.0 ML

SXPS Counts

ﬁé@%ﬁﬁ“” g, to those produced during conventional and rapid thermal oxi-
- : - dation of Si. Significant improvements in device perfor-
& BE=398.05 eV mance and reliability were obtained by performing a remote

gl%“’ plasma-assisted oxidatigiRPAO) step prior to the deposi-

ﬁ tion of (i) SiO, films by remote plasma-enhanced chemical

—= 5 | 3=— fwhm=1.26 eV
vapor deposition RPECVE'12! or rapid thermal CVD

@‘ !
g % 9=0.5ML

e %@@5@% . (RTCVD)? and (i) SisN, films by RPECVD®® In a previ-
P A RIS PR SRR ously reported study, fixed positive charge was found at the
404 402 400 _398 396 394 392 390 two internal dielectric interfaces of stacked oxide—nitride—
Binding Energy (eV) oxide gate dielectric® These internal dielectric interfaces

Fic. 3. Soft x-ray photoelectron spectroscofXPS data in the N & re- were formed by depositing successive layers of,.SiSi5N,,
gion for RPAO interfaces with three different interface nitridation process-gnd SiQ by RPECVD at 300 oé? and the Si—SiQ inter-
ing times, giving nitrogen atom concentrations of approximately 0.5, 1.0, . . .
and 1.5 monolayers. These devices have been subjected to a 900 °C RTAﬁﬁces were formed by RPAO. Concen_trat'ons of fixed posi-
an inert ambiente.g., Hé (see Ref. 1% tive charge were extracted from capacitance—volta&ge\()

data were about the same at each of the two interfaces, in the

low to mid 10?cm 2 in as-deposited films, decreasing to the

Controlled incorporation of nitrogen atoms in a concen-mid-to-low 10*cm™2 after a 900 °C anneal in an inert am-
tration range up to about 2 monolayers has recently beehient. The physical thicknesses of the films in these stacked
accomplished by a 300°C remote plasma-assisted, posstructures were 5 nm for the top and bottom sfiims, and
oxidation, interface nitridation proce$%!! Quantification of ~ from 2 to 20 nm for the middle §\,.
interfacial nitrogen was done by secondary ion mass spec- Figures 4a) and 4b) presentC-V traces for NMOS and
trometry (SIMS) and nuclear reaction analygiNRA).} For ~ PMOS capacitor§CAPS with stacked dielectrics containing
a nitrogen plasma processing time of 90 s, a concentration aghin RPAO oxide layers,~0.6 nm thick, and thicker
7.5=1x 10* nitrogen atoms cir?, or equivalently one ni- RPECVD layers of eithefi) SiO,, (ii) an optimized Si ox-
trogen atom/per interfacial silicon atom onB0), was ob-  ynitride alloy, (SiQ)y<(SisN4)os, and (iii) Si;N,.2*?° The
tained. Additionally, the nitrogen concentration was foundthickness of each RPECVD layer was adjusted to give essen-
by analysis of SIMS data to be approximately linear in pro-tially the same values for EOT+2 nm. Flat band voltages
cessing time up to about a 1.5 monolayer coverage. Analysiwere obtained from a standard analysis of @eV curves,
of XPS data on $100) surfaces with and without interface and are at the inflection points of each trace. Rigid shifts of
nitridation after a 900 °C anneal, indicated an increased exthe C-V traces for the NMOS and PMOS CAPs with oxyni-
cess suboxide/subnitride bonding, resulting in a physicalljtride and nitride dielectrics with respect to the MOS CAPs
thicker interfacial transition region, 0.35 nm as compared tovith the deposited Si oxide dielectrics are essentially the
0.27 nm* The spectra shown in Fig. 3 indicate changes insame as the differences in respective flat band voltages. Ad-
the character of the Nslfeature as a function of increasing ditionally, the flat band voltages for the NMOS and PMOS

interfacial nitrogen. The greatest changes in core level en€APs with SiQ dielectrics are at voltages that are consistent
ergy and half width occur for a concentration increase fromwith substrate doping, 2510 cm™ 3, and the respective
approximately 1-1.5 monolayers. The position of the inter-degenerate polycrystalline gate electrodes, indicating that
facial nitrogen feature at 398 eV is consistent with nitrogenfixed charge at the Si—SiQ and the internal RPAO SiO
atoms being bonded directly at the interface to silicon atom&PECVD SiQ interfaces are<5x 10'°cm™2. The average
that have silicon as well as oxygen atom second neighbor$lat band voltagdor rigid C—V) shifts, AVy, (or AV, for
This N 1s core level position is different from the bonding of the Si oxynitride and Si nitride devices, ard.04 and 0.15
nitrogen atoms in interfacial oxynitride alloys prepared byV, respectively, with an uncertainty 0£0.01 V. Since

thermal interface nitridation processes and also studied b€ Q;=AVy, (AV,y), whereQy is the fixed charge an@ is an
Xpsi average capacitance in the transition region of @V
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no significant fixed charge at the internal $#Ja05 inter-
faces of either the NMOS or PMOS CAPs of Fig. 5. Based
Fic. 4. Capacitance—voltageC(V) curves for(a) NMOS and(b) PMOS Or? the high capacitance of these devices, the I|m|_t|ng unqer_
devices(EOT ~2 nm) with RPAO interfaces(~0.6 nm and RPECVD ta'nty. of the.C_V measurements and the c_ompansons with
oxide, oxynitride, and nitride bulk dielectric layers. These devices have beethe SiQ devices,Q;<6x 10'%cm™ 2 at the SiQ-Ta05 in-
subjected to a 900 °C RTA in an inert ambidatg., He. ternal dielectric interfaces.

2 4 0 1 2
(b) Applied Voltage (V)

Ill. DISCUSSION

trace, the effective fixed charge densities a2.5x 10'? and The experimental data presented above have established
7.5x 10" cm 2, respectively, for the devices with Si oxyni- two interfacial properties that can place fundamental limita-
tride and Si nitride stacked dielectrics. Extraction of channetions on the performance of MOSFET devices with stacked
mobilities from the analysis of field effect transist@tET) gate dielectrics. These af® interfacial transition regions at
current drive from devices on the same wafers as the respethhie Si-dielectric interface, which correspond to about 1
tive MOS CAPs indicates interfacial defect charged state levmonolayer of Si in suboxide bonding arrangements in excess
els, N;<2x10*%cm 2.2 Since the charge densities ex- of what is required at an ideal, abrupt interface, &ndfixed
tracted from theC—V data are much greater th&, these positive charge at internal dielectric interfaces of some of the
data, as well as mobility data for other PMOSFETs withstacked dielectrics so far studied. The constancy of transition
different interface layer thickness, establish that the fixedegion thickness in Si—SiQinterfaces prepared in different
charge densities for the devices in Figéa)dand 4b) must  ways, e.g., plasma, chemical, and thermal oxidation, but sub-
reside at the internal dielectric interface, and not at the Sijected to a post-oxidation anneal at about 900 °C is taken as
dielectric interface. evidence for the intrinsic nature of this transition region.
The C-V data in Fig. 5 are for MOS CAPs in which This assumption is supported by the results of Chen and
RPECVD Ta0s, deposited at 300 °C, and subjected to aGibson?’ which demonstrated that thermal oxidation at
rapid thermal annedRTA) at 800 °C, replaces the RPECVD 900 °C, gave a higher degree of atomic scale surface rough-
SiO, layers of the devices in Figs.(@ and 4b). The flat ness than a combination of thermal oxidation, and post-
band voltages for T®s devices with RPAO interface layers oxidation annealing at the same 900 °C temperature. This
with and without monolayer interface nitridation on bath means that effects associated with the kinetics of the oxida-
andp substrates respectively the same<0.002 V, are dis- tion process, as for example a nonuniform thermal history
placed to more positive values than the respective flat banfbr different portions of the film and the interface, can be
voltages of devicesvithout the RPAO step® Additionally,  eliminated by subjecting the interface to an annealing step
the flat band voltages for the J@; capacitors om-type and  that subjects the entire gate stack to the same temperature-
p-type substrates RPAO interfaces are the same®05 V  time profile.
as for devices with RPECVD Si{dielectrics fabricated on The Si—SiQ interface plays a determinant role in several
substrates from the same wafer lots and with equivalenimportant device properties. For example, differences in
RPAO predeposition processing. This indicates that there iatomic-scale structure between nitrided and non-nitrided
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plasma-oxidized interfaces as obtained from analysis of XPS ‘floppy’ material

data®® have accounted for quantitative differences in tunnel- (b)

ing current between devices with and without interface

nitridation! In addition, it has been established that the time

to dielectric breakdown (TDBD) in SiO,—Ta0s,

Si0=Si0;, SiO(Si0y)o5—~(SizNs)og, and SiQ—SkN, v

stacks is determined by the Si—Siterface layer, indepen-

dent of the chemical nature of the bulk dielectric film of the transition region

stacked structur&?8 m
Phillips has suggested that the Si—Siterface should ‘rigid’ material ——|

be considered as a material system whose mechanical and (a) ‘floppy’ = Se, (b} ‘floppy’ =Si0,

bonding properties can be treated by extending concepts of ‘rigid’ = GeSe, ‘rigid’ = ¢-Si

constraint/rigidity theory, previously applied to bulk glasses, transition ~ GeSe transition ~ Si0

to that interfac€. Within the context of this suggestion, the
Fic. 6. Schematic representation of transition regions encapsulated between

SI-Si0, interface is a boundary betweemgld crystalllne rigid and floppy regionga) internal to a microscopically inhomogeneous

Si ma‘_teria|_ and an effectivelfloppy and ide"?‘l a_mor_phous glass alloy, andb) at a crystalline semiconductor—noncrystalline dielectric
material, SiQ. The value ofN,,~=2.67 for SiG is higher interface.

than the ideal value of 2.4 which corresponds to an average
number of bonding constraints per atof,,, equal to 3
However, the unusually weak bond bonding force constant aéi

. . - . Y8 . . . _
the two-hold coordinated oxygen atom sites effectively re- h_ﬁibN? t?nr? diSnI_SI(r% Trtei;]f?cetsﬁ.thInir:?l.:,fappl;]ca\yog, mne har
moves one bonding-bending constraint for each oxyger(f anical bo g constraints at Ine intertace have been char-

. acterized in terms of the average number of bonds per atom
atom, so that the average number of constraints per atom in

o : . in the interfacial region. Following Ref. 6, mean-fieldin-
SiO, is reduced from 3.67 to 3This .pl_aces S|@e>§actly gt terface bonding structure has bedefinedby 0.5 molecular
the boundary between floppy and rigidly constrained d'eleciayers of Si(0.5 atoms and two bonisand 1.5 molecular
trics and/or other materials. The interface between overcorn- " - . . ) L
sirained and floppy regions has been studied in bulr%ayers of the dielectric film(SiO, or SEN,). Interface nitri-

| 45 hoth th ticall d ) tallv. Constraint ation has also been taken into account by inserting one
tghasseh, 0 ﬁorbe cally a:j detxperllmen aty. ”orjshraln atomic layer of nitrogen between the Si substrate and, SiO

eory has recently been applied to microscopically INNOMOp,y o The mean-field description of the Si—$idterface is
geneous chalcogenide glasses, e.g., Ge—Se alloys than s

h fromf] h i d as a point of reference for mean-field comparisons in-
the range fronfloppyamorphous Se fo thegid or overcon- volving other dielectrics. The Si—Sidnterface is character-
strained, chemically ordered compound composition GeSe ;.4 by an average number of bonds/atdifi,= 2.86. Using
with 33.3 at. % Ge. Application of constraint theory has

o i _ a mean-field bonding modeN,, equals 3.47 for a Si—§\,
accounted for two-phase transitions driven by percolation beyiarface. and 2.89 for a monolayer nitrided Si—Siter-

tween the floppy Se phase and the rigid GeSgmposition. 506 As discussed in Ref. 6, the concentration of defects
Even thoughN,, is the same for Si9and GeSg, the aver-  g|ative to a reference Si—Sjanterface is expected to scale
age number of constraints per _ato@l,v, in G_eSQ is larger,  4q (N~ NZ*)2. Based on this type of scaling relationship,
3.67, because the bond bending constraint at the twofolte gefect concentration at an Si+$j interface is expected
coordinated Se atoms cannot be neglected. Theory has prgs be about three orders of magnitude higher than at a mono-
dicted that in the Ge—Se alloys, overconstrained regions conayer nitrided Si—Si@ interface. This is consistent with ex-
taining Ge-Se bonds are separated from floppy regiongerimental results which have indicated a defect density of at
regions containing only Se—Se bondsencapsulating tran-  east 16° donor-like states/cfin the lower half of the in-
sition regionsthat are(i) self-organizedy(ii) not mechani-  terfacial Si band gap.Constraint theory and the associated
cally strained, butiii) more constrained with higher values scaling relationships cannot predict defect concentrations,
of N, than in the floppy regionésee Fig. 6> Experimental  nor identify the specific defect bonding arrangements or the
results have indicated two percolation “phase” transitionsenergy levels of defect states with respect to the band edges
which are consistent with this description of the microstruc-of crystalline Si. Instead, constraint theory can provide scal-
ture of these alloy$.To a good approximation, the first of ing relationships that provide a quantitative guideline for
these transitions is where overconstrained, but not mechantomparisons of the type discussed above. In the spirit of
cally strained regions percolate, and the second is where thfese scaling relationships, a value of interfadigj~3 has
overconstrained regions percolate. been proposed in Ref. 6 as a demarcation between device-
Extrapolating these results from microscopically inhomo-quality interfaces with defect densities10**cm ™2, and in-
geneous glasses to the Si—gi@terface provides a theoret- creasingly defective interfaces with defect densities extend-
ical framework for describing the intrinsic interfacial transi- ing to 10>-10cm™2 levels. This parallels a similar
tion regions identified above. Constraint theory hascriterion applied to defects in homogeneous amorphous thin
previously been applied to semiconductor dielectric interfilms.?°
faces to explain differences in the defect densities between By analogy with the results for the Ge—Se alloy system,

J. Vac. Sci. Technol. B, Vol. 18, No. 3, May /Jun 2000
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TaBLE |. Application of constraint theory to fixed charge at internal dielec- Ta,O5 (i) the step in the average number of bonds/atom
tric interfaces. AN,,, for internal interfaces between SiCand SiN,,

(i) Average number of bonds per atom in dielectric filig, (Si0y)5(SisN4)o5, and TaOs, (iii) absolute and normal-
Sio, SisN, oxynitride alloy,x=0.5 Ta0s ized values of AN,,]?, and(iv) values of fixed chargeQ;,
2.67 3.43 3.05 2.86 obtained from an analysis of the releva%V data of Figs.
(i) Step in number of bonds/atom at internal interface with,Si®N,, 4(a) and 4b), and 5. Values ofQ; are obtained from the
SisN itride alloy,x=0.5 T30 . e ’ .
0'37g oxynitt eoa3gy X %159 relative shifts inC—V curves so thaQ;=AV/eC. The lim-
(a) Scaling factor for defects/chscale ag AN, ]2 iting value of Qs for the internal SiQ-Ta0O5 interface is
0.58 0.14 0.04 estimated from the accuracy of the voltage determination in
(b) Normalized ratio of defects/ch the C-V traces in Fig. 5. As shown in Table I, the relative
values ofQ; obtained in this are consistent with quadratic
(c) Fixed charge at internal dielectric interfat@; (cm 2) scaling Qs q
SizN oxynitride alloy,x=0.5 Ta0, = . . . .
7_521‘511 2% 10M <o.exioll This extension of constraint/rigidity theory to silicon-
_ ' dielectric and internal dielectric interfaces has identified lo-
“Determined from analysis &V data. calized bonding properties that place fundamental limitations

on the performance and reliability of MOSFET devices with

stacked gate dielectrics. To date, the only interfacial layers
the transition regions at the Si-SiOnterface are at the that have been demonstrated not to degrade MOSFET cur-
boundary between an overconstrained material on one sid@nt drive, or equivalently reduce the effective channel mo-
of the boundary, crystalline Si, and an ideal glass formingijities of both holes and electrons, are either ultrathin,SiO
material on the other, SiO(see Fig. 6. Constraint theory o nitrided SiQ. Based on these observations, this article
would then predict a transition region between these tWayas focused on stacked gate dielectrics consisting of a Si
regions with bonding properties similar to the transition re-gypstrate, an ultrathin SiOor nitrided SiQ layer, and
gions between overconstrained and floppy regions within gigherk bulk dielectric films such as $\,, a Si-oxynitride
glassy alloy. This extension of constraint theory is consistengjjoys. e.g., (SiQ5(SizNy)os, and TaOs. Other research
with the experimental observation that interfaces undergo gesylts for devices with stacked gate dielectrics have demon-
chemical and structural relaxation after annealing800 °C  strated excellent performance and reliability, but only when
which results in a transition region whose bonding arrangethe devices included an interfacial layer of SiOeither
ments and spatial extent are not dependent on the interfargqown prior to deposition, or formed during a post deposition
formation process. Consistent with these annealing resultgnneaf®3! Therefore, the conclusions drawn in this article
these transition regions are assuntigdo be self-organized, extend to other stacked gate dielectric structures as well, in-
(ii) not to be mechanically strained, afiil) to be overcoor-  ¢jyding the devices of Refs. 30 and 31 where the interfacial
dinated with respect to the bonding within the floppy COM-|ayers were not prepared by RPAO.
ponent of the interface. A quantitative relationship between Finally, the incorporation of interfacial nitrided SjQay-
(i) interfacial bonding statistics, an{d) interfacial electrical  grg places limitations on the gains in capacitance that can be
properties is not predictable from constraint theory. Tee  achieved by dielectric substitutions. Since these gains are
fectivelocal bonding arrangements that define the transitionyyantified through reductions in EOT, it is informative to
region are expected to have localized states within the gap @fiscuss these limitations in the context of EOT that is refer-
the Si substrate which can be electrically active as trapgnced to the dielectric constant of SiOFor a single layer
and/or fixed charge. In general, these defect states will not bgplacement dielectric, the minimum value of EOT, defined
distributed uniformly over the Si band gap, and their chargehere as EOF,,,, scales with the maximum physical thick-
state will be depend on the Fermi level position and theirness’tdie(max)u of the highk film and therefore, inversely with

occupation. For example, a marked asymmetry has been réne ratio of the respective dielectric constants,
ported for the degradation of the electron and hole transport

in NMOS- and PMOSFETSs with Si—-, interface$ This

is consistent with the interfacial defects being donor-like and

lying in the lower half of the Si band gap. ) . ] . o ) ]
Scaling based on constraint theory can also provide a ba2iNC€ an interfacial layer of SiO or nitrided SiQ will gen-

sis for understanding differences in fixed charge at internafrally be required for maintenance of interface properties and

dielectric interfaces betwes) interfacial RPAO Si@ lay-  reliability, the physical thickness of the highfilm for a

ers, and(i) Si nitride, Si oxynitride, and T0s gate dielec- 9iven EOT_can be conS|d_e_rany re_duc_ed. For exampl_e, if the

trics [see Figs. @) and 4b), and 5. A scaling variable that Physical thickness of a nitrided oxide interface layer is 0.5—

characterizes interfacial bond counting is the difference ir-6 mn, then the contribution of this layer to EOT is reduced

the average number of bonds/atarl\,,, between the pair 0 approx_|mately 0.35 mn be(;ause the compmed dlgl_ectnc

of dielectrics that define the internal dielectric interface. Thisconstant increases due to an inherent suboxide transition re-

approach is summarized in Table | which includég:the ~ 9ion and interface nitridation. EOT is then given by

average number of bonds/atoM,,, as for SiQ, SiN,, an

oxynitride alloy with a composition (Sig} 5(SisN4)g 5, and EOT=EOT,;,—0.35 nm. (2

EOTmin:tdie(max)(kox/k)- (U]
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