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This article applies bond constraint theory to develop a scaling relationship for the density of
bond-strain induced defects such as fixed charge localized at internal dielectric interfaces. The
magnitude of this charge scales with the square of the difference between the average number of
bonds/atom of the interface constituents such as &M@ SiN,, or ZrO, or HfO,. Consistent with
equilibrium phase diagrams of the SiZr(Hf)O, binary alloy systems, interfaces betweén:

SiO, and(ii) ZrO,, HfO,, and Zr and Hf silicate alloys exhibit a strain-induced self-organization
after annealing to temperatures 8600—800 °C producing a diphasic interfacial transition region
comprised of Zr@ encapsulated by SiO This reduces fixed charge by more than 1 order of
magnitude. In marked contrast, and also consistent with differences in their equilibrium phase
diagrams, strain-induced self-organization does not occur for temperatures up to at least 1000 °C at
interfaces betweer(i) SiO, and ALO; and(ii) SiO, and Si oxynitride alloys due to binary alloy
compound phases with congruent melting points that prevent formation of the diphasic interfacial
transition region comprised of the end member oxide dielectrics.2004 American Vacuum
Society. [DOI: 10.1116/1.1771675

[. INTRODUCTION function of dielectric layer thickness, as for example in

metal—oxide—semiconductoMOS) capacitors with stacked
This article extends the approach of Ref. 1 to internalsjo,—Al,0, gate dielectrics.

interfaces between dielectric films with markedly different
local bonding arrangements, including interfaces between
SiO, and: (i) SikN,, and Si oxynitride alloys
(SizNa)«(Si02) 1« (ii) Al;05, and (iii) transition metal j; BONDING IN ALTERNATIVE GATE DIELECTRICS
(TM) and lanthanide rare eartRE) atom oxides, and sili-
cate alloys such as (#f)0,)4(SIO,),_x. These interfaces It has been shown in Ref. 7 that noncrystalline gate di-
are important for device scaling as thermally grown Si—SiO electric materials can be organized into three groups with
gate stacks are replaced by stacks that include ultrathin SiQdifferent amorphous morphologie@) covalent random net-
interfacial layers and deposited high-alternative gate works (CRNg exemplified by SiQ in which each of the
dielectrics>™* The arguments for these replacements haveonstituent atoms bonds according its normal chemical va-
been presented in Ref. 1 as well as in other papers dealingnce;(ii) modified random covalent network8ICRNS) in
with: (i) Si oxynitride alloys with relative dielectric constants which the network structure idisrupted and modified by
K between 5 and 7and (ii) highK dielectrics where the metal ions which display a coordination characteristic of
dielectric constants are increased to at least 260=2871t  their normal ionic bonding coordination, typically six- to
will be shown that aKX is increased that the average numbereightfold in elemental oxides and in binary oxide alloys; and
of bonds/atomN,, and the average number of bonding finally (iii) random close packetRCP ionic structures in
constraints/atontC,, in these dielectrics increase as well. which the packing is nondirectional, and is determined pri-
Differences between thid,, in SiO,, and these replacement marily by relative ion size. The average coordination of the
dielectrics results in stepd,, and C,, at internal dielectric O atoms is increased from twofold in the CRNs, to approxi-
interfaces producing strain-induced localized defect densitiemately threefold in the MCRNSs, and then at least fourfold in
of fixed charge in excess of 1tm 2.2 Localization of the RCP structures. This article focuses on CRN and MCRN
these defects at the internal dielectric interfaces has bedatielectrics, where a correlation is established in Table | be-
established by a linear scaling of flatband voltage shifts aswveen the average number Nf, andK. The latter is gener-
ally obtained from a combination of capacitance and film
dElectronic mail: lucovsky@unity.ncsu.edu thickness measurements, and the original sources of quoted
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TaBLE |. Values of:(i) the average number of bonds/atdty,, (ii) the average O atom coorrdinatiog,, (iii)

the Pauling bond ionicityl,, and (iv) the relative dielectric constant K for representative alternative gate
dielectrics?>® These have been organized into three groups with different amorphous bonding morphologies:
CRN, MCRN, and RCP dielectrics. determined interfacial fixed chaigge,.

Dielectric Ny Nox I,(*£0.05) K(*=10%)
CRN

Sio, 2.67 2 0.45 3.9

SisNy 3.43 — 0.28 7.5

(SisNg)o.5SIO)0 5 3.05 2 0.37 5.6

MCRN

Al,O3) 3.60 3 0.57 9.0

(Zr(Hf)05) 9.4 SiIO,) 0.75 3.34 2.25 0.52 8.0

(Zr(Hf)0,) 0.5(SI0y) o 5 4.0 3.0 0.59 12.0

(Zr(Hf)Oy) 9.0 Al,03) .75 4.03 3.25 0.60 13

(Zr(Hf)Oy) 0.5(Al,05) 05 4.47 35 0.63 15

(Y(L2)205)05(Si0s) 0.5 3.74 3 0.6 13
RCP

Zr(Hf)O, 5.33 4 0.7 22

Y(La),03 4.80 4 0.72 22

values have been included in the table caption for the comsilicate and aluminate alloys. Based on results presented in
pounds, and have been obtained by linear extrapolations fdRefs. 8 and 10, and summarized below, bond strain in CRN
the alloys. and MCRN dielectrics is proportional td,, normalized to
Table | is based in large part on the results presented ithe value ofN}, of a referenceideal dielectric in which the
Ref. 7, and the reader is referred to that article for detailbond strain is minimal, as for example SiOwhere defect
regarding the bond ionicity determinations. Table | includesievels are typically 1-%10cm 2.8 This defect—
(i) the average number of bonds/atd\y,; (ii) the average O scaling relationship based on differencesNg, is extended
atom coordinatiomg,; (iii) the Pauling bond ionicityty; in this article to interfaces between Si@nd alternative gate
and(iv) the relative dielectric constait The plot in Fig. 1, dielectrics in the stacked heterostructures shown schemati-
based on the data in Table I, establishes a linear correlatiotally in Fig. 2. One focal point of this article deals with
betweenK and N,,; the correlation betweeK and |, is  strain-induced defects localized at the internal dielectric in-
much poorer and is not shown. terfaces of these heterostructures. A second discusses aspects
The table and plot in Fig. 1 include SjOSikN,, a rep-  of equilibrium binary oxide phase diagrams that have been
resentative Si oxynitride alloy, (§N4)o5(SiO,)o5, as well  correlated with strain-driven interfacial self-organizations
as several alternative high-dielectrics including AJOs, during high temperature annealing in inert ambiéngelf-
and TM and lanthanide RE atom oxides, and their respectiverganization has been demonstrated as a one crucial mecha-
nism for reducing interfacial defect densities, and is thus an

25
4 20 + I gate electrode
E o : interfacial transition region
?
c
S 15 : Si3Ng, Si oxynitride or
2 f }/ high-k dielectric
0 ‘
9
% 10 /+ interfacial transition region
o
2 / t ultra-thin SiO2
1]
& 5 o H interfacial transition region
0 crystalline Si substrate
25 3 3.5 4 4.5 5 5.5
Average bonding coordination, Nay

Fic. 1. Relative dielectric consta#tas a function of the average number of Fic. 2. Schematic representation of a stacked gate dielectric including an
bonds/atomN,, for representative dielectrics, including SiOSiN,, and SiO, interfacial layer, a highk dielectric, and a metal gate. The interfaces
transition metal and rare earth atom silicates, aluminates, and oxides, ibetween the(i) Si substrate and interfacial SjQayer, (i) SiO, and highK
order of increasing Nav. The points in this plot are taken from Table I. dielectric, and(iii) highK dielectric and metal gate are indicated.
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TasLE Il. Values ofN,, andl, for representative dielectrics, and defects at interfaces between these dielectrics
and SiQ. The table also includes an entry for the Si—gifterface where the defects are the density of Si
dangling bonds prior to termination of these defects with hydrogen.

Ndef,exp
(10*2 cm™?)
Dielectric [\ Iy +10%
CRN
SisN, 3.43 0.27 0.75
(SizNy)os(SiO)g 5 3.05 0.38 0.20
MCRN
Al O3 interface
sixfold Al3* 480 0.59 6
(Zr05) 9.3 SI0) 068 3.55 0.53 1.3
RCP
Zr(Hf)O,* 4.67 2.97 4
The Si-SiQ interface
Si 4.00 0.0 2

important factor for the identification of higk-alternative  number of bond-stretching and bond-bending constraints/
dielectrics that have the potential to meet many of the Interatom C,, in these networks is proportional fd,,, and is
national Technology Roadmap for Semiconductd®RS)  given by

scaling metrics required for advanced bulk complementary

MOS (CMOS) devices!? av=2.MNa~ 3. @

C,y is also proportional tdN,, when the bonding is planar at

one of the threefold-coordinated bonding sites as at the
I1l. DEFECTS AT INTERNAL DIELECTRIC N-atom site in SJN4, and is given as

INTERFACES

C,,=2.5N,,~3—n/N 2
Experiments have revealed significant densities of fixed - & atorm @

charge localized at internal interfaces between,Si@d al-  wheren is the number of atoms with a planar bonding ar-
ternative gate dielectrics in stacked structuiés >-*'These  rangementfour in SgN,) andN is the total number of atoms
results are summarized in Table Il. The densities of fixedn the chemical formula representatiseven for SjN,).
chargeNgef expin Table Il have been determined from room-  The condition for an ideal strain-free CRN is tt@f, be
temperature capacitance—voltagé—V) measurements us- equal to the network dimensionality, which is equal to
ing conventional techniques such as plotting the flatbandhree for all the dielectrics addressed in this article. This
voltage Vy, as a function of the effective oxide thickness condition forC,,~=3, corresponds to a value of 2.4 fil,,
(EOT) contribution from the alternative dielectric interface when the bonding arrangements are nonplanar, and this ac-
constituent as shown in Fig. 2. Additional contributions tocounts for the excellent glass formation observed for chalco-
systematic shifts o¥/y, as a function of EOT can arise from genide amorphous semiconductors such asSAsand
the filling of interface trapD;;, and from charge injection As,Se;, and chalcogenide alloys such as (G®g and
Qi as detected by hysteresi$The values in Table Il for  Gey S . "> N,=2.67 for SiQ so that substituting into
Nget,expr May also include contributions from;; and Q;y;; Eq. (1) yields a value ofC,,= 3.67, greater than the network
however, analyses a2—V data onp- andn-type substrates dimensionality of 3.0. This suggests that $iGhould be
as a function of temperature have demonstrated that the vapverconstrained, and therefore have a significant number of
ues of Dy and Qi that have been included in Table Il are intrinsic bonding defects. However, bonding directionality at
typically 1 order of magnitude smaller than the fixed chargeoxygen is weakened by its lone paite/o if fully ionic), and
Qt, s0 thatQ;~Nef exp: this weakening is reflected by the broad-8i—-Sibond-angle
distribution, ~150°+20° ! Thus the O-atom bond-bending
force constant is small, and one bond-bending constraint as-
IV. APPLICATION OF BOND CONSTRAINT THEORY sociated with the Si—-O-Si bonding arrangement is
(BCT) TO INTERNAL DIELECTRIC INTERFACES broken!®!® The removal of one bonding constraint per O
A. BCT scaling fatom reduces th€,, for SiO, to 3.0, thereby accounting for
' its outstanding glass formation properties, and its low density
In network amorphous solids the bonding coordinations of electronically active defects; 1.5x 10°cm™2 or equiva-
of the constituent atoms are typically 2, 3, and 4, and thdently 0.4—-1.x 10*®cm 3. We adopt the working hypoth-
local bonding arrangements are nonpldariaf. The average esis that all bond bending constraints are to be counted
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equally. This makes SiQan excellent reference material to 10 ——
use in scaling relationships. For clarity, we rescalé\its, as '
if all its stretching and bending constraints were intact, by
setting the value oN}, equal to 2.4, thereby reflecting the
broken bond-bending constraint at the oxygen atoms.
Constraint theory provides a remarkably accurate descrip-
tion of network stress in nonideal CRNs in whi€y,,>3,
and its consequences with respect to defect form&tfn.
The application of constraint theory to bonding defects is
based on the simple idea that the bonding forces in a network
amorphous solid can be arranged in a hierarchy from
stronger-stretching to weaker-bending valence forces. As
shown above in Eqg1) and(2), the constraining effects of e b
these forces are a linear function of the average coordination (Si3Na)o.5(SiO2)o.s ;
numberN,,. For overconstrained networks such agh\gifor Pl
which N,,=3.43, Si-atom and N-atom bond-stretching con-
straints are stronger than the respective Si- and N-atom 0.1 e i
bond-bending constraints, so that strain energy accumulate: 0.1 A N1 )12 10
in the configuration space defined by the bending constraints. o [ A(Nav
The most significant accumulation of strain is at the atomic R S S Yo e S OO B
site with the lower coordination number, in this instame 1-slope = 0.88..-i it erer e ETOR N S
which is partially ionic and also has lone pair electrons that = ;"Zr(:) )
! 2) -

...........

(202052510208 1§

o

74

A

Defect density (1011/cm2)

weaken the bond directionality. Since the bonding geometry g~
of the threefold coordinated nitrogen atoms is planar, the
value of C,, as determined from Eq5) is 5.0, predicting
bonding distortions in the form of bond angle strain at the
N-atom bonding sites. This means that the averag®\SiSi
bond anglef is distorted from the ideal local value of 120°
by an amountsd, which we take to be proportional to the
difference betweeiN,, in the nonideal strained network and
N, =2.4 of an ideal, strain-free network

00%[Ng— Nav*]- 3

Defect density (1011/cm

It is further assumed that defect density is associated with _ _

dangling bonds, which are on the Si and N atoms. These IR N

dangling bonds are the residue of broken and only partially 0'10_1 1

reconstructed bonds that relieve local strain buildup. As such [ absA(Nay) + absA(lp) 12

this density is expected to be proportional to the primarily

harmonic strain energfiﬁo which is proportional td 59]2_ Fic. 3. Log—log plot of the interfacial defect density, as a function of
2 2

Therefore, the density of defedBsin a constrained network [A(Na)]” in (@ and=[abgA(Ng,)]+abgA(1p) ] in (b).

is expected to obey the following scaling relationship:

DOC[Nav_ Nav*]z- (4)

+0.1. This plot also includes the density of dangling bonds

~ A similar scaling relationship is assumed at the internalyt the Sj—SiQ interface, indicating that these defects have a
interface between two different dielectrics. The density ofgimjjar origin that those at the internal dielectric interface.

interface defects, designated Mg, is assumed to scale as The value ofN,, for ZrO, is based on the sevenfold coordi-
the square of thelifferencein the average number of bonds/ nation of oxygen for the monoclinic phase, and the point for
atom of the two dielectricd andB that define the interface Al,O; assumes that the interface bonding is associated pri-
Nger<[Nay(A) — Nay B)12=[A(Ng) 12, (5 marily with sixfold coordinated Af" ions. Finally a value of
o 2.67 has been used for SIO
where[A(Ng)] is given byN,(A) —Na(B). The plot in Fig. 3b) adds an additional contribution from
the step in bond ionicityA(l,) across the interface. This
B. Application to experimental results for high- k contribution is always additive tA(N,,) as indicated by the
dielectrics scaling variable in Eq(6) which includes the addition of the

The plot in Fig. 3a) tests the scaling of Ed5) for inter- absolute values oh(Ng) andA(l):
faces between SiCand a Si oxynitride alloy, SN, and sev- ) )
eral high-k dielectrics, yielding a power law factor of 1.7  Din®[ab$A(Ng)]+abgA(lp) ] (6)
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where A(N,)=Na/(A)—N,(B), and A(l,)=1,(A) is approximately 100 °C lower than the temperature for the
—Iu(B). A comparison of Figs. @& and 3b) indicates that onset of visco-elastic relaxation of growth-induced bulk film
the power law fit factors are essentially the same, so that thstres<®*
inclusion of the smalleA(l,) term simply shifts the plot to These criteria for an interfacial chemical phase separation
the right8 are also consistent with the results for $i®ipN, and
Defects at the Si®-SkEN, and SiQ-Si silicate alloy in-  SiO,— Si oxynitride interfaces, where in both cases the ideal
terfaces cannot be reduced at annealing temperatures up fgoducts for a strain-reduction reaction would be Sihd
1000 °C? the temperatures required for dopant activation inSi;N,. These interfaces display no evidence for strain-driven
ion implanted crystalline Si source and drain contacts, and ielf-organization and interfacial defect reduction for anneal-
polycrystalline Si gate electrodes, whereas defects &hg and/or processing temperatures up to 1008 ®Gnsis-
HfO,—SiG; interfaces can be reduced by at least 1 order ofent with the observation that there is a compound phase
magnitude after annealing at 800-900*¢? Si,ON, with a congruent melting point in excess of 2000 °C
The table also includes calculated values determined frometween Si@ and SiN,.%
the empirical scaling relationship in fitting the data in Fig. 3.  The existence of a 900 °C chemical phase separation of
These values have been obtained by comparing measureflo, into Si and SiQ, and the absence of a chemical phase
flatband voltages with those obtained from estimates basegeparation at temperatures up to at least 1000 °C at internal
on the doping of the Si substrate, and the work function ofyie|ectric interfaces that include either;8j, or a Si oxyni-

the gate metal atoffr.™* tride in contact with SiQ, suggest that similar correlation
should exist for an interfacial chemical phase separation of

V. STRAIN-INDUCED SELF-ORGANIZATION AT TM and lanthanide RE silicate and aluminate alloy thin films

INTERNAL DIELECTRIC INTERFACES in contact with SiQ and the nature of their appropriate equi-

. o librium phase diagrams.
n Ref'.l‘ It has bee|j Qemons_trated thgt stram-mduced Those systems that do not have a compound phase with a
self-organizations occur in interfacial transition regions dur-

. __congruent melting point should display a separation in the

and results in reduced densities of defects and defect precuﬁrh-lvI or RE oxide and Si, and those that have a compound

. o ase with a congruent melting point should not. The equi-
sors. Several conditions are necessary for self-organization ibrium phase diagrams for Sjoand ZrG,, and SiQ and
strained internal dielectric interfaces during a postdeposition P 9 '

anneal. These have been addressed in Ref. 1 for S'Q—Sid—| f?t? |nd|c_a tte fstatt)rl1e silicate pha(sjeshbgjtet\r/]vnhdc:jq:. cont?]ruent
interfaces and are as follow§) the precursor bonding envi- melling points for these compound pha addtion, the

ronments must be consistent with a self-organization that reIquIduS curves display either stable or incipient liquid im-

duces the total energy with the determinant Contributionmiscibility characteristics, and therefore are consistent with a
coming from reduction of bond strain energy afid the spinoidal decomposition for silicate alloys formed by non-

bond breaking and atomic rearrangements take place at afauilibrium thin film deposition$! Thin film Zr and Hf sili-

nealing temperatures that are consistent with limitations imcaté alloys have been demonstrated to display chemical
posed by other processing constraints, e.g., the melting terR25€ separation  at temperatures of ~at most
perature of Si, decomposition of SiOat the Si—SiQ 900-1000 °G12?% Based on comparisons between bond-

interface, and/or the chemical and structural phase separatiff€aking refaxations in Sipat ~1000°C, and interfacial
within the bulk dielectric film. In addition it is most impor- Pond-breaking reactions at900 °C, this suggests that inter-
tant that there be no equilibrium phases with congruent meltfacial relaxations should occur at temperatures of at most
ing points between the end-members oxides at an interfacd?0—900 °C, and possibly less, especially if the effective in-
between Si@ and a transition metal or earth silicate or alu- terfacial ZrG or HfO, concentrations are higher than about
minate dielectri@® The existence of such a phase would 50%. This expectation has been realized in devices including
change the end products in the chemical phase separati6HO2 and Hf silicate alloys, where fixed charge has been
and either not result in a significant reduction in strain enteduced by more than 1 order of magnitude for annealing
ergy, or impede the kinetics for the chemical phase separdemperatures about 700—800*€In contrast devices with
tion and drive the effective temperature out of the range ofr and Hf silicate alloys annealed at 500 °C do not show
annealing temperatures that meet process integration restridefect reductiort:” These observed reductions in Refs. 19
tions. The conditions for chemical phase separation are m&nd 20 are attributed in this article to an interfacial chemical
for 900 °C interfacial anneals for Si—Sjanterfaces- How-  phase separation of interfacial Zr and Hf silicate alloy bond-
ever in this instance the end-member products are Si anihg groups in contact with SiDinto nanoscale Zr® and
SiO,, rather than two elemental oxides as in internal dielecHfO,, respectively, encapsulated by $iQ\s in the interfa-

tric interfaces. The atomic rearrangements associated withial self-organization of SiO described in Ref. 1, this nanos-
this interfacial reaction have been confirmed by soft x-raycale self-organization also results in a decrease in interfacial
photoelectron spectroscopy at the interface bonding level dfond strain.

~5x10"%cm2,% and the by cathode-luminescence spec- In contrast, and also consistent with the equilibrium phase
troscopy at the defect bonding arrangement level ofdiagram differences between &;-Si0O,, ZrO,—SiO, and
~10%cm 2.2 The temperature of this interfacial relaxation HfO,—SiO,, there is no reduction of defects at $iAI,O,

JVST B - Microelectronics and  Nanometer Structures
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interfaces up to temperatures of at least 900 °C where th¥l. DISCUSSION

Al,O; films undergo a bulk crystallization. This is consistent

with the existence of two compound compositions with con-  1his article has demonstrated that fixed charge localized
gruent melting points in excess of 2000 °C between,%ifd at intgrnal die_lectric ?nterf.aces in stackeq gate die_lectrics
AlL,O,. 7 It is also significant that the magnitude of the fixed COMPrised of interfacial SiQ and alternative gate dielec-
charge is well above what is anticipated on the base on thicS including:(i) SisN, and Si oxynitride alloysiii) A;Os,

N, (B) — N, (A) difference(see Table I, but agreement be- _(iii) group IYB and 1B TM,. and lanthanide RE aFom 0X-
tween the scaling is improved if the interfacial Al are as-ides, and silicate and aluminate alloys, were derived from
bond strain at these internal dielectric interfaces. There are

sumed to be sixfold coordinated. This internal interface is nerally tw mponents to this strain: on iated with
being subjected to additional studies in an attempt to detgdenerally two components o this strain, ohe associate
echanical bond straitf,and the second with the heterova-

mine the chemical bonding arrangements of the interfacial A[Znt nature of interface bondirg.Bond constraint theory as

atoms. . . . applied to dielectrics with CRN and MCRN amorphous mor-
Compom_md phases with congruent me_Itln_g points, such hologies indicates that the average number of bonding
(Y205)1(Si0,)> and (¥203)5(Si0y), exist in the phase o qiraints/atom scales linearly with the average number of
diagrams for the group IlIB TM metal atom silicates of Y ,,q/atom, and that electronically active defects result
and La, and folr the lanthanide RE elements in the trivalenfynen the average number of bonding constraints/atom is
bonding stat.eé. This means that internal interfaces betweengreater than the network dimensionality. In TM and RE sili-
interfacial SiQ, and either the oxides or silicate alloys of cate alloys, the broken bonding bending constraint at the
these group IlIB and lanthanide RM atoms are more tham-atom site of the SiQ host network is restoreth. Since
likely not to undergo a self-organization that is driven by strain energy scales with the square of the bond-angle strain
bond strain reduction, and therefore will display levels of[ 5¢]2 relative defect concentrations in the thin film dielec-
fixed charge, typically at the 38cm™2 level. Therefore they trics, and also at their interfaces scale with bond angle strain
will not meet target performance and reliability required in energy, and hence are proportional to the square of the dif-
aggressively scaled CMOS devices after processing at tenference of the average number of bonds/atom relative to a
peratures up to 900 °C. These estimates of fixed charge fdow defect density standard CRN dielectric, e.g., SiGol-
these interfaces are based on the valugd@N,,) ] included lowing these arguments, it has been shown that defects re-
in Table 1l and also include the supporting results of Ref. 11 sponsible for localized interfacial fixed charge levels ranging
which indicate fixed charge levels in the mid'#ém=2  from the mid 16" to mid 10?cm 2 range scale with the
range at %O,;—SiO, internal dielectric interfaces fotMOS ~ square of the step in the average number of bonds/atom be-
(NMOS) and pMOS (PMOS capacitors. tween SiQ, and the alternative dielectric that comprise the
The phase diagrams for Zs©Al,O; and HfQ,—Al,O,  stack gate dielectric structure. This relationship applies when
do not indicate compound compositions betweesOland ~ the bond strain is due to valence forces as well as bond
the respective transition metal oxic€€?Nor do they reveal charge and nuclear charge mismatch. .
liquidus features indicative of immiscibility, and a driving ~ 1his article also identifies a mechanism for bond-strain
force for spiniodal decomposition. In addition the eutectic'€li€f by a strain-driven interfacial self-organizations, which
compositions in these systems are in the mid-alloy rangebas material and !nterface specific ap_phc_atlons. Par_allelmg
and at a temperature at least 100 °C higher than in the phaégsults p_resen_ted in R(_ef. 1, self-organlza_tlon_ is regtrlcted to
diagrams for the respective phase diagrams with, Sihese systems in which chemlcgl phase se_pargnon |n-t029|®1 an
systems will be investigated by the authors to determine th%nd—member elemental nitride or oxide is possible. One con-

: . . . dition for this in mixed TM and RE oxide systems is that
magnitude of the interfacial charge, as well as the effective- . . .
) o ¢ ; there exist no silicate or aluminate phases that have congru-
ness of annealing up to at least 900—1000 °C in reducing the . . : ST )
nt melting points. The article distinguishes among four dif-

magnitude of the interfacial fixed charge. Previously reportefferent internal interfacesi) Si—SiN, and Si—Si oxynitride
studies of Hf aluminate alloys with alloy compositions in the 4

£ 3506_50% HfOindi d chemical nh alloy interfaces at which strain relief does not occur up to
range o 5%-50% _ @indicated chemica p& ase separa- processing temperatures of at least 1100 °C, at which defect
tion at temperatures in excess of 900—1006%Electrical

! X densities are sufficiently low not to degrade performance and
studies were made on capacitors prepared from these alloygjiapility in high power applications with EOT extending to

subjected to postdeposition annealing at 800-900 °C prior tgpq,t 1.1-1.2 nm(i) Si0,—Al,Os in which Al,O; crystal-

Al metallization. These devices showed significant levels ofjzes at temperature 0f~900°C, below which self-
fixed negative charge, similar to those reported fosQ\  organization occurs, and additionally in which there are com-
devices. These levels were found in both NMOS and PMO$yound silicate phases with congruent melting points which
capacitors, confirming that the charge was fixed, and nore expected to inhibit the decomposition reaction. Defect
dominated by electron injection and trapping. This suggestgensities at Si@-Al,O; interfaces are in excess of 5
that the interfaces of these devices wergQyllike, and that  x 10*?cm™2, and require relatively thick interfacial layers of
the kinetics for a strain-driven self-organization that wouldSiO, to mitigate the effects of fixed charge on channel trans-
reduce fixed charge was not possible for the range of annegport. Stated differently, these values of fixed charge are too
ing temperatures explored. high for device applications in which EOT must be scaled to
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less than 2 nm(iii) group IVB silicates, in particular Zr and interfaces, the Si-SiQ interface, and the internal

Hf silicates, display a strain-driven self-organization at tem-Sj0,—highK interface, to thermal annealing at temperature

peratures less than about 800 °C and densities of fixed charg¢ approximately 900°C to promote strain-induced self-

have been reduced by more than 1 order of magnitude peorganization at each of these interfaces. Finally, it will be

mitting EOT scaling to at least 0.8—1.0 nm. This self- necessary to quantify the effects of remote phonon scattering

organization is consistent with the respective binary oxideon channel transpo?t;*®3’and in particular to determine if

equilibrium phase diagrams in which the compound silicatedual metal gate electrodes can effectively screen channel

phases, ZrSiQand HfSiQ,, do not have congruent melting carrier—phonon coupling and yield current drive meeting

points.(iv) Additionally, and based on scaling arguments and TRS metrics for bulk CMOS devices. Preliminary results by

a limited set of measurements, group IlIB, Y, and La, andthe Intel group suggest that metal gate electrodes are effec-

lanthanide RE atom oxides, and their silicate and aluminatéive in screening remote phonon scattering, but more com-

alloys are not expected to display strain-driven self-plete data and analyses are required.

organization at their internal interfaces with Si@ith the Note added in proofEquation(7), given by

driving factor limiting defect reduction being a multiplicity

of compound silicate and aluminate phases with congruent ,

melting points. Nger=Ngef abSA(N,)) +abg A(1p))]? (7
Finally, results to date on TM aluminate systems have not

displayed any indication of defect reduction via interfacial . ) ) ,

stress-relief mechanism&.In contrast, studies of Ta alumi- 'S & MOre genera_h_zed scah_ng relatlonsmp thgn . and _

nate devices displayed significant injection into low lying mcludes_two_ addmv_e contnbuyons tq format|0_n of e'?‘Ct”'

Tad* states, disqualifying them for device applicatidfs, cally act_lve mterfamal_ defectdi) 'Fhe first fr_om mterfa_mgl

and Hf aluminate devices display high densities of interfaciagfmhan'CaI bond strain as described by differences in inter-

traps, also raising questions relative to device applicafidns. frgrlr?linbtgrfglggl %Z?é%?;'g:ﬁégﬁgi’n ag‘i (;é)l‘légfe dS(iar?Odr;f(:er-
The results of this article and Partitlentify two limita- 9

. . . L ences in interfacial bond ionicity(I,). The additivity of
tions for aggressively scaled devices. The first is the nece%he absolute valuedn Eq. (7) is in accord with the correla-
sity for an ultrathin interfacial SiQlayer to be in contact '

. . . . tion in Table | between increases in the coordination of O
with the Si substrate in which channel transport occurs. The . L .
o ; ) . . . . atoms, R, and hence iMN,, as well, with increases in bond
900 °C interfacial relaxation provides an interfacial bonding. . . LA h . ld . d
tructure that is responsible for continuance of scaling met'—om(.:lty' b- Afit {0 the experimental data using E@)' an
strue luding low densities db- - ch It © mobil not included as a separate figure in this article, gives a slope
fcs, Including low densities dby,, channel transport MobIll- - o jjy/a1ent to aslightly reduced and improvegower law
ties of electrons and holes, and interface-limited/determine

devi liabilitv. Th 4 limitation i | ) ctor of 1.15-0.1. The scaling relationship of E¢7) has
diee\ﬂacc(?[r:(?sla llity. The second limitation Is on alternative gate, o, peen used to estimate the density of Si atom dangling

) bond defects at Si—SiOnterfaces. These defects have been
There are agproaches_for meeting ITRS targets for bulkjy ted to the mechanical bond strain induced by molar
CMOS devices? The first is in devices containing the opti-

) . > ) X ) volume mismatch at the Si—Sjinterface between the crys-
mized Si oxynitride alloys of Ref. 5, in which the nitrogen 5)ine sj substrate and the non-crystalline Sidelectrict

profile is controlled at the atomic levét>* These devices  yowever, charge transfer, associated with the bond ionicity
have the potential to exhibit tunneling leakage current$ipf:  jifference between Si and Si@as been shown to contribute
<5 Acm 2 at approximately a 1 V of oxide bias for EOT 5 ap interfacial dipolé® Since this electron charge transfer
between 1 and 1.2 nm ar@d) ~10"?Acm™? at approxi- s from Si atoms of the substrate to the O atoms of the di-
mately a 1V for oxide bias for EOT of1.3-1.5 nm. These  glectric, this transfer can also play a role in the formation of
currents and EOTSs are predicated on an interfacial monolayQ{ang“ng bonds by weakening the Si—Si bonds of the sub-
nitride silicon oxide region that contributes approximately strate. The density of defects obtained from the fit parameters
0.35 nm to EOT, and which is sufficient to preserve channejq Eq. (7) agrees to within experimental error to the total
transport properties, defect densities, and reliability similaigensities of dangling bonds,, for Si(111), and the sum of P
to those of SiQ devices, i.e.,, meeting ITRS scaling ., and R, for Si(100), as determined by electron spin
metrics'? Although these devices will operate with doped resonancé®*°and as discussed in Ref. 1. Since the density
polycrystalline Si gate electrodes, performance in bulkof dangling bond defects determines the effective spacing of
CMOS devices would be considerably improved with dualthese defects at Si—SjOnterfaces, bond constraint theory
metal gate electrodes. underpins, in a fundamental way, the model proposed in Ref.
The second class of dielectrics includes Hfénd ZrQ 1 for the empirical roughness parameter in the universal mo-
and their silicate alloys. There are two important constraintshility expressions for both electron and hole transport in the
First, as for the example, given above for optimized Si ox-channel regions of field effect transistdfsThe challenge
ynitride alloy devices, it is necessary to include an interfaciakemaining is to develop a model, underpinned by electronic
monolayer nitride silicon oxide region that contributes ap-structure, and elastic and bond constraint theory, that
proximately 0.35 nm to EOT, so that ITRS scaling metricsprovides a basis for determination of the prefactor terms in
can be met. Second it is necessary to subject both dielectriggs. (6) and (7).
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