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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 SiO2 and Si3N4 , or ZrO2 or HfO2 . Consistent with
equilibrium phase diagrams of the SiO2– Zr~Hf!O2 binary alloy systems, interfaces between:~i!
SiO2 and ~ii ! ZrO2, HfO2 , and Zr and Hf silicate alloys exhibit a strain-induced self-organization
after annealing to temperatures of;600–800 °C producing a diphasic interfacial transition region
comprised of ZrO2 encapsulated by SiO2 . 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 between:~i! SiO2 and Al2O3 and ~ii ! SiO2 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#
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I. INTRODUCTION

This article extends the approach of Ref. 1 to inter
interfaces between dielectric films with markedly differe
local bonding arrangements, including interfaces betw
SiO2 and: ~i! Si3N4 , and Si oxynitride alloys
(Si3N4)x(SiO2)12x , ~ii ! Al2O3 , and ~iii ! transition metal
~TM! and lanthanide rare earth~RE! atom oxides, and sili-
cate alloys such as (Zr~Hf!O2)x(SiO2)12x . These interfaces
are important for device scaling as thermally grown Si–Si2

gate stacks are replaced by stacks that include ultrathin S2

interfacial layers and deposited high-K alternative gate
dielectrics.2–4 The arguments for these replacements h
been presented in Ref. 1 as well as in other papers dea
with: ~i! Si oxynitride alloys with relative dielectric constan
K between 5 and 75 and ~ii ! high-K dielectrics where the
dielectric constants are increased to at least 20–25.2–4,6,7 It
will be shown that asK is increased that the average numb
of bonds/atomNav and the average number of bondin
constraints/atomCav in these dielectrics increase as we
Differences between theNav in SiO2 , and these replacemen
dielectrics results in stepsNav and Cav at internal dielectric
interfaces producing strain-induced localized defect dens
of fixed charge in excess of 1011cm22.8 Localization of
these defects at the internal dielectric interfaces has b
established by a linear scaling of flatband voltage shifts

a!Electronic mail: lucovsky@unity.ncsu.edu
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function of dielectric layer thickness, as for example
metal–oxide–semiconductor~MOS! capacitors with stacked
SiO2– Al2O3 gate dielectrics.9

II. BONDING IN ALTERNATIVE GATE DIELECTRICS

It has been shown in Ref. 7 that noncrystalline gate
electric materials can be organized into three groups w
different amorphous morphologies:~i! covalent random net-
works ~CRNs! exemplified by SiO2 in which each of the
constituent atoms bonds according its normal chemical
lence;~ii ! modified random covalent networks~MCRNs! in
which the network structure isdisrupted and modified by
metal ions which display a coordination characteristic
their normal ionic bonding coordination, typically six- t
eightfold in elemental oxides and in binary oxide alloys; a
finally ~iii ! random close packed~RCP! ionic structures in
which the packing is nondirectional, and is determined p
marily by relative ion size. The average coordination of t
O atoms is increased from twofold in the CRNs, to appro
mately threefold in the MCRNs, and then at least fourfold
the RCP structures. This article focuses on CRN and MC
dielectrics, where a correlation is established in Table I
tween the average number ofNav andK. The latter is gener-
ally obtained from a combination of capacitance and fi
thickness measurements, and the original sources of qu
20974Õ22„4…Õ2097Õ8Õ$19.00 ©2004 American Vacuum Society



ate
logies:

2098 Lucovsky, Maria, and Phillips: Interfacial strain-induced self-organization 2098

J. Vac. Sci. Technol
TABLE I. Values of:~i! the average number of bonds/atomNav, ~ii ! the average O atom coorrdinationnOx, ~iii !
the Pauling bond ionicityI b , and ~iv! the relative dielectric constant K for representative alternative g
dielectrics.2,5 These have been organized into three groups with different amorphous bonding morpho
CRN, MCRN, and RCP dielectrics. determined interfacial fixed chargeNdef,exp.

Dielectric Nav nOx I b(60.05) K~610%!

CRN
SiO2 2.67 2 0.45 3.9
Si3N4 3.43 — 0.28 7.5
(Si3N4!0.5~SiO2!0.5 3.05 2 0.37 5.6

MCRN
Al2O3) 3.60 3 0.57 9.0
(Zr~Hf!O2)0.25(SiO2)0.75 3.34 2.25 0.52 8.0
(Zr~Hf!O2)0.5(SiO2)0.5 4.0 3.0 0.59 12.0
(Zr~Hf!O2)0.25(Al2O3)0.75 4.03 3.25 0.60 13
(Zr~Hf!O2)0.5(Al2O3)0.5 4.47 3.5 0.63 15
(Y~La)2O3)0.5(SiO2)0.5 3.74 3 0.6 13

RCP
Zr~Hf!O2 5.33 4 0.7 22
Y~La)2O3 4.80 4 0.72 22
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values have been included in the table caption for the c
pounds, and have been obtained by linear extrapolations
the alloys.

Table I is based in large part on the results presente
Ref. 7, and the reader is referred to that article for det
regarding the bond ionicity determinations. Table I includ
~i! the average number of bonds/atomNav; ~ii ! the average O
atom coordinationnOx ; ~iii ! the Pauling bond ionicityI b ;
and~iv! the relative dielectric constantK. The plot in Fig. 1,
based on the data in Table I, establishes a linear correla
betweenK and Nav; the correlation betweenK and I b is
much poorer and is not shown.

The table and plot in Fig. 1 include SiO2 , Si3N4 , a rep-
resentative Si oxynitride alloy, (Si3N4)0.5(SiO2)0.5, as well
as several alternative high-K dielectrics including Al2O3 ,
and TM and lanthanide RE atom oxides, and their respec

FIG. 1. Relative dielectric constantK as a function of the average number
bonds/atomNav for representative dielectrics, including SiO2 , Si3N4 , and
transition metal and rare earth atom silicates, aluminates, and oxide
order of increasing Nav. The points in this plot are taken from Table I.
. B, Vol. 22, No. 4, Jul ÕAug 2004
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silicate and aluminate alloys. Based on results presente
Refs. 8 and 10, and summarized below, bond strain in C
and MCRN dielectrics is proportional toNav normalized to
the value ofNav* of a reference,ideal dielectric in which the
bond strain is minimal, as for example SiO2 , where defect
levels are typically 1 – 531010cm22.8–11 This defect–
scaling relationship based on differences inNav is extended
in this article to interfaces between SiO2 and alternative gate
dielectrics in the stacked heterostructures shown schem
cally in Fig. 2. One focal point of this article deals wit
strain-induced defects localized at the internal dielectric
terfaces of these heterostructures. A second discusses as
of equilibrium binary oxide phase diagrams that have be
correlated with strain-driven interfacial self-organizatio
during high temperature annealing in inert ambients.1 Self-
organization has been demonstrated as a one crucial me
nism for reducing interfacial defect densities, and is thus

in

FIG. 2. Schematic representation of a stacked gate dielectric including
SiO2 interfacial layer, a high-K dielectric, and a metal gate. The interface
between the:~i! Si substrate and interfacial SiO2 layer,~ii ! SiO2 and high-K
dielectric, and~iii ! high-K dielectric and metal gate are indicated.
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TABLE II. Values ofNav andI b for representative dielectrics, and defects at interfaces between these diele
and SiO2. The table also includes an entry for the Si–SiO2 interface where the defects are the density of
dangling bonds prior to termination of these defects with hydrogen.

Dielectric Nav I b

Ndef,exp

(1012 cm22)
610%

CRN

Si3N4 3.43 0.27 0.75
(Si3N4!0.5~SiO2!0.5 3.05 0.38 0.20

MCRN

Al2O3 interface
sixfold Al31 4.80 0.59 6

(ZrO2)0.32(SiO2)0.68 3.55 0.53 1.3

RCP

Zr~Hf!O2* 4.67 2.97 4
The Si–SiO2 interface

Si 4.00 0.0 2
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important factor for the identification of high-K alternative
dielectrics that have the potential to meet many of the In
national Technology Roadmap for Semiconductors~ITRS!
scaling metrics required for advanced bulk complement
MOS ~CMOS! devices.12

III. DEFECTS AT INTERNAL DIELECTRIC
INTERFACES

Experiments have revealed significant densities of fix
charge localized at internal interfaces between SiO2 and al-
ternative gate dielectrics in stacked structures.1–4, 9–11These
results are summarized in Table II. The densities of fix
chargeNdef,exp in Table II have been determined from room
temperature capacitance–voltage (C–V) measurements us
ing conventional techniques such as plotting the flatb
voltage Vfb as a function of the effective oxide thickne
~EOT! contribution from the alternative dielectric interfac
constituent as shown in Fig. 2. Additional contributions
systematic shifts ofVfb as a function of EOT can arise from
the filling of interface trapsD it , and from charge injection
Qinj , as detected by hysteresis.2,9 The values in Table II for
Ndef,exp, may also include contributions fromD it and Qinj ;
however, analyses ofC–V data onp- andn-type substrates
as a function of temperature have demonstrated that the
ues ofD it and Qinj that have been included in Table II a
typically 1 order of magnitude smaller than the fixed cha
Qf , so thatQf'Ndef,exp.

IV. APPLICATION OF BOND CONSTRAINT THEORY
„BCT… TO INTERNAL DIELECTRIC INTERFACES

A. BCT scaling

In network amorphous solids the bonding coordinationsm
of the constituent atoms are typically 2, 3, and 4, and
local bonding arrangements are nonplanar.13,14 The average
tronics and Nanometer Structures
r-

y

d

d

d

al-

e

e

number of bond-stretching and bond-bending constrai
atom Cav in these networks is proportional toNav, and is
given by

Cav52.5Nav23. ~1!

Cav is also proportional toNav when the bonding is planar a
one of the threefold-coordinated bonding sites as at
N-atom site in Si3N4 , and is given as

Cav52.5Nav232n/Natom, ~2!

wheren is the number of atoms with a planar bonding a
rangement~four in Si3N4) andN is the total number of atoms
in the chemical formula representation~seven for Si3N4).

The condition for an ideal strain-free CRN is thatCav be
equal to the network dimensionalityd, which is equal to
three for all the dielectrics addressed in this article. T
condition forCav53, corresponds to a value of 2.4 forNav,
when the bonding arrangements are nonplanar, and this
counts for the excellent glass formation observed for cha
genide amorphous semiconductors such as As2S3 and
As2Se3 , and chalcogenide alloys such as Ge0.2S0.8 and
Ge0.2Se0.8.

13,14 Nav52.67 for SiO2 so that substituting into
Eq. ~1! yields a value ofCav53.67, greater than the networ
dimensionality of 3.0. This suggests that SiO2 should be
overconstrained, and therefore have a significant numbe
intrinsic bonding defects. However, bonding directionality
oxygen is weakened by its lone pairs~two if fully ionic !, and
this weakening is reflected by the broad Si–O–Sibond-angle
distribution, ;150°620°.15 Thus the O-atom bond-bendin
force constant is small, and one bond-bending constraint
sociated with the Si–O–Si bonding arrangement
broken.15,16 The removal of one bonding constraint per
atom reduces theCav for SiO2 to 3.0, thereby accounting fo
its outstanding glass formation properties, and its low den
of electronically active defects,;1.531010cm22 or equiva-
lently 0.4– 1.131016cm23. We adopt the working hypoth
esis that all bond bending constraints are to be coun
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equally. This makes SiO2 an excellent reference material
use in scaling relationships. For clarity, we rescale itsNav, as
if all its stretching and bending constraints were intact,
setting the value ofNav* equal to 2.4, thereby reflecting th
broken bond-bending constraint at the oxygen atoms.

Constraint theory provides a remarkably accurate desc
tion of network stress in nonideal CRNs in whichCav.3,
and its consequences with respect to defect formation8,10

The application of constraint theory to bonding defects
based on the simple idea that the bonding forces in a netw
amorphous solid can be arranged in a hierarchy fr
stronger-stretching to weaker-bending valence forces.
shown above in Eqs.~1! and ~2!, the constraining effects o
these forces are a linear function of the average coordina
numberNav. For overconstrained networks such as Si3N4 for
which Nav53.43, Si-atom and N-atom bond-stretching co
straints are stronger than the respective Si- and N-a
bond-bending constraints, so that strain energy accumu
in the configuration space defined by the bending constra
The most significant accumulation of strain is at the atom
site with the lower coordination number, in this instanceN,
which is partially ionic and also has lone pair electrons t
weaken the bond directionality. Since the bonding geome
of the threefold coordinated nitrogen atoms is planar,
value of Cav as determined from Eq.~5! is 5.0, predicting
bonding distortions in the form of bond angle strain at t
N-atom bonding sites. This means that the average Si–N–Si
bond angleu is distorted from the ideal local value of 120
by an amountdu, which we take to be proportional to th
difference betweenNav in the nonideal strained network an
Nav* 52.4 of an ideal, strain-free network

du}@Nav2Nav* #. ~3!

It is further assumed that defect density is associated w
dangling bonds, which are on the Si and N atoms. Th
dangling bonds are the residue of broken and only parti
reconstructed bonds that relieve local strain buildup. As s
this density is expected to be proportional to the prima
harmonic strain energy,8,10 which is proportional to@du#2.
Therefore, the density of defectsD in a constrained network
is expected to obey the following scaling relationship:

D}@Nav2Nav* #2. ~4!

A similar scaling relationship is assumed at the inter
interface between two different dielectrics. The density
interface defects, designated asNdef, is assumed to scale a
the square of thedifferencein the average number of bond
atom of the two dielectricsA andB that define the interface

Ndef}@Nav~A!2Nav~B!#25@D~Nav!#
2, ~5!

where@D(Nav)# is given byNav(A)2Nav(B).

B. Application to experimental results for high- k
dielectrics

The plot in Fig. 3~a! tests the scaling of Eq.~5! for inter-
faces between SiO2 and a Si oxynitride alloy, Si3N4 and sev-
eral high-k dielectrics, yielding a power law factor of 1
J. Vac. Sci. Technol. B, Vol. 22, No. 4, Jul ÕAug 2004
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60.1. This plot also includes the density of dangling bon
at the Si–SiO2 interface, indicating that these defects have
similar origin that those at the internal dielectric interfac
The value ofNav for ZrO2 is based on the sevenfold coord
nation of oxygen for the monoclinic phase, and the point
Al2O3 assumes that the interface bonding is associated
marily with sixfold coordinated Al31 ions. Finally a value of
2.67 has been used for SiO2.

The plot in Fig. 3~b! adds an additional contribution from
the step in bond ionicityD(I b) across the interface. Thi
contribution is always additive toD(Nav) as indicated by the
scaling variable in Eq.~6! which includes the addition of the
absolute values ofD(Nav) andD(I b):

D int8 }@abs@D~Nav!#1abs@D~ I b!#2. ~6!

FIG. 3. Log–log plot of the interfacial defect density, as a function
@D(Nav)#2 in ~a! and}@abs@D(Nav)#1abs@D(I b)#2 in ~b!.
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where D(Nav)5Nav(A)2Nav(B), and D(I av)5I b(A)
2I b(B). A comparison of Figs. 3~a! and 3~b! indicates that
the power law fit factors are essentially the same, so that
inclusion of the smallerD(I b) term simply shifts the plot to
the right.18

Defects at the SiO2– Si3N4 and SiO2– Si silicate alloy in-
terfaces cannot be reduced at annealing temperatures
1000 °C,8 the temperatures required for dopant activation
ion implanted crystalline Si source and drain contacts, an
polycrystalline Si gate electrodes, whereas defects
HfO2– SiO2 interfaces can be reduced by at least 1 orde
magnitude after annealing at 800–900 °C.19,20

The table also includes calculated values determined f
the empirical scaling relationship in fitting the data in Fig.
These values have been obtained by comparing meas
flatband voltages with those obtained from estimates ba
on the doping of the Si substrate, and the work function
the gate metal atom.8–11

V. STRAIN-INDUCED SELF-ORGANIZATION AT
INTERNAL DIELECTRIC INTERFACES

In Ref. 1, it has been demonstrated that strain-indu
self-organizations occur in interfacial transition regions d
ing moderately high temperature annealing in inert ambie
and results in reduced densities of defects and defect pre
sors. Several conditions are necessary for self-organizatio
strained internal dielectric interfaces during a postdeposi
anneal. These have been addressed in Ref. 1 for Si–2
interfaces and are as follows:~i! the precursor bonding envi
ronments must be consistent with a self-organization that
duces the total energy with the determinant contribut
coming from reduction of bond strain energy and~ii ! the
bond breaking and atomic rearrangements take place a
nealing temperatures that are consistent with limitations
posed by other processing constraints, e.g., the melting
perature of Si, decomposition of SiO2 at the Si–SiO2
interface, and/or the chemical and structural phase separ
within the bulk dielectric film. In addition it is most impor-
tant that there be no equilibrium phases with congruent m
ing points between the end-members oxides at an inter
between SiO2 and a transition metal or earth silicate or al
minate dielectric.21 The existence of such a phase wou
change the end products in the chemical phase separ
and either not result in a significant reduction in strain e
ergy, or impede the kinetics for the chemical phase sep
tion and drive the effective temperature out of the range
annealing temperatures that meet process integration re
tions. The conditions for chemical phase separation are
for 900 °C interfacial anneals for Si–SiO2 interfaces.1 How-
ever in this instance the end-member products are Si
SiO2 , rather than two elemental oxides as in internal diel
tric interfaces. The atomic rearrangements associated
this interfacial reaction have been confirmed by soft x-
photoelectron spectroscopy at the interface bonding leve
;531014cm22,22 and the by cathode-luminescence sp
troscopy at the defect bonding arrangement level
;1012cm22.23 The temperature of this interfacial relaxatio
JVST B - Microelectronics and Nanometer Structures
he

to

in
at
f

m
.
red
ed
f

d
-
ts
ur-
at
n
O

e-
n

n-
-

m-

ion

lt-
ce

ion
-
a-
f
ic-
et

nd
-
ith
y
of
-
f

is approximately 100 °C lower than the temperature for
onset of visco-elastic relaxation of growth-induced bulk fi
stress.24

These criteria for an interfacial chemical phase separa
are also consistent with the results for SiO2– Si3N4 and
SiO2– Si oxynitride interfaces, where in both cases the id
products for a strain-reduction reaction would be SiO2 and
Si3N4 . These interfaces display no evidence for strain-driv
self-organization and interfacial defect reduction for anne
ing and/or processing temperatures up to 1000 °C,8 consis-
tent with the observation that there is a compound ph
Si2ON2 with a congruent melting point in excess of 2000 °
between SiO2 and Si3N4 .25

The existence of a 900 °C chemical phase separation
SiOx into Si and SiO2 , and the absence of a chemical pha
separation at temperatures up to at least 1000 °C at inte
dielectric interfaces that include either Si3N4 or a Si oxyni-
tride in contact with SiO2 , suggest that similar correlatio
should exist for an interfacial chemical phase separation
TM and lanthanide RE silicate and aluminate alloy thin film
in contact with SiO2 and the nature of their appropriate equ
librium phase diagrams.

Those systems that do not have a compound phase w
congruent melting point should display a separation in
TM or RE oxide and SiO2 , and those that have a compoun
phase with a congruent melting point should not. The eq
librium phase diagrams for SiO2 and ZrO2, and SiO2 and
HfO2 indicate stable silicate phases but without congru
melting points for these compound phases.21 In addition, the
liquidus curves display either stable or incipient liquid im
miscibility characteristics, and therefore are consistent wit
spinoidal decomposition for silicate alloys formed by no
equilibrium thin film depositions.21 Thin film Zr and Hf sili-
cate alloys have been demonstrated to display chem
phase separation at temperatures of at m
900–1000 °C.21,26 Based on comparisons between bon
breaking relaxations in SiO2 at ;1000 °C, and interfacial
bond-breaking reactions at;900 °C, this suggests that inte
facial relaxations should occur at temperatures of at m
800–900 °C, and possibly less, especially if the effective
terfacial ZrO2 or HfO2 concentrations are higher than abo
50%. This expectation has been realized in devices includ
HfO2 and Hf silicate alloys, where fixed charge has be
reduced by more than 1 order of magnitude for annea
temperatures about 700–800 °C.19,20 In contrast devices with
Zr and Hf silicate alloys annealed at 500 °C do not sh
defect reduction.3,4 These observed reductions in Refs.
and 20 are attributed in this article to an interfacial chemi
phase separation of interfacial Zr and Hf silicate alloy bon
ing groups in contact with SiO2 into nanoscale ZrO2 and
HfO2, respectively, encapsulated by SiO2 . As in the interfa-
cial self-organization of SiO described in Ref. 1, this nan
cale self-organization also results in a decrease in interfa
bond strain.

In contrast, and also consistent with the equilibrium pha
diagram differences between Al2O3– SiO2 , ZrO2– SiO2 and
HfO2– SiO2 , there is no reduction of defects at SiO2– Al2O3
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interfaces up to temperatures of at least 900 °C where
Al2O3 films undergo a bulk crystallization. This is consiste
with the existence of two compound compositions with co
gruent melting points in excess of 2000 °C between SiO2 and
Al2O3 .27 It is also significant that the magnitude of the fixe
charge is well above what is anticipated on the base on
Nav(B)2Nav(A) difference~see Table II!, but agreement be
tween the scaling is improved if the interfacial Al are a
sumed to be sixfold coordinated. This internal interface
being subjected to additional studies in an attempt to de
mine the chemical bonding arrangements of the interfacia
atoms.

Compound phases with congruent melting points, such
(Y2O3)1(SiO2)2 and (Y2O3)2(SiO2)1 , exist in the phase
diagrams for the group IIIB TM metal atom silicates of
and La, and for the lanthanide RE elements in the trival
bonding states.21 This means that internal interfaces betwe
interfacial SiO2 , and either the oxides or silicate alloys
these group IIIB and lanthanide RM atoms are more th
likely not to undergo a self-organization that is driven
bond strain reduction, and therefore will display levels
fixed charge, typically at the 1012cm22 level. Therefore they
will not meet target performance and reliability required
aggressively scaled CMOS devices after processing at
peratures up to 900 °C. These estimates of fixed charge
these interfaces are based on the values of@D(Nav)# included
in Table II and also include the supporting results of Ref.
which indicate fixed charge levels in the mid 1012cm22

range at Y2O3– SiO2 internal dielectric interfaces fornMOS
~NMOS! andpMOS ~PMOS! capacitors.

The phase diagrams for ZrO2– Al2O3 and HfO2– Al2O3

do not indicate compound compositions between Al2O3 and
the respective transition metal oxides.28,29Nor do they reveal
liquidus features indicative of immiscibility, and a drivin
force for spiniodal decomposition. In addition the eutec
compositions in these systems are in the mid-alloy ran
and at a temperature at least 100 °C higher than in the p
diagrams for the respective phase diagrams with SiO2 . These
systems will be investigated by the authors to determine
magnitude of the interfacial charge, as well as the effecti
ness of annealing up to at least 900–1000 °C in reducing
magnitude of the interfacial fixed charge. Previously repor
studies of Hf aluminate alloys with alloy compositions in t
range of 35%–50% HfO2 indicated chemical phase separ
tion at temperatures in excess of 900–1000 °C.30 Electrical
studies were made on capacitors prepared from these al
subjected to postdeposition annealing at 800–900 °C prio
Al metallization. These devices showed significant levels
fixed negative charge, similar to those reported for Al2O3

devices. These levels were found in both NMOS and PM
capacitors, confirming that the charge was fixed, and
dominated by electron injection and trapping. This sugge
that the interfaces of these devices were Al2O3 like, and that
the kinetics for a strain-driven self-organization that wou
reduce fixed charge was not possible for the range of ann
ing temperatures explored.
J. Vac. Sci. Technol. B, Vol. 22, No. 4, Jul ÕAug 2004
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VI. DISCUSSION

This article has demonstrated that fixed charge locali
at internal dielectric interfaces in stacked gate dielectr
comprised of interfacial SiO2 , and alternative gate dielec
trics including:~i! Si3N4 and Si oxynitride alloys,~ii ! A2O3,
~iii ! group IVB and IIIB TM, and lanthanide RE atom ox
ides, and silicate and aluminate alloys, were derived fr
bond strain at these internal dielectric interfaces. There
generally two components to this strain; one associated w
mechanical bond strain,10 and the second with the heterov
lent nature of interface bonding.17 Bond constraint theory as
applied to dielectrics with CRN and MCRN amorphous mo
phologies indicates that the average number of bond
constraints/atom scales linearly with the average numbe
bonds/atom, and that electronically active defects re
when the average number of bonding constraints/atom
greater than the network dimensionality. In TM and RE s
cate alloys, the broken bonding bending constraint at
O-atom site of the SiO2 host network is restored.31 Since
strain energy scales with the square of the bond-angle s
@du#2 relative defect concentrations in the thin film diele
trics, and also at their interfaces scale with bond angle st
energy, and hence are proportional to the square of the
ference of the average number of bonds/atom relative t
low defect density standard CRN dielectric, e.g., SiO2 . Fol-
lowing these arguments, it has been shown that defects
sponsible for localized interfacial fixed charge levels rang
from the mid 1011 to mid 1012cm22 range scale with the
square of the step in the average number of bonds/atom
tween SiO2 , and the alternative dielectric that comprise t
stack gate dielectric structure. This relationship applies w
the bond strain is due to valence forces as well as b
charge and nuclear charge mismatch.

This article also identifies a mechanism for bond-str
relief by a strain-driven interfacial self-organizations, whi
has material and interface specific applications. Paralle
results presented in Ref. 1, self-organization is restricted
systems in which chemical phase separation into SiO2 and an
end-member elemental nitride or oxide is possible. One c
dition for this in mixed TM and RE oxide systems is th
there exist no silicate or aluminate phases that have con
ent melting points. The article distinguishes among four d
ferent internal interfaces:~i! Si–Si3N4 and Si–Si oxynitride
alloy interfaces at which strain relief does not occur up
processing temperatures of at least 1100 °C, at which de
densities are sufficiently low not to degrade performance
reliability in high power applications with EOT extending t
about 1.1–1.2 nm.~ii ! SiO2– Al2O3 in which Al2O3 crystal-
lizes at temperature of;900 °C, below which self-
organization occurs, and additionally in which there are co
pound silicate phases with congruent melting points wh
are expected to inhibit the decomposition reaction. Def
densities at SiO2– Al2O3 interfaces are in excess of
31012cm22, and require relatively thick interfacial layers o
SiO2 to mitigate the effects of fixed charge on channel tra
port. Stated differently, these values of fixed charge are
high for device applications in which EOT must be scaled
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less than 2 nm.~iii ! group IVB silicates, in particular Zr and
Hf silicates, display a strain-driven self-organization at te
peratures less than about 800 °C and densities of fixed ch
have been reduced by more than 1 order of magnitude
mitting EOT scaling to at least 0.8–1.0 nm. This se
organization is consistent with the respective binary ox
equilibrium phase diagrams in which the compound silic
phases, ZrSiO4 and HfSiO4 , do not have congruent meltin
points.~iv! Additionally, and based on scaling arguments a
a limited set of measurements, group IIIB, Y, and La, a
lanthanide RE atom oxides, and their silicate and alumin
alloys are not expected to display strain-driven se
organization at their internal interfaces with SiO2 with the
driving factor limiting defect reduction being a multiplicit
of compound silicate and aluminate phases with congru
melting points.

Finally, results to date on TM aluminate systems have
displayed any indication of defect reduction via interfac
stress-relief mechanisms.30 In contrast, studies of Ta alumi
nate devices displayed significant injection into low lyin
Tad* states, disqualifying them for device applications32

and Hf aluminate devices display high densities of interfac
traps, also raising questions relative to device application30

The results of this article and Part I1 identify two limita-
tions for aggressively scaled devices. The first is the ne
sity for an ultrathin interfacial SiO2 layer to be in contact
with the Si substrate in which channel transport occurs. T
900 °C interfacial relaxation provides an interfacial bondi
structure that is responsible for continuance of scaling m
rics, including low densities ofD it , channel transport mobili-
ties of electrons and holes, and interface-limited/determi
device reliability. The second limitation is on alternative ga
dielectrics.

There are approaches for meeting ITRS targets for b
CMOS devices.12 The first is in devices containing the opt
mized Si oxynitride alloys of Ref. 5, in which the nitroge
profile is controlled at the atomic level.33,34 These devices
have the potential to exhibit tunneling leakage currents of~i!
,5 A cm22 at approximately a 1 V of oxide bias for EO
between 1 and 1.2 nm and~ii ! ;1022 A cm22 at approxi-
mately a 1 V for oxide bias for EOT of;1.3–1.5 nm. These
currents and EOTs are predicated on an interfacial monol
nitride silicon oxide region that contributes approximate
0.35 nm to EOT, and which is sufficient to preserve chan
transport properties, defect densities, and reliability sim
to those of SiO2 devices, i.e., meeting ITRS scalin
metrics.12 Although these devices will operate with dope
polycrystalline Si gate electrodes, performance in b
CMOS devices would be considerably improved with du
metal gate electrodes.

The second class of dielectrics includes HfO2 and ZrO2

and their silicate alloys. There are two important constrai
First, as for the example, given above for optimized Si o
ynitride alloy devices, it is necessary to include an interfac
monolayer nitride silicon oxide region that contributes a
proximately 0.35 nm to EOT, so that ITRS scaling metr
can be met. Second it is necessary to subject both diele
JVST B - Microelectronics and Nanometer Structures
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interfaces, the Si–SiO2 interface, and the interna
SiO2–high-K interface, to thermal annealing at temperatu
of approximately 900 °C to promote strain-induced se
organization at each of these interfaces. Finally, it will
necessary to quantify the effects of remote phonon scatte
on channel transport,35,36,37and in particular to determine i
dual metal gate electrodes can effectively screen cha
carrier–phonon coupling and yield current drive meeti
ITRS metrics for bulk CMOS devices. Preliminary results
the Intel group suggest that metal gate electrodes are e
tive in screening remote phonon scattering, but more co
plete data and analyses are required.19

Note added in proof:Equation~7!, given by

Ndef
8 5Ndef

8 @abs~D~Nav!!1abs~D~ I b!!#2 ~7!

is a more generalized scaling relationship than Eq.~6!, and
includes two additive contributions to formation of elect
cally active interfacial defects:~i! the first from interfacial
mechanical bond strain as described by differences in in
facial bonding coordination,D(Nav), and ~ii ! the second
from interfacial heterovalent bonding as reflected in diffe
ences in interfacial bond ionicity,D(I b). The additivity of
the absolute valuesin Eq. ~7! is in accord with the correla-
tion in Table I between increases in the coordination of
atoms, nOx, and hence inNav as well, with increases in bond
ionicity, I b . A fit to the experimental data using Eq.~7!, and
not included as a separate figure in this article, gives a sl
equivalent to aslightly reduced and improvedpower law
factor of 1.1560.1. The scaling relationship of Eq.~7! has
also been used to estimate the density of Si atom dang
bond defects at Si–SiO2 interfaces. These defects have be
attributed to the mechanical bond strain induced by mo
volume mismatch at the Si–SiO2 interface between the crys
talline Si substrate and the non-crystalline SiO2 dielectric.1

However, charge transfer, associated with the bond ioni
difference between Si and SiO2 has been shown to contribut
to an interfacial dipole.38 Since this electron charge transf
is from Si atoms of the substrate to the O atoms of the
electric, this transfer can also play a role in the formation
dangling bonds by weakening the Si–Si bonds of the s
strate. The density of defects obtained from the fit parame
to Eq. ~7! agrees to within experimental error to the tot
densities of dangling bonds, Pb for Si~111!, and the sum of P

b0 and Pb1 for Si~100!, as determined by electron spi
resonance,39,40 and as discussed in Ref. 1. Since the dens
of dangling bond defects determines the effective spacing
these defects at Si–SiO2 interfaces, bond constraint theor
underpins, in a fundamental way, the model proposed in R
1 for the empirical roughness parameter in the universal m
bility expressions for both electron and hole transport in
channel regions of field effect transistors.41 The challenge
remaining is to develop a model, underpinned by electro
structure, and elastic and bond constraint theory, t
provides a basis for determination of the prefactor terms
Eqs.~6! and ~7!.
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