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This article applies x-ray absorption spectroscopy to a study of the electronic structure of the high-k
gate dielectrics, TiO2 , ZrO2 , and HfO2. Qualitative and quantitative differences are identified
between intra-atomic transitions such as the Zr 3p-state, M2,3 core state absorptions which
terminate in TM 4d* - and 5s* -states, andinter-atomictransitions such as the Zr 1s- and O 1s-state
K1 absorptions which terminate in Zr 4d* - and 5s* -states that are mixed with O atom 2p* states
through nearest neighbor bonding interactions. Differences between the spectral peak energies of the
lowestd* -features in the OK1 spectra are demonstrated to scale with optical band gap differences
for TiO2 , ZrO2 , and HfO2, providing important information relevant to applications of TM oxides
as high-k gate dielectrics in advanced Si devices. This is demonstrated through additional scaling
relationships between~i! conduction band offset energies between Si and the respective dielectrics,
and the optical band gaps, and~ii ! the conduction band offset energies, and the electron tunneling
masses as well. ©2004 American Vacuum Society.@DOI: 10.1116/1.1771670#

I. INTRODUCTION

There has been considerable interest in transition metal
~TM! and lanthanide series rare earth~RE! atom oxides, and
their silicate and aluminate alloys asreplacement or alterna-
tive high-k dielectrics for SiO2 in advanced silicon field
effect transistors~FETs! requiring a gate oxide dielectric
capacitance per unit area,Cox , greater than 4
31026 F cm22.1–3 These levels of capacitance, although at-
tainable in thermally-grown SiO2 , cannot be utilized in de-
vices because the physical SiO2 thickness required is less
than 1.0 nm, and this leads to excessively high tunneling
leakage currents,.100 A cm22 at a 1 V oxide bias. Tunnel-
ing leakage at these levels degrades FET performance and
reduces reliability as for example the time to dielectric
breakdown~TDDB! under accelerated high-field bias.

High-k dielectrics can achieve these increased levels of
capacitance per unit area, but at a physical film thickness
which is increased by the ratio of their respective dielectric
constants,ka , to that of SiO2 , ;3.9. Sinceka ranges from
20 to more 60 for the group IVB~Ti, Zr, and Hf!, group IIIB
~Sc, Y, and La! TM oxides, as well as for the trivalent lan-
thanide RE oxides, the thickness increases of at least fivefold
are sufficient to predict reductions of the tunneling current by
many orders of magnitude. However, the tunneling leakage
also depends on the square root of the product of~i! the
height of the barrier or conduction band offset energy be-
tween the conduction band of Si, and the lowest conduction
band states of the dielectric,EB , and~ii ! the effective mass

of the tunneling electrons,meff* .4 This study includes spectro-
scopic results that demonstrate that the band gaps of the TM
and RE oxides, as well as their respective silicate and alumi-
nate alloys, are significantly reduced with respect to the band
gap of SiO2 . Scaling arguments are used to demonstrate that
these band gap reductions are accompanied reductions in
EB , as well as inmeff* . The band gap,EB and meff* , reduc-
tions scale with the atomicd-state energies of TM and RE
atoms, and provide important insights for the identification
of the particular TM and RE oxides, silicates, and aluminates
that have the potential to meet international industry road-
map targets for device performance with respect to gate leak-
age currents.1–3

The transition from thermally-grown SiO2 gate dielectrics
to deposited high-k gate dielectrics is also wrought with
many technological difficulties relative to film deposition
and process integration.1–6 This article does not address
these technology issues, but instead focuses on fundamental
differences in the electronic structure between the group IVB
TM oxides and SiO2 . The most significant differences are
manifested in the character of the electronic states that com-
prise the lowest conduction bands. These are spatially local-
ized d* -states in the TM and RE dielectrics, in marked con-
trast to the extendeds* -states that comprise the lowest
conduction band in SiO2 . As noted above, the energies of the
lowest energyd* -state bands relative to the top of the con-
duction band in crystalline Si define the conduction band
offset energy barrier,EB , for electron injection into the di-
electric, as well as for electron tunneling through the dielec-
tric. These offset energies have emerged as a critical consid-a!Electronic mail: lucovsky@unity.ncsu.edu
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eration for meeting roadmap targets for attainment of high
capacitance,.431026 F cm22, with low direct tunneling,
or more generally leakage currents in alternative gate dielec-
trics in aggressively scaled devices.1–3

This article uses x-ray absorption spectroscopy~XAS! to
study the electronic structure of the high-K gate dielectrics,
TiO2 , ZrO2 , and HfO2. Qualitative and quantitative differ-
ences are identified betweenintra-atomic transitions such as
the Zr 3p-state,M2,3 core state absorptions which terminate
in TM 4d* - and 5s* -states, andinteratomictransitions such
as the Zr 1s- and O 1s-stateK1 absorptions which terminate
in Zr 4d* - and 5s* -states that are mixed with O atom 2p*
states through nearest neighbor bonding interactions. Most
importantly, differences between the spectral peak energies
of the lowestd* -features in the OK1 absorption spectra of
the TM oxides correlate linearly with reported optical band
gap,Eg , differences for TiO2 , ZrO2 , and HfO2, and thereby
provide important information relevant to applications in ad-
vanced Si devices. In particular, the conduction band offset
energies,EB , between Si and high-k dielectrics scale ap-
proximately linearly with optical band gaps,Eg , and addi-
tionally the tunneling masses of the electrons,meff* , scale
with EB , and therefore withEg as well.7

II. EXPERIMENTAL STUDIES OF ELECTRONIC
STRUCTURE

A. Experimental methods

The XAS studies were performed at the National Syn-
chrotron Light Source~NSLS! at the Brookhaven National
Laboratory~BNL! using total photoelectron yield to deter-
mine relative absorption strength of the spectral features.
Thin film samples of ZrO2 and HfO2, approximately 30 nm
thick, were prepared by remote plasma assisted chemical va-
por deposition~RPECVD!.8 Postdeposition annealing of de-
posited thin films was performed for 30 s to 1 min at 900 °C
in an inert ambient, Ar.

TiO2 thin films of approximately the same thickness were
prepared by physical deposition of Ti, followed byin situ
plasma-assisted oxidation at 300 °C; deposited films were
then annealed in vacuum at 600 °C.9 Characterization by
high resolution transmission electron microscopy~HRTEM!
imaging indicated that the TM oxide thin films of this study
were crystalline in character, with the crystallite sizes in the
nanoregime from;3 to 20 nm.10 HfO2– TiO2 oxide films
were also deposited in the same manner, and provide an ad-
ditional source of TiL2,3 spectra. Figure 2 contains TiL2,3

edge spectra for TiO2 and a Ti-rich HfO2– TiO2 alloy with a
ratio of 1.2.

B. Experimental approach

Figure 1 presents a schematic representation of the XAS
transitions that are being addressed. For ZrO2 , these include
the ZrK1 andM2,3 edges, and the OK1 edge as well. These
studies also include the TiL2,3 and HfN2,3 spectra, as well as
the respective OK1 edges for TiO2 and HfO2.

The schematic energy level diagrams of Fig. 1 include the
~i! D(d1,2* ) splittings, and theD(d1* ,s* ) energy difference
between the lower energyd* -state, and the lowest energy
feature of thes* -state band, These differences are used to
quantify comparisons between:~i! intra-atomic, dipole-
allowed transitionsin which electrons are excited from rela-
tively deep core states of the Ti, Zr or Hf atoms into empty
states localized on the same atoms, and~ii ! interatomictran-
sitions in which electrons are excited either from TM or O
atomic 1s core states into final states have a mixed O
atom—TM atom character, and therefore are not restricted
by atomic dipole selection rules.5,11,12

C. Intra-atomic, dipole allowed transitions

Figures 2~a!, 2~b!, and 2~c! are the TiL2,3, Zr M2,3, and
Hf N2,3 spectra for the Ti-rich HfO2– TiO2 alloy with a ratio
of 1.2, followed by ZrO2, and HfO2, respectively~see Table
I!. The features in each of these spectra are replicated for the
respective spin–orbit split initialp-states,np1/2 and np3/2,
wheren52 for TiO2 , 3 for ZrO2 , and 4 for HfO2 are the
principle quantum numbers of the respectiveL, M, and N
shells.12 For each of the spin–orbit split initialp-states, there
are transitions to ad* -state doublet, 3d* for Ti, 4d* for Zr,
and 5d* for Hf, and to a 4s* -, 5s* - or 6s* -state that is at a
higher energy. Table I includes the positions of the spectral
features for the TiL2,3 and ZrM2,3 doublet components that
are spectroscopically resolved, and thed* -state energy of the
spectral peak of HfN2,3 spectra, where the doublet compo-
nents are not resolved. The energies of the Ti and
Zr d* -states ands* -states have been obtained from fitting
the features in the respective spectra by standard techniques
using Gaussian line shapes with Lorentzian tails. The ener-
gies of the respectived* -states obtained in this way are ap-
proximately the same as the positions of the spectral peaks in
the spectra shown in Figs. 2~a! and 2~b!. The spectral peaks
of thes* -state features are broader, and there is also spectral
overlap with d* -states, so that the fitting procedure is the

FIG. 1. Schematic representation of the intra-atomic ZrM 2,3, and inter-
atomic atomic ZrK1 , O K1 and band edge transitions for ZrO2 . The order-
ing of the energy states is derived fromab initio molecular orbital calcula-
tions on small neutral clusters~Refs. 5 and 11!.
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most reliable way to obtain these energies. TheL2 , M2 , and
N2 features are shifted in energy with respect to the corre-
spondingL3 , M3 , andN3 features by the spin–orbit split-
tings of the respective 2p-, 3p-, and 4p-initial states. The

spectroscopic splittings of 5.6 eV60.3 eV for Ti, 13.3 eV for
Zr, and for 57.6 eV60.3 eV for Hf are in excellent agree-
ment with X-ray Data Handbook Values.13

The relative absorption strengths for thed* and s* fea-
tures in the spectra for TiO2 , ZrO2 , and HfO2 are markedly
different. Thes* -state spectral features are very weak in the
TiO2 L3 and L2 spectra, the corresponding absorptions
strengths increase modestly for the ZrO2 M3 andM2 spectra,
and then are significantly stronger for the HfO2 N3 and N2

spectra. These relative intensities are in qualitative agree-
ment with relative intensities based on hydrogenic Rydberg
states.14

Figures 3~a! and 3~b! areL2,3 spectra of TiO2. Figure 3~a!
shows the samedouble doubletstructure of the Ti-rich
HfO2– TiO2 alloy spectrum in Fig. 2~a!; however, due to the
rutile crystalline structure, there is a splitting of the lower
energyL3 doublet component. The two- and threefold degen-
eracies ofL3 components are completely removed. The dou-
bly degenerate feature at;459 eV is split into two peaks
with a separation of;1.6 eV. The triply degenerate feature
at ;457.2 eV is split into three features at 455.7 eV,
456.4 eV, and 457.3 eV.

D. Inter-atomic O and K 1 edge, and band edge
transitions

Figures 4~a!, 4~b!, and 4~c! are OK1 edge spectra, respec-
tively for TiO2 , ZrO2 , and HfO2. Each of these spectra is
qualitatively similar, displaying a well-resolvedd* -doublet
at the absorption threshold, and a broaders* -feature with
some additional structure at higher energies that may be due
to transitions top* -states. The positions of the spectral fea-
tures, and theD(d1,2* ) and respectiveD(d1* ,s* ) spectro-
scopic splittings determined from the peaks in Figs. 4~a!,
4~b!, and 4~c! are included in Table I. TheD(d1,2* ) splitting
increases in going from TiO2 to ZrO2 , and then to HfO2 , by
;0.5 eV and 0.8 eV, respectively. The spectral overlap be-
tween the higher energyd* -state,d2 , and the lowest energy
s* -feature decreases from TiO2 and ZrO2 to HfO2 . Contri-

FIG. 2. ~a! Ti L2,3, ~b! Zr M 2,3, and~c! HfN2,3 x-ray absorption spectra.

TABLE I. Summary of experimental results ford* ands* features in XAS
spectra of Figs. 2~a!, 2~b!, and 2~c!, 4~a!, 4~b!, and 4~c!, and 5.

Spectrum

Energy~60.2 eV! Energy~60.3 eV!

d1* d2* s* D(d1,2* ) D(d1* ,s* )

Ti K1
a 4960 4962.5 4968.6 2.5 8.6

Ti L2 462.7 464.7 475.3 2.0 10.0
Ti L3 457.2 459.1 469.7 1.9 9.8
O K1(Ti) 530.1 532.8 539.5 2.7 8.4
Zr K1 18008b 18008b 17998 3c 13d

Zr M2 345.9 347.7 357.5 2.2 11.7
Zr M3 332.6 334.8 344.5 2.2 11.9
O K1(Zr) 532.2 535.4 542.3 3.2 10.1
Hf N3 382.7b 382.7b 392.7 ,3.5c 10d

O K1(Hf) 532.5 536.8 541.5 4.3 9.0

aReferences 16 and 17.
bNot resolved.
cEstimated from linewidth.
dAverage separation.
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butions to the spectral overlap include~i! increases in the
respectiveD(d1* ,s* ) splittings from TiO2 ~2.7 eV! to ZrO2

~3.2 eV! to HfO2 ~4.3 eV!, ~ii ! decreases inD(d2* ,s* ) en-
ergy separations~not included in Table I! of approximately
6.7 eV of 6.9 eV, respectively, for TiO2 and ZrO2, to 5.0 eV
for HfO2 , and finally, ~iii ! increases in the spectral half-
width of the d2* features that scale monotonically with the
atomic number of the TM atom.

The ZrK1 spectrum for ZrO2 is shown in Fig. 5. This
spectrum is similar to those presented in Ref. 15, where
markers indicate that the positions of features assigned to
4d* - and 5s* -states. The energies of the features are essen-
tially the same for all of the crystalline phases of ZrO2 .
Since transitions from the Zr 1s-state to Zr 4d* - and
5s* -states are not dipole-allowed, the ZrK1 edge spectrum
is qualitatively similar to the OK1 edge spectrum in which
the final states also involve a mixing between Zr 4d* - and

5s* -states, and O 2p* -states. This is reflected in the values
of D(d1,2* ) andD(d1* ,s* ) presented in Table I. The doublet
4d* -features are not spectroscopically resolved in Fig. 5, or
in the spectra in Ref. 15, as it is in the OK1 spectrum in Fig.
4~b!.

FIG. 3. ~a! Ti L2,3 spectra for TiO2. ~b! Near edge structure on TiL3 feature.

FIG. 4. OK1 spectra for~a! TiO2 , ~b! ZrO2 , and~c! HfO2 .
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Ti K1 and HfK1 edge spectra have not been obtained for
the thin film samples prepared for this study. However, there
have been several published studies of the TiK1 edge in the
rutile and anatase crystal forms of TiO2 .16,17 Published re-
sults for the TiK1 edge of TiO2 in the rutile phase are in-
cluded in Table I.16,17A comparison indicates a similarx-axis
~energy! behavior between the OK1 spectra for the nano-
crystalline TiO2 film of this study, and the published rutuile
Ti K1 spectrum.16,17 The d-state splittings are the same to
within experimental error; 2.560.3 eV for the TiK1 spec-
trum, and 2.760.3 eV for the OK1 spectrum. In addition, the
average difference in energy between thed1* -state feature,
and the firsts* -state spectral peak are the same to within the
experimental error of60.3 eV: 8.660.3 eV for the TiK1

spectrum, and 8.460.3 eV for the OK1 spectrum. However,
as in the case of ZrO2 , the relative intensities of thed* - and
s* -features are different in the TiK1 and OK1 spectra.

E. Optical absorption edge spectrum

Figure 6 contains a plot of the optical absorption constant,
a, versus photon energy for ZrO2 , as obtained from an
analysis of vacuum ultraviolet spectroscopic ellipsometry
data.18 The band edge, or threshold for optical absorption is
at ;5.7 eV, essentially the same as reported from comple-
mentary measurements of the photoconductivity.19 The rela-
tive intensities of thed* -state absorption between 5.7 and 6
eV and thes* -state absorption at higher photon energies is
similar to the relative intensities of the corresponding fea-
tures in the ZrK1 spectrum, but the energy scales are mark-
edly different. For the ZrK1 spectrum, the initial state is the
Zr 1s-state at218 keV, and for the band edge transitions, the
initial states are O 2p p nonbonding states at the top of the
valence band.

III. DISCUSSION

A. Spectroscopic results

This section distinguishes between the intra-atom TiL2,3,
Zr M2,3, and HfN2,3 edge spectra of Figs. 2~a!, 2~b!, and
2~c!, and the interatomic~i! Ti O K1 , Zr OK1 , and Hf OK1

spectra of Figs. 4~a!, 4~b!, and 4~c!, ~ii ! Zr K1 edge spectra of
Fig. 5, and~iii ! band edge ZrO2 spectra of Fig. 6.

Figure 1 indicates the intra-atomic transitions that contrib-
ute to the six-distinct features the ZrM2,3 spectrum of Fig.
2~b!. This schematic representation has been applied to the
Ti L2,3Hf N2,3 spectra as well, and also applies to the corre-
sponding group IIIB TM~Sc, Y, and La! and the trivalent
lanthanide RE atom oxide spectra. The spectral features are
associated with transitions from relatively deep spin–orbit
split Ti 2p-, Zr 3p-, and Hf 4p-states, typically 200–500 eV
below vacuum, to empty 3, 4, or 5d* - and 4, 5, or
6s* -states, respectively. These transitions are atomiclike in
character and are significantly not-changed by second neigh-
bors as has been shown for the ZrM2,3 spectra through the
comparisons that include Zr homogeneous, as well as chemi-
cally phase-separated silicate alloys.12 The relative intensities
of final d* -states in the Ti and Zr spectra are consistent with
the lower energy pair in each spectral component being the
d3/2 state with a spectral weighting of 4, and the higher en-
ergy component being thed5/2 state with a spectral weighting
of 6. Since the local symmetries of the Ti and Zr atoms are
effectively sixfold coordinated in TiO2 and eightfold coordi-
nated in ZrO2 , and since the ordering of thed* -states in the
respective spectra are the same, this demonstrates that the
d* -state spitting is not determined by local symmetry. A
splitting associated with the local symmetry would have
yielded the reverse ordering of the doubly and triply degen-
erate d* -states forsixfold coordinated TiO2 and approxi-
matelyeightfoldcoordinated ZrO2.11

The OK1 edge spectra for TiO2 in Fig. 4~a!, ZrO2 in Fig.
4~b!, and HfO2 in Fig. 4~c! are assigned to transitions from
the O 1s-state to finalbandlikestates that have a mixed~i!
O 2p* -state, and~ii ! TM 3, 4, or 5 d* - and TM 4, 5 or
6-s* -state character, respectively. In contrast to the order of
magnitude intensity variation between the respective,~i! Ti

FIG. 6. Absorption edge spectrum for ZrO2 annealed at 900 °C. The arrows
indicate the band edge 4d* features.

FIG. 5. ZrK1 XAS spectrum.
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and Zr, and~ii ! Hf d* - ands* -spectral features in Figs. 2~a!
and 2~b!, and Fig. 2~c!, thecorresponding d* - ands* -related
features in Figs. 4~a!, 4~b!, and 4~c!, have relative intensities
that differ by no more than a factor of 2. This demonstrates
that the matrix elements for absorption to thed* - and
s* -state features in the respective OK1 spectra are not de-
termined by the Rydberg-type transition probabilities, but are
related to the mixed nature of the final states.14

The ZrK1 edge spectra in Fig. 5, and the Ti and ZrK1

spectra discussed at length in Refs. 15, 16, and 17, are also
inter-atomic spectra. The transitions between the Zr and
Ti 1s-states to the respective Zr 4d* - and 5s* -states, and
Ti 3d* - and 4s* -states are not dipole-allowed, and the low-
est energy transitions are to final states with a mixed
O 2p* -state, and Ti or Zrd* - and s* -state character. This
interpretation of the Zr and TiK1 spectra is supported by the
fact that these transitions have features at higher energy that
are used in extended x-ray absorption fine structure~EX-
AFS! studies to determine nearest neighbor Zr and O, and Ti
and O bond lengths, and second and more distant neighbor
interatomic separations.20

Even though the final states have similar atomic character,
the relative absorptions of the 4d* and 5s* features in the
OK1 and ZrK1 spectra of ZrO2 are markedly different, and
therefore reflect differences in the respective O 1s- and
Zr 1s-ground state wave functions, and their effect on the
transition probabilities for these absorptions. This compari-
son also holds for the relative absorptions of the 3d* and
5s* features in the OK1 and TiK1 spectra of TiO2 .

The relative absorption strengths for the 4d* and 5s*
features in the ZrK1 spectrum in Fig. 4 bear some resem-
blance to features assigned to the same states in the band
edge absorption spectrum in Fig. 6. For example, the thresh-
old d* -state feature has a markedly lower absorption con-
stant than otherd* - ands* -states features at higher energies.
This is the case even though the initial states are very differ-
ent; the localized Zr 1s-core state for the ZrK1 spectrum,
and the more delocalized O 2p nonbondingp states for the
band edge absorptions.

Finally, and perhaps most important, a comparison be-
tween the energies of the first spectral peak of the respective
OK1 spectra, 530.1 eV for TiO2 , 532.4 eV for ZrO2 , and
532.6 for HfO2 , indicates that the differences between these
energies are equal, to within an experimental uncertainty of
60.3 eV, to the respective differences in reportednominal
band gap energiesof 3.1 eV for rutile TiO2 ,11 5.6 eV for
ZrO2 ,19 and 5.8 eV for HfO2 .19 This comparison carries
over as well to high-k complex oxide such as GdScO3 and
DyScO3.21

B. Conduction band offset energies and tunneling

In order to reduce direct tunneling in FETs with EOT,1.5
nm, and extending below 1 nm, there has been a search for
alternative dielectrics with significantly increased dielectric
constants,k, with respect to SiO2 . This allows increases in
physical thickness proportional tok for a given gate dielec-
tric capacitance, thereby having the potential to significantly

FIG. 7. ~a! Conduction band offset energy,EB , vs optical band gap,Eg , for
representative TM oxides, and SiO2 . The Eg values, as well as theEB

values for the TM oxides are from Ref. 7. TheEg value for SiO2 is also
from Ref. 7; however, theEB value is the accepted experimental value, 3.15
eV, and is about 0.35 eV less than the calculated value of Ref. 2.~b! EB and
Eg for the TM oxides of~a!, as functions of the TM atomd-states in the
n11 s2, n dg22 configurations, whereg54 and 5, for the respective group
IVB and VB oxides~Ref. 28!. ~c! meff versusEB for representative gate
dielectrics. The solid line is a quadratic fit to the points.
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reduce direct tunneling. However,increasesin k are gener-
ally accompanied bydecreasesin the optical band gap,Eg ,
the conduction band offset energy with respect to Si,EB ,
and the effective electron tunneling mass,meff* . These
tradeoffs are quantified by the introduction of a tunnelling
figure of merit,Fm , given by

Fm5k@EB•meff* #0.5. ~1!

Robertson and co-workers have developed a model for
obtaining band gaps and conduction band offset energies for
representative gate dielectric materials including SiO2 and
Ta2O5 as well as the high-k dielectrics of this article.7,23 Fig-
ure 7~a! is plot of EB vs Eg in which the experimentally
determined band offset energy for SiO2 , 3.15 eV used in-
stead of the calculated values from Ref. 2. The relationship is
approximately linear, as indicated by the fit to the points in
Fig. 7~a!. Figure 7~b! contains plots ofEg andEB as a func-
tion of the atomicd-state energy of the TM atoms for the TM
oxides of Fig. 7~a!. This new scaling law follows from the
spectroscopic studies of this article, and theab initio calcu-
lations that are in process.24 As noted above, OK1 spectra of
TM oxides provide quantitative information about relative
band gaps for TM oxides, and for the extension of this rela-
tionship to more complex oxide alloys and compounds as
well. For example, combined with Auger electron spectros-
copy and x-ray photoelectron spectroscopy studies, XAS
spectra have provide important information relative to the
compositional dependence of conduction band energies in Zr
and Hf silicate alloys. Based on these comparisons, several
of the group IVB and VB TM oxides with the highest dielec-
tric constants, e.g., TiO2 , and Nb2O3 and Ta2O3, have offset
energies below 1 eV that correlate with either high tunneling
leakage, and or electric field assisted injection into low-lying
conduction band traps associated with these atoms.25 Based
on scaling with atomicd-states,~i! the group IVB oxides of
Zr and Hf and their respective silicate, and aluminate alloys,
as wells as~ii ! the group IIIB, and lanthanide RE series
oxides, and their respective silicate and aluminate alloys are
expected to have conduction band offset energies greater
than about 1.2–1.3 eV, and therefore, have the potential for
meeting roadmap targets for tunneling leakage current,3 pro-
vided the electron tunneling mass,meff , does not decrease
significantly with decreasingEB .

Figure 7~c! is a plot of the electron tunneling mass,meff vs
the conduction band offset energy,EB . The linear portion of
this plot for EB between about 2.5 and 4.1 eV is in accord
with the Franz two-band model of Refs. 26 and 27, and
applies when the conduction band states are free electronlike
with predominantlys* -character. The projected values for
meff whenEB less than about 2 eV are attributed to a change
in the character of the lowest conduction band states, from
s* -extended states in SiO2 and Si3N4 , to significantly more

localizedd* -states in the TM and RE dielectrics. Based on
an analytic continuation of the quadratic fit in Fig. 7~c!, a
1.2–1.3 eV offset energy is expected to be a good lower limit
for dielectrics that will meet roadmap targets for aggressive
scaling of EOT down to at least 1.0 nm.1–4,22
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