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This article addresses differences between the electronic structuireadfernativehigh-k transition

metal (TM) rare earth dielectrics andi) SiO, and Si oxynitride alloys by presenting a systematic
x-ray absorption spectroscopy study of transitions betweennTpAcore states and TM metal

+1—d* andn+2 s* antibonding/conduction band staf@s=2, 3, and 4 that is complemented by
studies of O atomK; edge absorption spectréb initio calculations based on small clusters
establish the localization of the+1 d* states on the TM metal#\b initio electronic structure
calculations are also used to interpret other aspects of the optical, ultraviolet, x-ray, and electron
spectroscopies, and also provide a basis for interpretation of electrical results, thereby narrowing the
field of possible replacement dielectrics for advanced semiconductor deviceB00® American
Vacuum Society[DOI: 10.1116/1.1493787

l. INTRODUCTION dielectrics in advanced Si devick$A framework for track-
ing changes in amorphous morphology from §jiOto
Noncrystalline alloys of:(i) group IlIB, IVB, and VB  Al,0;, TM silicate and aluminate alloys, and elemental TM
transition metalTM) oxides and(ii) first row (RE) oxides  oxides has been developed in Ref. 1, and provides a basis for
with SiO, and ALO; have been proposed as alternative gatejefining the local bonding coordination and symmetry of the
dielectrics for advanced Si devick$.Increases in the rela- TM atoms for the electronic structure calculations.
tive dielectric constantk) compared to Si@ permit the use This classification scheme is summarized in Table |,
of physically thicker films to obtain the same effective ca- where the character of the amorphous morphology is corre-
pacitance as devices with physicaltitinner SiO, layers lated with: (i) average bond ionicityl() using a definition
thereby providing the potential for many orders of magnitudedue to Pauling andii) average oxygen atom bonding coor-
reductions in direct tunneling current. However, decreases idination. At one end of the classification scheme are ideal-
tunneling current anticipated from increased physical thickized continuous random networK€RNg exemplified by
ness are mitigated in part by reductionsefffiectiveconduc-  SiO,, and at the other, the random closed packing ions that
tion band offset energies that define the tunneling barriecharacterize an idealized noncrystalline structure for TM el-
between the Si substrate and highlielectric. The nature of emental oxides:* Between these two limiting morphologies
the these conduction band statestended & states as in are modified or disrupted network structut®dCRNs) that
SiO,, Si oxynitride alloys, and AlO;, contrasted witdo-  are exemplified by bulk silicate glasses, noncrystalline sili-
calized d states as in TM and RE oxides, as well their cate thin films, as well a small number of metal and TM
energies relative to the Si conduction band, are also impoexides, including respectively, 4D, TiO,, and TaOs."
tant factors in determining the magnitude of the direct tun-Finally, it is significant to note that as the coordination of
neling current This article interprets the results of x-ray Oxygen increases from two to four, the geometric arrange-
absorption spectroscop§XAS) studies on TM and RE el- ment of electrons irbonding and nonbondingrbitals re-
emental and binary oxides in the contextatf initio calcu- ~ mains essentially tetrahedral.
lations. The most important results of this theoretical ap-
proach include the identification of the atomic states that
contr_l_bute to:(i) the hlghes_t occupled_valence band states“. SPECTROSCOPIC STUDIES
and(ii) the lowest unoccupied conduction band states of the
TM/RE oxides and their silicate and aluminate alloy dielec- This section presents XAS for TM/RE oxides and their
trics. The theory identifies final-state/excitonic effects, differ-pseudobinary alloys and compounds. These are interpreted in
entiating for example between final statesntra-atomx-ray  terms of theab initio calculations presented later on in the
absorption, andnterlayerinternal photoemissiofiPE). article. The Zr silicate alloys, including ZgQ and Ta and Hf
The local atomic bonding in noncrystalline TM/RE oxides aluminate alloys, including respectively, ;& and HfQ,,
and their silicate and aluminate alloys, and the complemenwere prepared by remote plasma enhanced chemical vapor
tary medium range order define an amorphous morphologgeposition; the deposition process, and chemical and struc-
for these dielectrics that is qualitatively different comparedtural characterizations have been addressed in other
to Si0, and the Si oxynitrides that are currently used as gat@ublicationss=’ The GdScQ, DyScQ;, and LaAlg
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TasLE |. Amorphous bonding morphologies for noncrystalline elemental and binary oxide alloys.

Amorphous Bond Oxygen atom Representative
morphology Bonding ionicity coordination dielectrics
continuous random covalent <47% 2 SiQ, Si oxynitrides
network (CRN)
modified covalent with 47%—-67% increases from silicate alloys,
continuous random disruption by 2to 3 Al,O5, aluminate
network (MCRN) metal ions alloys, TaOs, TiO,
random close ionic >67% increases from TM and REL oxides
packing of ions 3to4 ZrO,, HfO,, etc.

samples are single crystalline films; the preparation and=1.0 is also crystalline after annealifig}° The energies of
characterization of these films is addressed in more detail ithe features highlighted iV, ;3 XAS spectra in Fig. 1 are
Ref. 8. independent, up to an experimental uncertainty-@f2 eV,
of the alloy composition and the state of crystallinity. The
independence of spectral features on alloy composition, and
Figures 1 and 2 summarize the results of XAS measurethe relatively small changes that take place upon crystalliza-
ments performed on Zr silicate alloys, ((Z)(SIiO));-4).  tion of a ZrQ, phase after annealing are consistent with the
Figure 1 displays XAS spectra for series of alloys with localization of the 4* states on the Zr atonisThe spectra
~0.2, 0.5, and 1.0, as obtained at the Brookhaven Nation&br the x=0.05 alloy (not shown in Fig. 5 and crystalline
Synchrotron Light Sourc&details of alloy preparation and (c—) ZrO, have been fit by Lorentzian functions with
compositional and structural characterization are describeGaussian wings, and the effective linewidflisll width at
in Refs. 4 and 5. Spectral features in Fig. 1 have initiallyhalf maximum(FWHM)] of these spectral features are given
been assigned to dipole-allowed transitions betwdgn 3p in Table I1.
spin-orbit split 33, and 3p,,, core states of the Zr atoms, Figure 2 displays XAS spectra for tli, edge of oxygen
and empty conduction band states derived fromNhe4d*-  in ZrO, and a Zr silicate alloy withk~0.2; these spectra
(aandb, anda’ andb’) and Q 5s*- (c andc’) atomic states include several differengroups of O 2p* final states. The
of Zr; however, theab initio calculations have raised issues two lower energy bands in the Zg@pectrum are associated
relative this assignment of treandc’ features. The transi- with O 2p* states that are mixed with Zr atonuz and 5*
tions from the 3, states are the lower energy featud, states. The dashed lines are the relative energies of the lowest
andc, and the transitions from thep3,, states are the higher lying antibonding states as obtained frah initio calcula-
energy features’, b’, andc’. As-deposited alloys prepared tions. Additional structure at the high energy side of the sec-
by plasma deposition are noncrystalline and pseudobinargnd peak, and at energies above 540 eV, is also associated
with Si—O and Zr—O bonds, but no detectable Zr—Si bondswith a mixing of Zr4d* and 5* atomic states. The two
After annealing at 900—-1000°C in Ar, the=0.5 alloys features in Zr silicate alloy spectrum are associated in order
phase separates in Si@vith crystalline ZrGQ, while the x

A. Zr silicate alloys
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Fic. 1. XAS M, ; spectra for Zr silicate alloys indicating that features are
independent of second neighbor alloy atoms, Si oeZb, andc anda’, b’, Fic. 2. OK; XAS for ZrO, and a Zr silicate alloyX=0.30). The dashed
andc’ designate energy differences between khe and M5 p states, re-  lines indicate the energies of the first two bands of @ 2tates that are
spectively, and the antibonding Zr states. Dotted lines are as-deposited, andrrelated with Zr 4* and 5* states. The low energy shoulder on the Zr
dashed are after a 900 °C rapid thermal anneal. silicate alloy spectrum is associated with Zt*4and 5* states as well.
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TaBLE Il. XAS spectral features for ZrQandx=0.05 Zr silicate alloy. 0.025 [ (a) T T T T Hfdz-N2’3 tlo Oce
Zr0, Zro, 0.052ZrQ,  0.05 ZrQ, — i 4p to 5d*
Feature energy(eV) width (ev) energy(eV) width (ev) .2 0.02 F .
4d bands:a, a’  332.6, 345.9 2.65,2.65 332.9,346.5 2.92,2.38 5 i ]
4d bands:b, b’ 334.9, 3482 2.72,2.72 335.1,348.4 281, 2.57 % - HfO, - solid i
5sband:c,c’  344.4,357.8 3.47,347 3448 3587 403445 4 0.015[ ]
g 37% HfO, - dashed
5 0.01 |
of increasing energy with O states coupled tofi) ‘é’. A
Zr4d*, 5s* states andii) Si3s*, sp* states. This assign- 9 g.005 |
ment is based on spectra in Zr silicate alloys witranging < I
from 0.3 to 0.6, which indicate thati) the difference in
energy between the localized Zr atod*4 5s* features, and 0
the more extended Si3, p* states is not dependent on the 360 380 400 420 440 460 480
alloy composition andii) the relative amplitudes scale with Energy (eV)
alloy composition. This interpretation is also consistent with 16 ———— : B —
an optical band gap of5.5 eV for ZrQ,. 1t [ (b) HfO,-OK;to Ly ]
1aF 1sto2p*

B. HfO, and Ta aluminate alloys

Figures 3a) and 3b) present XAS results for HfQand a
Hf aluminate alloy with~38% HfO,, and Fig. 4, XAS re-
sults for series of Ta aluminates with ;i@ concentrations
range from 0.11 to 1.0. The spectra in Fig&@)&and 4 are for
transitions fromN, ;4p core states t@,s5d* states, and
the spectra in Fig. @) are forK, edge of O for HfQ, and
represent transitions to (2 states that are coupled to
Hf5d* and 6™ states. Figures(8) and 3b) display spectra
that are qualitatively similar to those in Figs. 1 and 2 for the N S S
Zr silicate alloys. The most important differences between
these spectra ardi) the increased linewidti~8 eV) and 525 530 535 540 545 550 555
splitting (~17 eV) of the 5d* state transitions, as compared Energy (eV)
to ~2.5 eV for both the width and splitting the Zd4 state  Fe. 3. (@ XAS spectra HN,; spectra for HfQ and a 37%
transitions,(ii) the increased spin-orbit splitting of tié, 3 HfO,—aluminate alloy. The spin orbit splitting is56.5 eV and the FWHM
states~56.5 eV, as Compared to13 eV for theM 23 states, ~_8—10 eV.(b) OL, XAS for HfO, and a 37% HfQ aIuminqtg alloy. The
andii) he weaker low energy tais of e, component are  (Tre1o% bevven ese specia e 1ol e o oy ot e o
tentatively assigned thes6 analogs of the andc’ features  states of the alloy.
in Fig. 1. In addition, the spectra in Fig(l8 are quantita-
tively similar to those in Fig. 2. The two features in the HfO
spectrum in Fig. @) are assigned to an (2 state mixed  respect to the spectra in Fig(a} (i) the spin-orbit splitting
with the Hf 5d* and Hf 6s* states and are the analogs of the of the 4p core states is-62 eV, similar to the spectra in Fig.
first two features of the Zr@spectrum in Fig. 2. As in the 3(a) and consistent with the fact that Hf and Ta are next to
case of ZrQ, the structure at-540 eV corresponds to tran- each other in the periodic table and have approximately the
sitions to &* states. The spectrum for the 37% HfEHf  same values of Zii) the splitting between the two antibond-
aluminate alloy in Fig. @) is qualitatively different from the ing 5d* states is also larger-15 eV, as compared te-2.5
HfO, spectrum, but is similar to the Zr silicate alloy spec- eV in Fig. 1, but comparable to the splitting of tb& states
trum in Fig. 2. The shoulder at the edge is assigned to anf Hf in Fig. 3(a); and finally (iii) the widths of the 8*
O2p* state mixed with the lower Hf&" state, and the absorption bands are larger8—10 eV, as compared te2.5

broader feature to a mixing of the @2 states with the eV for the spectra in Fig. 1, but comparable to th State
second Hf&l* state, the Hf8" state, and Al3/p* anti-  widths in Fig. 3a).

bonding states. Finally, the spectra in Fig. 4 for the Ta alu-
minate alloy series are qualitatively similar to the spectra for
the Zr silicate alloys in Fig. 1. There is a spin-orbit replica-c' GdScO3 and DyScO 5

tion of the two Ta 8l states, and the energies of these states Figures %a) and §b) present XAS spectra for $6 3 2p
are independent of the alloy composition; i.e., consistentore states tdVi,s 3d state transitions in crystallinéa)
with the localized character of thep4core states and B GdScQ and (b) DyScGO;. The spin-orbit splitting of the
excited states. There are several quantitative differences witBic 2p core states is reduced te4.2 eV, and the spectral

HfO, - solid

Absorption (arbitrary units)
0
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Fic. 4. XAS spectra T, ; spectra for a series of J@s—aluminate alloys
with x ranging from 0.11, 0.30, 0.54, 0.72, and 1.0. The lowesiOfa
content alloy is at the bottom. The spin-orbit splitting~i$2 eV and the
FWHM ~7-9 eV.

1.4 |

1.3 |

1.2 |

linewidths are~0.4-0.5 eV. Figure 11 from Ref. 8 displays B

the optical absorption spectrum for GdScOhe three fea-

tures in this spectrum correspond the fitst; transition in

Fig. 5@). The triplet structure, labeled,y,zin the figure, : . . . . .

results from an orthorhombic crystal structure, and the addi- 0'298 400' ' 402 404 406 408 410

tional triplet fine structure within each one of the crystal Energy (eV)

structure triplets is due to the off site position of the Sc atom

in the perovskite structufeThis is evidenced by the fine Fie. 5. XAS ScL, 3 spectra for(a) GdScQ and (b) DyScQ;. The spectral

structure being essentially the same in the triplet feature%‘"altures are indistinguishable. The lower two energy features are for the
L . . . ps, transitions, and the higher two are for thp,2 transitions. The spin

labeledx andy, but quantitatively different in the triplet fea- i spiitting is ~4.5 eV and the FWHM-0.48 eV.

tures labeled. The widths of the fine-structure features are

~0.080 eV.

1:

Absorption (arbitrary units)

lll. DISCUSSION

D. LaAlO; This section of the article has been divided into three
nsubsections which address: a summary of the results ab

for transitions between LagtN, 5 and 5d* O, s states. Other initio calculations based on small clusters which provide a
measurements presented in Ref. 8 were consistent with theP@Sis for the interpretation of the spectroscopic data of this

being a strong overlap between the Ldi5states and the article, as well as othser studies which hav_e_addres@d:
next set of conduction band states, derived either fronY@lénce band spectra*and (b) photoconductivityPC) and

Al3s*, or La6s* extended states. This overlap is consistent PE.+*° (i) interpretation of the XAS studies of this article,

with the energy of the atomic Ldstates, calculated for the and(iii) interpretation of the valence band, PC, and IPE stud-
5d?, 62 configuration, being closer in energy to the &tate ies of Refs. 12—15. Issues relative to the correlation between

energy than in Zr, Hf, and T4. spectroscopic data and electrical measurements relevant to
applications of highk TM/RE gate dielectric materials in ad-
vanced Si devices will be addressed in the final section of the
article.

As noted in Ref. 8, there was no detectable XAS spectru

E. XAS linewidths

The XAS data in Figs. 1,(@), 4, and %a) and 3b) indi-
cate systematic increases in the spectral linewidths of {he
ton+1 d state transitions, fan=2, 3, and 4, or equivalently Based on previous studies which have addressed the elec-
for transitions to 8*, 4d*, and 5* states. Based on the tronic structure of TM ion complexé$;!’ the ab initio re-
localized nature of thd state transitions, and the lack of any sults presented in this article have been based on relatively
alloy dependence in the Zr silicate, and Ta and Hf aluminatesmall clusters that include the TM atom at the center, and
alloys, the spectral linewidths of these transitions cannot bé&erminated O-atom neighbors. Proceeding in this way, calcu-
assigned to solid state bonding effects, but rather are consitions have addresse() the valence band electronic struc-
tent with lifetime broadening, which will be addressed be-ture of Ti and Zr with four and eight O-atom neighbors, and
low. (i) changes in the electronic structure that are associated

A. Ab initio calculations
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Fic. 6. Atomic state energies and valence band structures foy @n@ TiO, 0.00 1
from ab initio calculations. a2 330 338 340 345 350
(a) energy (eV)
with: (a) excitation of the an electron from a deep 2ore 1.00
. S N o
state to TM antibonding™ ands™ states(b) excitation of an O 2p* (Zr 4d* 5s%)

electron from an O-atomslcore state to TM antibonding™
ands* states,(c) excitation of an electron from an O-atom
2s valence band nonbonding state to TM antibondifigand

s* states, andd) internal photoemission of electrons from a
metal into the TM antibonding™ ands* states.

Calculations have been done at the Hartree—Fock and corg

relation interaction levels using exact Hamiltonians. Energy§ 0.50 -
optimization has been accomplished using the variational en2 '

O 2p* (Si 3s,p*,d*)
ZI"Oz

on (arb. units)
[=]
\‘
[4,]

x=0.2

e 2

[ SO —

1
I
lculati Details of thi h Il d I alley
ergy calculations. Details of this approach are well docu- !
mented, as for example in Refs. 18 and 19. As an example \ 0 2p*
Fig. 6 indicates the valence band states of ,T&Dd ZrG. I S Y2Zr Ad,5s8%) |

Figure 6 indicates ground state electronic structure for 0.25
clusters containing fourfold coordinated Ti and Zr atoms, 525 530 535 540 545 550
each bonded to four OH groups. The focus here are the® Energy (eV)
atoml'c states of the Ti atoms ii84s® Conflgur,atlonsl’l and Fic. 7. (a) Deconvolution ofM, 5 spectra for ZrQ. The dashed lines indi-
the highest valence band states. The energies of the atomige the resuits o&b initio calculations.(b) Oxygen atomK, spectra for
5s states of Zr and 4 states of Ti relative to the top of the zr0, and a zr silicate alloyX~0.20). The dashed lines indicate the results
valence bandarbitrarily set at 0.0 ey and approximately of ab initio calculations for the<, spectral features.
the same, whereas the 3tates of Ti are about 2.7 eV closer

to the valence band than those of Zr. The highest valenc . .
zkgeen calculated as a function of the distance from metal elec-

rode or silicon valence band from which the electron was

. . .&mitted. This calculation is effectively an image charge cal-
each of the valence bands are associated predominantly wi . : L .
Culation for an electron in a negative ion state. The potential

O-atome and 7 states that are mixed respectively, with the’at which the electron escapes into a transport band in the Zr

o and 7 components of the TM states. That means that all ~_. L ; ; . .
five of the valence band states are highly localized on thémde material is determined by the applied field. For fields

"y : on the order of 1®Vcm 1, the escape distance is about
atoms within the small cluster. The second and third vaIencB 5-1.0 nm. and the electron ener tat than 6 eV
. . . . , gy state more than 6 e

band states have@abonding character and are derived from above the O 7 nonbonding highest valence band state
mixtures of occupied O atom and TM, @2and Zr4d or '
Ti3d = states, while the more closely spaced lower conduc-
tion band states are derived from mixtures of occupieaB ’
O-atom 2 o states and with Zrd, 5s or Ti 3d, 4s o states. This emphasizes the XAS!, ; andK; spectra for ZrQ

Finally, theab initio calculations have also addressed theand Zr silicate alloys, and also addresses the relative widths
final state configurations corresponding 0: XAS transi- of 3d*, 4d*, and %* states. Figures(@) and 7b) indicate
tions from TM p states, and O-atom § states, i.e., the XAS M,3andK, spectra and include energy markers deter-
ZrM, 5 and O SK; spectra of Figs. 1 and 2 an@) the  mined from theab initio calculations. Consider first the spec-
optical absorption and IPE procesess, e.g., as an example, ttra in Fig. 7a). The spectra of Fig. 1 have been deconvolved
energies of the photoemitted electron in the IPE process hawesing Gaussian functions with Lorentziamngs and the re-

band states at 0.0 are associated with nonbonding O-apom
states with ar symmetry character. The next four states in

Interpretation of the XAS results

JVST B - Microelectronics and  Nanometer Structures
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sults of this are displayed in Table Il and Fig@) The
deconvolved spectra in Fig(a are for the features labeled
a, b, andcin Fig. 1. The dashed lines in Fig(&f are calcu-
lated relative final state energies for excitations from gr 3
to Zr atom 4*, 5s*, and 5* states. Thea and b features
are 4 states. There is no feature at the energy corresponding
to the P to 5s* transition, and this is tentatively attributed
to a low transition probability associated with a change in the
principal quantum number of 2; i.e., differences in the num-
ber of nodes in the radial part of the wave function produce
significant dipole radiation matrix element cancellations. The
calculated feature markedi4, 5p* is at the leading edge of
the feature designated asn Fig. 1.

The ZrQ, K, spectrum in Fig. @) includes the results of 20 30 40 50 60 70
the ab initio calculations. The agreement between theory and
experiment is excellent. In addition, these calculations indi-
cate that the&K; spectra display spectral features that corre-Fic. 8. Values of linewidth FWHM) for Sc (L,.9), Zr (M,2), and Zr N,
spond to the conduction band states that define the optic&AS transitions as a function of nuclear charg® (and effective nuclear
band gap, and transport states for photoconductivity. That i§"279¢ Eer)-
the calculation of final states for excitation of the O-atom 2
nonbonding states at the top of the valence band, gives e
sentially the same final states as for #dgedge calculation.

Qualitatively similar effects are anticipated for the Wi 5
and K, spectra; however spin-orbit splitting effects are an- )
ticipated due to a larger value @f 72 for Hf as compared to C- Interpretation of valence band, PC, and IPE results

40 for Zr. This is consistent with the larger splitting between  Figure 9 displays the valence band density of states as
the 5d* states in the Hf spectra compared to the Zr spectragbtained from UPS studies of Ti¢¥ and the relative average
approximately~17 eV as compared to 2.2—2.3 eV. The com-energies of the g O atom:(i) nonbondingr stateg0.0 eV),
parisons between thed5 state splittings and linewidths for (jj) bonding 7 states(—1.6 e\), and (iii) bonding o states
Ta and Hf support this interpretation. (—6 eV) valence band features obtained from #te initio
Finally, as noted are systematic differences between thgaculations as shown in Fig. 8. The agreement between the
widths and splitting of thel* state features: & for Sc, 40*  calculated energies and spectral features is excellent. The
for Zr, and &* for Hf and Ta. Based on the localized nature calculations predict that the corresponding valence band
of the d-state transitions, and the lack of any alloy depen-states for Zr—O bonding will be at 0.6,0.97, and—5.30 eV,
dence in the Zr silicate, and Ta and Hf aluminate alloys, thgespectively. UPS experiments are in progress in our group to
spectral linewidths of these transitions cannot be assigned fgbtain the valence band density of states for ZrBowever,
solid state bonding effects, but rather are consistent with lifemeasurements of Miyazakt al.in Ref. 12 give an effective
time broadening. Lifetime broadening is addressed in termgalence bandwidth for ZrQof approximately 5 eV in agree-

FWHM ~ [Z¢]30 .

-
o
T

Line-width, FWHM (eV)

Nuclear Z, Effective nuclear Z

3re not due to solid state broadening but are correlated with
strongly Z-dependent radiative absorption matrix elements.

of the uncertainty principle in Eq1): ment with theab initio results of Fig. 6.
In addition to the spectroscopy studies discussed above,
AW-At>h/4m (1)  there have been other measurements that have addressed

band gaps and band offset energies for Ze@d HfQ,,41°
whereAW is the linewidth,At is the lifetime for the transi-
tion, andh is Planck’s constant. The matrix element for the
allowed core level transitions scales with a poweof the
effective nuclear charge. Figure 8 pla&t%V as a function of

the nuclear chargg, for Sc{21}, Zr {40}, and Hf{72}, and

for an effective nuclear charggy, which takes into account
complete screening by inner shells, as well as partial screen-
ing by the two, three, or foup states of the transition, so that
Z.=15, 26, and 40 for Sc, Zr, and Hf, respectively. The
values ofn obtained for theZ scaling, 2.4, and ¢ scaling,

3.0, and about 10% larger than the values obtained for a
similar power-law fit of the spin-orbit splittings of the re- e — T
spective D, 3p, and 4 states as a function of (n’ -16 -14 12 10 -8 6. -4 -2 0
=2.2) or Zegg (n'=2.7). The scaling confirms that line- gg 9. comparison between UPS valence band structureabriditio cal-
widths of XAS features in Figs. 1,8), 4, and %a) and §b) culation for Ti0,.

calculation of O 2p
o and © bands with
respect to vb edge

6.0 -1.6 0.0

Vo

J. Vac. Sci. Technol. B, Vol. 20, No. 4, Jul /Aug 2002



1745 Lucovsky et al.: Electronic structure of metal oxides 1745

TasLE Ill. Final state effects in band gaps and band offset energies.

Conduction Conduction
d band band offset HfO, d band band offset
Measurement Zro(eV) (eV) (eV) (eV) (eV) (eV)
XAS n pto 339, 341 3.0 -0.15 382, 392 — —
n+1d (av)
PC — — — 5.8 5.8 1.55
IPE 3.1 6.2 1.95 3.1 6.2 1.95
XPS, UPS 55 55 1.25 5.8 5.8 1.55

specifically studies of PC and IPE. These are summarized ipwest antibondingl* states of Zr@ and HfQ, relative the
Table I, which also includes estimates of band offset energ_gtom 2 7 nonbonding state at the top of the valence band
gies with respect to the conduction band of Si. Due to thgg gisplayed. The effective energy difference depends on the
spatially localized character of the Zd4 and Hf5d” states  |ocation of the hole involved in the particular process. The
that comprise the lowest conduction bands, the energies gfpg M, 5 transition is intra-atomic and the offset energy is
these states display strofigal-state or excitonieffects that  smajler than for the photoconductivity where the hole resides
depend on the location of the charge compensating hole, i-€yn an O atom and the transport involvesiZrstates. Finally,

on the method of excitation or injection. If one takes into\yhen the hole resides on a metal electrode, or in the valence
account differences in atomid-state energies between Zr pang of S, the hole and transported electron are in different

and Hf," then the PC band gaps of 5.5 eV for Zrd Ref.  materials, on either side of an interface, and final-state ef-
14, and 5.8 eV for Hf@in Ref. 15 are expected. This com- facts are reduced further.

parison assumes rgid shift of TM d states relative to the
O-atom 2 p states at the top of the valence band. The rigid
shift model has previously been invoked to explain scalin
TM oxide optical band gaps with relative TMl-state
energies and is consistent with the seminal articles of Rob-  The results of this study support the previously published
ertson and co-workerd:?! analysis which indicates band gap scaling witktate ener-
The larger relative respective band offset energies for IP@ies in the group IVB oxides, TiQ ZrO,, HfO,, and
for both ZrO, and HfO, and their nearly equal values of 6.2 Ta,0s.%?%?! This scaling holds as long as there is a gap
eV relative to the Si valence band, are consistent withethe between the localized* states and™ states that comprise
initio calculations in which the effective barrier for IPE is the next highest conduction band. As noted above, this scal-
determined primarily by the applied electric field; i.e., theing is not anticipated to hold for L®;, since the 8* state
photoemission into continuum states with ginsymmetry. energies are anticipated to overlap with those sf 8tates.
XAS studies of %05 are currently in progress to determine
IV. CONCLUSIONS whgther a similar oI/erlgp occurs. Based on at(')mi'c state en-
ergies for Y in a 41* 5s° configuration overlap is likely to
The section addresses four important conclusions that cagecyr.
made from the spectroscopic studies combined withaibe  The results in Ref. 10 indicate that band gaps in TM sili-
initio calculations:(i) final-state or excitonic effects play a ¢ate alloys decrease with increasing O-atom coordination,
significant role in determining the energies of the TM oxideanq that relative to the conduction and valence bands of Si,
and silicate and aluminate antibonding stat@sthe empiri-  tnjs energy decrease will occur primarily in the valence band
cal tunneling models used for SiGand ALO; dielectrics  offset energies. The relative conduction band offset energy
generally cannot be applied to TM oxides, silicates, and alugp the other hand is expected to be independent of alloy
minates because of the qualitatively different character of th@oncentration based on the compositional dependence of

lowest conduction band state§ii) scaling arguments for xps pinding energies for Si2and Zr 3y, state<?
relative band gaps of TM oxides, based dstate energies
are valid, but cannot be applied to silicate and aluminate
alloys without taking into account changes in the coordina-C Band offset energy scaling
tion of the O atoms between the oxides and the alloys,
whereag(iv) conduction band offset energies will scale with  Conduction and offset energies of TM oxides have also
the d-state energies of the TM atoms. been shown to scale with Ti-state energie$?®?and the
results of Ref. 10, indicate that this scaling is expected to
persist in silicate alloys as well. What is not known and
Final-state or excitonic effects play a significant role indiscussed below is what offset energy is appropriate for de-
determining the energies of the TM oxide and silicate andining the barrier for electron tunneling, or whether the tun-
aluminate antibonding states relative the top of the valencaeling process is significantly modified due to the excitonic
band. This is illustrated in Table IIl, where the energy of thecharacter of thel* states.

%, Optical band gap scaling

A. Final-state effects
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D. Tunneling calculations correlated withd-state properties. The levels of fixed charge

_ 2 —2
To interpretJ—V tunneling data, and to predict the limi- areou 7i_21><101 cm 3’262; Al20;, gnd +4£05
tations of device scaling, it is necessary to understand th& 10~ c¢m = for Zr0,. The magnitudes of these
dependence of the tunneling current on the effective barrief2r9es are significantly less than thf de_n23|ty of interfacial
heightE, and the tunneling mass*.2 The direct tunneling P°nds at a $001) interface, ~7x 10" cm™?, suggesting

transmissionT through a rectangular barrier with a small that the charge arises from intrinsic bonding defects, e.g.,
applied voltageV is given by Eq.(2): incompletely compensated dipoles, that bridge the heterova-

lent interface between the covalently bonded Si substrate and

T~Aexp(—at{b[E,—V]m*}*9), (2)  the ionic dielectric. The sign of the charge, negative for
where,A, a, andb are constants, aidis the physical thick-  Al203,*"**and positive for Zr@ and all other oxides and
ness of the barrier region, i.e., the dielectric il for the  Silicate alloys studied to dat€)is consistent with the bond-
SiO, interface is~3.1-3.2 eV, and can be determined from ing of these materials. AD; is somewhaunique in having
XPS and IPE* Final-state effects in SiQare significantly ~amphoteric bonding arrangements with negatively charged,
smaller than in the TM/RE dielectrics due the extended natetrahedrally bonded Al forming a network component that
ture of the extended SE3 states that form the lowest con- mimics SiQ, as well as sixfold coordinated Al ions in a
duction band. The tunneling mass is approximately equal teatio of 1:3%° Finally, there is no obvious connection be-
0.5mg, wherem, is the free electron mass. THe-V char-  tween the electronic structure of localized antibondihg
acteristics have been calculated from self-consistenstates in TM/RE dielectrics and the interfacial fixed charge.
Poisson—Schroedinger equation models, and provide an ex- In addition, the issue of fixed charge is multidimensional
cellent description of direct, as well as Fowler—Nordheimand three different aspects must be addressgdfixed
tunneling currents. This derives in part from the theory oncharge at abrupt TM/RE elemental oxide interfa¢esfixed
which the models are based, including determination of theharge at abrupt TM/RE silicate alloy interfaces; diit)
tunneling mass from extended conduction band states dixed charge at internal dielectric interfaces which employ
SiO,. As noted above, the conduction band of Si©unique  ultrathin nitrided SiQ interfacial layers with equivalent ox-
among dielectrics, being derived almost exclusively from ex4ide thickness values<0.3 nm. The fixed charge at abrupt
tended Si3* antibonding states. TM/RE elemental oxide interfaces is in the midtiem 2

In addition, the basis for assigning an effective mass forrange, and this will have an adverse effect on channel trans-
the tunneling electron, and/or the manner in which the effecport for a combination of channel doping and effective chan-
tive width of thed states effects the tunneling current havenel thickness in which the areal density of charged donor or
not been addressed by a first principles theoretical approacitceptor atoms is less than'i@m 2.
from which phenomenological model equations can be de- The fixed charge at abrupt TM/RE silicate alloy interfaces
rived. It is therefore not obvious how to either fit tunneling is reduced in direct proportion to the concentration of the TM
data, or how to predict tunneling currents for device strucin the alloy. This limitation can be cast in terms of channel
tures that incorporate TM/RE highdie|eCtFiCS. The situa- dop|ng and the particu'ar a”oy Composition' and the app"ca_
tion is even more complicated when interfacial regions withyjjity to different device structures is again beyond the scope
different chemical compositions are a part of a compositey this article. Finally, the use of nitrided SjGnterface lay-
dielectric structure. In this regard, attempts to fit leakage curgrs is a rather complex issue. It moves fixed charge further
r_ents through ultrathin_ ™ diele_ctrics with tunneling equa- away from the interface ai) or (ii), but reduces the thick-
tions developed for SiQhave yielded results that are not negs of the high constituent of a composite dielectric and

consistent with the narrowness of the Tdwands; e.g., tun- 4y place additional restrictions on the tunneling leakage.
neling masses in the range of 1§ have been reported for Trends in atomid-state energies fars?, nd"~2 configu-

tunneling through Hf@ films in which a barrier height of | ,iions are applicable t6) Ref. 11. In a given row, corre-

1.25 eV was assumed. sponding to @, 4d, or 5d electrons, thed-state energies
become more negative as the occupancy ofdisates in-

E. Narrowing the field of high-  k oxides and alloys for creases. This effectively limits the potential candidates to

gate dielectric applications dielectrics with TM metal atoms from column 11 B, Sc, Y,

There are several criteria that can be used individually, oand La, IV B, Ti, Zr, and Hf, and VB, V, Nb, and Ta. How-
in combination, to remove TM/RE dielectrics as potential€Ver, in given column, the-state energies move up in energy
candidates for device applications. These includefixed as the effective row number increases, so that the energies of
charge at Si—dielectric interfaceij) low lying d states 3d states are the most negative, and those of ttestates
which can act as interfacial traps, transport states for leakag&e the least negative. These two constraints eliminate Sc
mechanisms other than tunneling, or low effective barrier§rom I B, Ti from IV B, and the entire set of VB atoms, V,
for tunneling, andiii) network disruption defects that act as Nb, and Ta, leaving only Zr, Hf, Y, and La as possible can-
interfacial or bulk traps. didates, either as elemental oxides, or in silicate or aluminate
The occurrence of increased interfacial fixed charge withalloys. Before addressing the network disruption defect is-
respect to SiQis anticipated on the basis of the increasedsue, it is important to note that thiestate energies in the RE
bond ionicities of the higlidielectrics, and not specifically lanthanide series are essentially the same as Y and La, so that
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the elemental oxides and silicate and aluminate alloys must’S-G. Limet al, J. Appl. Phys(in pres3.

also be considered as possible alternative dielectrics.
Finally, there are important differences between network
disruption in silicate and aluminate allo§%2° Defects gen-
erated by disruption of the AD; network component in
forming TM aluminate alloys have resulted in interface traps

in Hf aluminate alloys that eliminate these materials as alter-
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