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We employed first principles simulations using density functional theory within the local density approxi-
mation to investigate the electronic properties of the Z1€) and ZrSiQ/Si interfaces. We considered the
interfaces between th@01) surfaces of tetragonal zirconia-ZrO,) or zircon (ZrSiQ) and a silicon(100)
substrate. We find that Zg@Si interfaces exhibit partial occupation of zirconium dangling baiZatsl state$
at the Fermi level when the zirconium coordination is reduced from its bulk coordination. Hydrogen passiva-
tion of zirconium atoms, as well as oxygen bridging at the interface, can remove the partial occupdncy of
orbitals at the Fermi level. The calculated band offsets of these interfaces show asymmetric band alignments,
with conduction band offsets between 0.64 and 1.02 eV and valence band offsets between 3.51 and 3.89 eV,
depending on the zirconium and oxygen coordination at various Z30nterfaces. By contrast, the ZrSiC5i
interface shows no partial occupation of zirconium dangling bonds at the Fermi level and provides a more
symmetric band alignment, with a much higher conduction band offset of 2.10 eV and a valence band offset of
2.78 eV. These results suggest that ZrSi@ay form an excellent interface with silicon in terms of its
electronic properties and therefore may be a suitable candidate for replacinga$i@® gate insulator in
silicon-based field effect transistors. On the other hand, we suggest thatali@equire additional interface
preparation or postdeposition annealing to yield adequate electronic properties for gate dielectric applications.
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. INTRODUCTION and ZrSiQ as gate dielectric materials in complimentary
MOSFET's, they should have sufficiently high>(.00 eV)
The rapid scaling of silicon-based metal-oxide- tynneling barriers to both holes and electréh$hese barri-
semiconductor field effect transisttvOSFET) devices has  ers correspond to conduction and valence band offsets be-

led to gate insulating films less than 5 nm thick, where quanyyeen the semiconducting silicon substrate and the insulating
tum mechanical tunneling currents significantly reduce theyigjectrics, and a quantification of this offset is essential in

msulatmg behavior of the gate dlele_cth(’:_l_n orde_r to over- understanding the transport properties of MOSFET devices.
come this problem, several alternative dielectrics have bee

. . : ; ou ere have been a number of first principles studies
roposed and investigated, with the goal of replacin conﬂ‘Ith gh there h b ber of first principles stud
prop nd investigated, wi goal of replacing conz, \.v7ing the SiQ/Si interface in detait® 28 very few
ventional SiQ gate oxides. The strategy is to exploit the . ; . . .

) ) , . . studies have examined the detailed electronic and atomic
higher dielectric constankj materials so that a thicker gate tructure of hiahk dielectric/Si interface&29-33 For ex-
insulator can be used, while maintaining the required overalf e Fi t'g' d Gulles uat dth.b d offsets of
gate capacitance. Among many possible candidates, trang!"'P'€; Forentint and Guller! evaluated the band OITSELs o
tion metal oxides and silicates such as Zr@rSio,, HfO,, oth zirconia and hafnia films on silicon, though the elec-
and HfSiQ, have attracted much attention due to their rela-tronic structures of the interfaces were not discussed in
tively large dielectric constant, high band gap, high breakdetail- - _ . .
down field, and good thermal stability in contact with In this work we explore the detailed atomic and electronic
silicon?>=* Material characteristics of these films depositedstructure of ZrQ/Si and ZrSiQ/Si interfaces in an attempt
on silicon have been studied extensively using a variety ofo understand the relation between the atomic structure at the
experimental techniques, and MOSFET devices fabricatethterface and the underlying electronic properties. In the sec-
using these films showed excellent electrical characond section, details of the calculation method are presented.
teristics>>~°More recently, there have been a number of firstin the third section, bulk properties of silicon, ZrOand
principles studies focusing on the bulk electronic propertierSiO, are calculated and compared with experimental data
of these thin films using density functional theory and previous theoretical results whenever available. The
(DFT).1%~17 However, as the thickness of the dielectric de-fourth section discusses the properties of (180,
creases, the electronic and material properties of thé&ZrO,(001), and ZrSiQ(001) surfaces, which are subse-
dielectric/Si interface will dominate the overall device per-quently used to construct the relevant interfaces. The fifth
formance and a thorough understanding of this interface isection describes the calculations of electronic band gaps and
essential in designing better devices. In order to use,ZrOinterface states for dielectric/Si interfaces, with an emphasis
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TABLE |. Structural and electronic parameters of relaxed bulk phases of Si,z@d ZrSiQ .

Lattice constants Energy (eV)/ E;?
A Formula unit (eV) £’
Optimized This This This This
Bulk unit cells work Expt.€ work Expt.d work work other DFT®
Si (Fd-3m)
a=541 a=543
b=5.41 b=5.43 0.50
c=541 c=543
a=5.03 a=5.09
b=5.03 b=5.09 0.000 0.000 3.40 5.09 5.75
¢=5.03 ¢=5.09
t- ZrO;
(P4,/nmc) a=3.59 a=3.57
T A b=3.59 b=3.57 —0.050 —0.057 3.90 5.26 5.59
¢=5.18 ¢=5.18
O
m- ZI'OQ
(P2/c) a=5.11 a=5.15
” O b=5.28 b=521 —0.100 —0.120 3.50 4.80
\ ¢=5.26 c=532
» ‘ Zr
ZrSiOy
Adlamd) o a=6.53 a=6.54
b=6.53 b=6.54 4.834 4.14 4.16

/Zr c=591 =592

ZE ¢=Band gap (eV).

., =Static dielectric constant.
“References 47, 73, and 74.
9Reference 75.

“References 14 and 15.

on the effect of various zirconium or oxygen coordinationdensity approximatior(LDA) for the exchange-correlation
at the interface. The sixth section describes the calculatiofunctional, since electronic propertiésuch as band gaps
of band offsets of dielectric/Si interfaces with a discussionare not improved significantly using a generalized gradient
on the effect of different atomic bonding arrangements at thepproximation(GGA) to exchange and correlatiGiWe uti-
interfaces on the corresponding band alignments. lized Vanderbilt ultrasoft pseudopotentiéfs,the default
pseudopotentials provided iDASTER, which allow numeri-
cally converged calculations at relatively low kinetic energy
cutoffs of the plane wave basis. Thes 4nd 4p semicore

All calculations in this work were performed using the electrons were included explicitly for Zr, along with the va-
cAsTEPprogram>*3®*which employs the plane wave pseudo- lence electrons of all elements. Pseudo-wave-functions were
potential method to calculate the total energy within theexpanded in plane waves up to a kinetic energy cutoff of 500
framework of the Kohn-Sham DFf%8We used the local eV, and the Brillouin zone was sampled by a Monkhorst-

Il. CALCULATION DETAILS
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Pack mesh ok points with ak-point spacing of 0.07 AL, (a) ) (c)
The total energy was converged to within 0.01 eV/atom un- /Si A0

der these conditions. Electronic relaxation was performed us

ing the Pulay density mixing along with the conjugate gra-

dient minimization method*! lonic

¢

A

L)
(g

v
X3

relaxation was 9=
performed using Broyden-Fletcher-Goldfarb-ShatBBGS 4 \‘ ;'/(.

&y
@

update schem®, until the root-mean-square forces on the
atoms were less than 0.05 eV/A. Symmetry constraints were
imposed appropriate to the space group of the crystalline
phases for bulk calculations and no symmetry constraints
were imposed for surface and interface calculations.
Bulk properties of silicon, Zr@, and ZrSiQ are well
studied experimental{#® and theoretically*~1"**For sili-
con, we examined the most relevant crystal structuréhown in Fig. 1b). In this structure, the surface coordination
for microelectronics applications, a diamond lattice with ahumbers of Zr and O becomes six and two, respectively,
Space group ode 3m. Zro2 undergoes p0|ymorphic Compared to their bulk coordination numbers of e|ght and
transformations as the temperature changes; the relevaf@ur. Slab unit cell dimensions were kept fixed at
crystal structures are given in Table I. At high temperatures=7-19 A, b=3.59 A (corresponding to the fully relaxed
(T>2350°C), it adopts a cubic structurBrfi 3m), while at bulk unit cel) and all the atoms were allowed to relax. A
low temperatures T<1150°C) a monoclinic R2,/c) layering sequence dio—Zr—O|O—Zr—O|.. is adopted
structure is preferretf A tetragonal phase exists at interme- t0 form a stoichiometric slab of ZrQ following the proce-
diate temperatures: it can be viewed as a simple perturbatiodire outlined by Christensen and Caffefhis layer asso-
of the cubic phase, in which the oxygen atoms are disp|acegiati0n makes the surface nonpolar and stoichiometric. For
alternately along the A axis, resulting in aP4,/nmc  ZrSi0;, the (001 surface was chosen because
symmetry*® In cubic and tetragonal ZrQ Zr is eightfold ~ ZrSi0O,(001)/Si(100) interface geometry reproduced the Si
coordinated and O is fourfold coordinated; in the monoclinic2p core level shifts observed in thin films of ZrSjGn
structure, Zr is sevenfold coordinated while the oxygensilicon (100 surface®® We chose a stoichiometric slab of 8

atoms are triply and quadruply bonded. Zrgi® primarily ~ layers of ZrSiQ for the calculation, as shown in Fig(c}. At
known as zircon, with a space group bf4l/amd, with the surface, the Zr coordination reduces to six from its bulk

eightfold coordinated Zr and threefold coordinatedT@ble ~ coordination of eight, while the Si coordination reduces to
). Crystal structures were optimized for silicon and threetwo from its bulk coordination of four. Note that O coordi-

phases of Zr@and ZrS|Q, and the re'axed geometries were nation remains at thl’ee. The dangling bOI’ldS Of Si|iCOI’1 at the
used to calculate their electronic band structures. bottom surface were passivated with H to allow convergence
Before forming interfaces, it is important to understandin the calculation. Specific calculation details of the surface
the surface structures that dictate the interface formation. Fdialculations are summarized in Table II.
calculating the surface electronic structures of silicon, Zro ~ For the dielectric/Si interface calculations, we used a re-
and ZrSiQ, we used a repeated slab geometry with aPeated slab geometry with 12 A of vacuum between the
vacuum thickness of 12 A in the direction to avoid spuri- Slabs. All the atoms in the bottom silicon layer were passi-
ous interactions between periodic images of the slabs. Theated with hydrogen to allow convergence in the self-
Si(100) surface is considered in this work because it is theconsistent calculations. For the geometry optimization, the
most favored surface in MOSFET devices due to its lowunit cell dimensiongTable Ill) and all the Si atoms in the
interface state density and correspondingly superior electricfottom 4 layers were kept fixed, while all other atoms in the
characteristics. The &00 surface was simulated using a
slab calculation consisting of seven layers of Si, which is
sufficient for convergence of surface enerdieas shown in
Fig. 1(a). The bottom silicon layer was passivated with hy-

Si

Nz

FIG. 1. The relaxed unit cells ofa) Si(100)-2x1, (b)
t-Zr0,(001), and(c) ZrSiO,(001) surfaces.

TABLE II. Computational details for surface calculations
(vacuum thickness, 12 A-point spacing, 0.07 AY).

o . Unit cell No. of Surface
drogen _to facmyate the convergence of the seI_1‘-conS|stenéurfaces size (A) layers energy
calculation. Unit cell dimensions were kept fixed at
=7.65A, b=3.83 A (corresponding to the fully relaxed Si(100 a=7.65 7 NA'
bulk unit cel), as were the atoms in the bottom four layers, b=3.83
while all the other atoms were allowed to relax. We selected c=22.0
t-ZrO, for the surface and interface calculations because it t-zr0,(001) a=7.19 4 1.980
has been shown to exist even at low temperattftes)d b=3.59 JIn?
sometimes coexists with the monoclinic phase on siliton. c=22.0
The (001) surface of the tetragonal phase is selected, because zrsio,(001) a=6.54 ) NA
it forms a lattice-matched interface with($00 with a mini- b=6.54
mum number of dangling bonds. We chose a slab consisting c=23.0

of 4 layers of ZrQ and 12 A of vacuum, such that the sur-

faces on each side of the slab are essentially equivalent, @3A denotes not available.
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TABLE Ill. Computational details for interface calculatiofgacuum thickness, 12 A-point spacing, 0.07 AY).

Unit cell
Interfaces size (A) No. of layer§ No. of layer§

t-Zr0,(001)/Si(100)-2 1 a=7.65 3,7 57
b=3.83
c=32.0

t-Zr0,(001)/Si(100)- % 12 a=7.65 3,7 57
b=3.83
c=32.0

t-Zr0,(001)/Si(100% a=3.83 3,7 5,7
b=3.83
c=32.0

ZrSi0,(001)/Si(100) a=5.41 4,7 8,7
b=5.41
c=32.0

8Hydrogen-passivated Zr at interface to make Zr eightfold coordinated.
bBridging oxygen at interface with unreconstructed180).

‘Corresponds to optimized bulk unit cell dimension of Si.

dFor electronic band structure calculations.

®For band offset calculations.

unit cell were allowed to relax to partially relieve the inter- high, we performed our calculations with a larger unit
facial strain. We found that the first three silicon layers closecell size @=b=10.82 A) and found no appreciable change
to the interface have to be relaxed in order for the forces inn the structural parameters. The slab used in the calculation
the adjacent fixed laydi.e., the fourth silicon layer from the consisted of 7 layers of Si and 4 layers of Zr$iGOnce
interface to be less than 0.05 eV/A. To form the the interfaces are relaxed, the resulting geometries were used
Zr0,(001)/Si(100) interface, since the calculated bulk lat-to calculate single point energies and band structures.
tice constants of silicon andZrO, are 5.41 A and 5.08 A Densities of state$DOS) were calculated using a Gaussian
(v2x3.59 A), respectively, the ZrQunit cell was expanded smearing scheme as implementecdcisTEP Using a smear-
from 5.08 A to 5.41 A to form a coherent interface. Becauseng width of 0.2 eV. Partial densities of statéBDO9

of the atomic density difference betweeizrO, and silicon,  were calculated by projecting the plane wave states onto a
there are more dangling bonds at th&rO,(001) surface localized atomic basis s&.Localized atomic orbitals were
than at a reconstructed silicon surface. Due to this misgenerated by solving for the lowest energy eigenstates of
matched number of dangling bonds, Zr and O at the interfacéthe pseudopotential in a sphefeutoff radius of 15 a.uy,
become six- and threefold coordinated, respectively, differentising a spherical Bessel function basis set, as implemented
from their eight- and fourfold bulk coordinations, as shownin casTER®®? The coordination numbers are determined
in  Fig. 2@, where the slabs wused in the based on a radial cutoff of 3 A. Energy levels for the band
t-Zr0,/(001)/Si(100) interface calculations consisted of 7structure and DOS and PDOS plots are referenced to the
layers of silicon, 3 layers of ZrQ The 3 layers of Zr@  valence band maximum, which is set to 0.00 eV. The elec-
were chosen to be stoichiometric and nonpolar, to avoid ar-
tificial charge transfer from one surface to anotfefwo
additional t-ZrO,(001)/Si(100) interfaces were considered
with different atomic bonding arrangements. In one case, the
Zr atoms at the interface were passivated by hydrogen so that
they retain their bulk coordination of eight. In the other case,
oxygen coordination at the interface was reduced from 3 to
2. This was achieved by removing the twofold coordinated
oxygen atoms from the-ZrO,(001) surface and bridging
the Zr atoms to the unreconstructed(18i0 surface by
means of twofold coordinated oxygen atoms. To form the
ZrSi0,(001)/Si(100) interface, we compressed the bulk
ZrSiQ, structure along thgl00] and[010] directions by the
ratio of the lattice constants of silicon and Zrgi@nd ex-
panded it in thg001] direction to restore the bulk ZrSjO
density and attached it to the($00) surface only through
bridging oxygen atomZ as shown in the relaxed structure in  FIG. 2. The relaxed unit cells d&) t-Zr0,(001)/Si(100) < 1
Fig. 2b). Since the lattice mismatch of this interface is and(b) ZrSiO,(001)/Si(100) interfaces.

(®)
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tronic contribution of the static dielectric constant.{ is (@ o ®
calculated using Fermi’s golden rule approximation as imple- ’\~§ % 210
mented iNnCASTER Since the LDA band gaps are underesti- —— Al A A A M
mated, we used a scissor operatdo shift the conduction = 20s A
bands rigidly to match the experimental band geémé5 eV 5 N _ Sop
for ZrO, and 6.00 eV for ZrSig),>**° and the resulting ei- & ;@; EEF 2 ol
genvalues are used to calculate the transition matrix element 5 = = & Zrsh A
for the calculation of static dielectric constant. 10 ng

For calculating the electrostatic potential distributions re- | Z P i
quired for band offset calculations, we used 5 layers ofZrO z AM G2z R B0 40 E;jgrgy'z(‘;\,:)'-‘-‘}---q 10

and 8 layers of ZrSi@(Table Ill) for their respective inter-

faces with silicon, since the electrostatic potential distribu- FIG. 3. Bulkt-ZrO,: (a) The electronic band structure afio)

tion converges much slower than the total energy and théhe total and projected density of states. Note that the ¥alence

density of states. band is partially occupied, as circled by the dotted lingbin indi-
cating a partial Z—O covalent interaction.

Il BULK CALCULATIONS width similar to that of the tetragonal pha&®5 eV and 6.7

In the current work, the lattice constant of bulk silicon is €V: respectively, while the monoclinic phase showed a de-
calculated to be 5.41 A, very close to the experimental lattic&€réase in the valence bandwid&.7 eV) due to its reduced
constant of 5.43 A. Though the calculated LDA band gap @verage O coordination. .
(~0.50 eV) of silicon is only~50% of the experimental ~ Table | provides an optimized geometry of ZrgiQuvhere
band gap(1.12 eV,*” other structural parameterulk ~ We find a Si=O bond length of 1.62 A and Z+O bond
modulus, elastic constantand the electronic band structure lengths of 2.09 A and 2.25 A, corresponding to two different
are well described by DFT-LDA’ Due to the intrinsic errors  bridging Zr—O—Si bonds. The electronic structuf€ig.
of the LDA, we only use the band gaps to assess qualitativé(@] yields an LDA band gap of 4.84 eV, which is80% of
trends. the experimentally observed band géh00 e\).>° As in

The calculated optimized lattice constants of the threeZfO2, Zr d states form the lower conduction band whilepO
phases of Zr@ are compared with previously reported ex- states form the upper valence baifdg. 4b)]. The Z—O
perimenta' resu'tS, Showing excellent agreerr@'rw;ﬂe I) bond is predominantly ionic where Zr transfers most of its
The relative energies of the three phases have the corre¥lence electrons to O, with only a very small covalent com-
phase ordering, with the monoclinic phase lowest in energyponent from the interaction of Zt and Op states, as indi-
and are in excellent agreement with previously reported valcated by the small amplitude of the PDOS within the dotted
ues using the full potential linear augmented plane wavéectangle in Fig. é). The Si—O bond is partially covalent
method (FLAPW).141"%¢ The electronic contribution of the due to interactions of § and Op stategbetween—10 eV
static dielectric constant calculated using Fermi's golden rul@nd 0 eV in Fig. 4b)].
approximation for all three phases, was approximately the
same, 4:80—5:26, and accounts for less than 30% of the mea- IV. SURFACE CALCULATIONS
sured dielectric constants of ZyQhat range from 18 to
311429 This suggests that the predominant contribution to The symmetric dimer configuration of the(890) surface,
the dielectric constant stems from the ion-ion interaction inas shown in Fig. (&), exhibits metallic character. We note
these ionic crystals. that the symmetric dimer configuration is more relevant in

The electronic band structure, density of statP©9), constructing the interfaces, because at the typical deposition
and the projected density of statéBDOS of tetragonal temperatures of ZrQ asymmetric buckling is effectively
ZrO, are shown in Figs. (& and 3b). An indirect LDA
band gap of 3.90 eV is observed, smaller than the measure(a) (b)
band gap of Zr@, 5.65 e\P* This disparity in the band gap is
expected, since it is well known that LDA underestimates the
band gaps of insulators. The valence band is primarily
formed by Op states while the conduction band is derived
from Zr d states. The Zs andp states remain largely core-
level-like. The observed nonempty Zr valence band results
from incomplete charge transfer between Zr and O, and is
consistent with the previously reported results on zZf»*
This partial covalent bonding has implications for the
electronic properties, as discussed below. The calculatea
band structures of cubic and monoclinic phases showed FiG. 4. Bulk ZrSiQ: (a) The electronic band structure afi)
LDA band gaps of 3.40 eV and 3.50 eV, respectively, also inthe total and projected density of states. Note that Zalence band
excellent agreement with earlier LDA resulfs’ The corre- s nearly empty, as circled by the dotted line(, indicating only
sponding PDOS of the cubic phase showed a valence band-small covalent component to the-ZIO bonding.

20,
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destroyed by thermal fluctuatiod>® Moreover, during in- ¢, | ®) %0 E,

terface formation, whether the ($00) surface remains re- = : :

constructed depends on the detailed reaction mechanisms ir

volved in the deposition of metal oxides on silicon. In fact,

simulations of the reaction mechanism of crystalline silicon &

deposition from silane precursors show that the dimers at the 2

silicon surface open up during the initial stage of the &

depositior?® To account for both possibilities, we consider

both unreconstructed and reconstructetl @) surfaces in T AT SN

our interface models. To concisely discuss our findings, un- Energy (eV)

less specified, results included are from reconstructed , ) )

S(100) 241 suraces The opimized 300 sutace ks ,, 10,8 ThOLZOUEDISN00 2 rce @ e e

ﬁfdén;%r E\O?r? Ieexr;%tlreﬁI igzrgfmae?g alﬁ: ?rebvallglijs?;r;gpf)rr]t%td evel is referenced to 0.00 eV and Zr is six-fold coordinated at the
47.61 interface.

values:"®* The electronic band structure showed partial oc-

cupation of Si dangling bond statéontrary to bulk silicon,

as evidenced in Figs.(& and §b), conS|stent with preV|

rgy (V)

Fig. 5(d). These states can be attributed to the dangling bond
states of Si at the ZrSifp001) surface as evident from a
r%harp peak at 0.00 eV of the Siandp states. This partial
occupation is similar to what is observed for the symmetric
dimer configuration of the §100) surface.

of Si(100)-2x 1 surface gives rise to partially occupied dan-
gling bond state8%63

For thet-ZrO,(001) surface, the optimized structure did
not result in any surface reconstruction. The calculated re-
laxed and unrelaxed surface energies ©BZrO,(001) V. INTERFACE CALCULATIONS
(1.503 J/M and 1.980 J/f) agree well with LDA values A. The t-ZrO,(001)/Si(100) interfaces

reported by Christensen and Carter (1.5772)/mnd - _
44,49 The optimized t-ZrO,(001)/Si(100)-2<1 geometry
1.961 Jird). We calculated an LDA band gap for the yields Zr—O bond lengths of 1.97 A at the interface

t-ZrO,(001) surface of 2.50 eV, much less than the LDA .

band gap of bulk-ZrO, (3.90 eV\). This is due to the reduc- and 2.10-2.30 A in a_II other layers. The reduced_—ZD_ .

tion of the Zr and O surface coordination to six and two,bton.d I??r?th tat fthe dlntetrfet;:]e lct?rrobo.rates:[ :]ht_erhl:gl_nsm
: . - rain at the interface due to the lattice mismatch. i

respectively, compared to their bulk coordination numbers o ond length at the interface was found to be 1.67 A, very

eight and four, which introduces sta{&s d and Op, shown . !
in dotted rectangles in Fig.(&] that lie in the fundamental clpse to the measured -SiO bond length of crystalline

Sio,.°

band gap of ZrQ. I .
For the ZrSiQ(001) surface, no surface reconstruction 1T hi ofpt|m|zed strudc:[[ure |°f lthteﬁ:OZ(lootl)/ Sl(lbOO)d 2t

was observed upon relaxing the geometry. The PDOS exhltr)H interface was used to caiculate the electronic band struc-

its partial occupation of states at the Fermi level, as shown i ure. We find no band gap, as shown in Figg)6To properly
interpret the calculated band gaps in this work, it is important

(@ ®) to note that the calculated LDA band gap of a $ISi inter-

L] Bkest —Sis Si(100)-2x1 Surface as face is 1.30 eV’ The corresponding DOS spectrum of
t-Zr0,(001)/Si(100)-2< 1 interface clearly shows that dr
206 states are partially occupied at the Fermi Id¥&g. 6(b)]. To
oo assess the effect of interface formation, the projected Zr and
20 O densities of states of the interface are shown in Fig®. 7
and 1b). The Zr states starting at the second layer resemble
© 10 ZrO(000) surface  ——Zr's Do ZS0 00T surface  ——Zrs @ 10 () -
Zrp ——7rp ™Layer z: 2" Layer | O]SJ
i zrd i Zrd Zrd 2 —Sistp
5
@0 l - IE'(,, B8 l LN . l . J :.::.‘:“l
§ 0 oo :_‘:““_' & o v = 810 i D [\\ ;D?o N L : “LL.
PR op i _______ Sip & Interface 2 E Interface
:i 1 TR 2
1 'Ill 1 5 0 :I :
= +, l
S T R R T 0 7 0 ' 0 . g
R =30 - -1 0' 10 -50 40 30 20 -10 0 10 50 <40 30 220 -10 0T ¢ 50 40 30 -20 -0 0 10
Energy (eV) Energy (eV) Energy (eV) Energy (eV)

FIG. 5. The projected density of states of(8) in the bulk and FIG. 7. Thet-ZrO,(001)/Si(100)-2< 1 interface: The projected

(b) at a Si(100)- 1 surface/c) the projected density of states of density of states ofa) Zr and (b) O at the interface and the next
Zr and O at &-ZrO,(001) surface, an¢l) the projected density of nearest layer to the interface. The inset@fshows the Zd levels,
states of Zr and Si at a ZrSj(001) surface. which are partially occupied at the Fermi level.
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TABLE |V. Effect of Zr and O coordinations on the interface electronic structure.

LDA band gap

Zr coord. at O coord. at of interface
Interface interface interface (eV)
[-cristobalite SiQ/Si(1007 4 2 1.30
t-Zr0,(001)/Si(100)-2 1 6 3 ~0.00
t-Zr0,(001)/Si(100)-2 1° 8 3 0.50
t-Zr0,(001)/Si(100% 6 2 0.10
t-Zr0,(001)/Si(100 6 4 0.00
t-Zr0,(001)/Si(100¥§ 8 4,2 0.60
ZrSi0,(001)/Si(100) 4 2 1.00

aReference 20.

®Hydrogen-passivated Zr at interface to make Zr eightfold coordinated.

°Bridging oxygen at interface with unreconstructed180).

dUnreconstructed 8100).

€Unreconstructed $100) with excess oxygen at the interface to make Zr eightfold coordinated.

those observed in bulk ZrQ where no partial occupation of hydrogen passivation of the interface, where the Zr coordi-
Zr d states at the Fermi level was observed. The Zaad  hation becomes eightfold. This approach has allowed the in-
4p semicore levels state at48.00 eV and—27.00 eV, re-  vestigation of the effect of coordination at the $iSi inter-
spectively, are sharply peaked, indicating their nonbondindgace, and can be tested experimentally via postdeposition
nature. The width of the @ valence band is 9.50 eV at the annealing in H.*>®®The electronic structure of this interface
interface [see dotted rectangle in Fig(bf], compared to is shown in Figs. &) and &b), and a direct LDA band gap
bandwidths of 5.65 eV in the second and other layers. Thi®f 0.50 eV is observed for this interface. The projected den-
broadening of the @ valence band is a direct result of the Sity of states of Zr indicates that the @revels form a small
hybridization of O and Si states at the interface, causing aget of bands below the valence band maximum of the inter-
upward shift of the valence band maximum. This intermixingface, and hence are fully occupifidsets in Fig. &)]. Since

of silicon and oxygen states is characteristic of-%) cova- the Os andp states for this interfacgFig. 8d)] show the

lent bonding. same characteristics as that of the interface without hydrogen
To understand the detailed electronic occupation of the
interface atoms, it is necessary to consider carefully thewa) ,_ ) 1 E,

bonding arrangement at the interface. Whetrr Z240,(001) =
surface is brought in close contact to a Si(100%-R sur-
face, Si—0O bond formation at the interface increases the O £ o
coordination from two to three. Though silicon is more elec-
tronegative than zirconium, this-SiO bonding reduces the
charge transfer from zirconium to oxygen compared to what & -
was observed in bulk ZrQ This is evident from the PDOS

e

N2
&
=
a

[

spectrum where the interface drstates show increased oc- .= R TR T T —TY

cupation[inset in Fig. 7a)]. It is important to note that this °c T s ® Energy (¢V)

partial occupation of Zd states at the Fermi level is con-

fined to the first Zr@ layer[i.e., the interfacial layer; see Fig. (10— 1 @ o

7(a)], which is equivalent to about 3.50 A of ZsO Starting 2ilayer | zrp SR op

from the second layer, the Zr PDOS is identical to what is s d ;.

found for bulkt-ZrO,. Since these partially occupied states l ﬁn

are localized close to the Zp@Si interface, they fall under K10 i 5 & o . -

the general category of virtual gap stat®GS’s) and their & |Interface = v £ |Interface

significance with respect to the alignments of bulk bands will s § o ?

be discussed in detail in the sixth section. l
Since the VGS's result from the coordination change of oL - & -~ 0/\ TSN SN S 4 ‘-.0‘, )

zirconium and oxygen, it is important to understand the ef- Energy (eV) Bnergy (V)

fect of interface coordination numbers on the resulting elec-

tronic structure. It is indeed possible to create a zirconium F|G. 8. Thet-Zr0,(001)/Si(100)-2 1 interface with H passi-
coordination of eight at the interface by having a higher oxy-vation: (a) the electronic band structurdp) the total density
gen concentration at the interfa€Eable 1V, row 6. Realis-  of states,(c) the projected density of states of Zr, afd) the
tically, this is not likely, since bulk Zr@is well known for  projected density of states of O. The interface shows an insulating
its oxygen deficiency. Instead, we investigate the effect otharacter.
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passivation, it is evident that attachment of hydrogen atoms — E
to Zr splits the partially occupied Zt levels, removing the AE
degeneracy and hence the partial occupation. The position of EC,Si
these energy levels with respect to the bulk bands will also E
be discussed later in the sixth section.

In addition to the reduced Zr coordination that makes the AE,
Zr 4d levels partially occupied, O coordination could also —E
affect the electronic structure. To investigate this effect, we
considered a-ZrO,(001)/Si(100) interface in which the =
t-ZrO,(001) surface is attached to the (B0 surface Vsi 73 =

C,Zr02

V,Si
V,Zr0y

through bridging oxygen atoms. In this case, the surface Zr AV -
coordination is six while the O coordination is reduced from A ero
three to two. Since the O is only twofold coordinated, elec- 2

trons from Zr 4 levels are more easily transferred topO FIG. 10. The band alignment method proposed by van de Walle
levels, leaving the Zr @ levels unoccupied and yleldlng an and Martin for heterojunction@Ref. 67. E¢, Ey, andV denote the
LDA band ga_p of 0.10 eV. These results are summa_mzed IRonduction band minimum, valence band maximum, and the mac-
Table IV, which clearly shows that the local bonding ar-4gcopically averaged electrostatic potential.

rangement at the interface, particularly the metal-oxygen-

silicon bonds, can have a significant impact on the resultingnterface. The projected density of states of Zr atoms also

thus the corresponding band alignment with silicon is also
B. The ZrSiO,(001)/Si(100) interface different from that of ZrQ, as we discuss in the next sec-

For the ZrSiQ(001)/Si(100) interface, due to the larger 1OM-
intrinsic lattice mismatch %10%) compared to the
t-ZrO, /Si interface, the Si-O bond lengths changed from VI. BAND OFFSETS
their bulk value of 1.62 A to 1.58 A at the interface and to To properly compare the band energies of Zrand

1.65 A starting from the second layer, while the-Z© bond ; "
’ = ZrSiO, to silicon, we adopt a method proposed by van de
lengths decreased to 1.95-2.10 A for the optimized 9€0Myalle and Martirf” in which the individual band energies in

etry. The most important effect O.f th? interfacial lattice mis- each material are referenced to the macroscopically averaged
match is that the effective coordination of Zr atoms was re-

duced to four from their surface coordination of six while the €/€ctrostatic potential/(z), in the solid. We used supercell

O coordination was reduced from three to two. This reducedt’uctures both with and without vacuutthe latter con-
effective coordination affects the entire ZrSi@yer, i.e., the Stucted to have two identical interfaces in the unit)ctt
coordination of all Zr atoms were changed to be the sam&n€ Pand offset calculations and obtained essentially the same
(four). This is different from the-Zr0,(001)/Si(100) inter-  vValence band offset, within 0.05 eV. The method is schemati-
face where the Zr atoms at the interface have different coo€@lly Shown in Fig. 10. The electrostatic potential, including
dination from those away from the interface. The resulting®n!y the local part of the Kohn-Sham potential that includes
band structure is shown in Fig(). The calculated LDA ionic, Hartree, and exchange and correlation contributions,
band gap of this interface isl.bo 'ev much larger com- is obtained from an interface calculation, is plane-averaged
pared to that of &-ZrO,(001)/Si(100) interface and very ina q”ectlon Paf?‘”e' to the |n'_[erface, and is plotteq n a
comparable to that of a Sj@Si interface(1.30 eV).2° This direction perpendicular to the interface, as shown in Fig.
indicates that the ZrSig001)/Si(100) interface has fewer 11(a) for thet-Zr0,(001)/Si(100)-2 1 interface. The mac-
interface states compared to thieZrO,(001)/Si(100)

—~

()  Silicon Zr0,

1.2 —
JE— —\_/(Z) EC ZrOz

a)
a
5 b) 40 g L = I
@ ( Zn « : L0 — V| Fes AE =064 eV
& )\ /\ g 08}
e, daAal o g
— E, 8- Bulk Zrs <" Evsi
% 4 P Zrp @ 04+
; - 1 zrd H>' 02l Zrd ’ Eg,Z,02= 5.65eV
80 & ¥ 2Layer 5 dangling
2 . L
i g2 q %0 bondstates | \p 389 v
8 1> 02}
3" Interface | ” L I I L L L |
4 0 4 8 1216 20 24 28 32 36
. b A EV,Zro
10 0 -50 .40 30 -20 -10 O 10 A3 :

Energy (€V) FIG. 11. The t-Zr0,(001)/Si(100)- 1 interface: () the

FIG. 9. The ZrSiQ(001)/Si(100) interface(a) the electronic ~ Plane-averaged electrostatic potential dbiithe band alignment.
band structure(b) the total density of states and the projected den-The thick solid line represents the position of partially occupied Zr
sity of states of Zr. There is no partial occupation of&Zstates at d levels.V andV represent the microscopically and macroscopi-
the Fermi level. cally averaged electrostatic potentials, respectively.
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TABLE V. Band offsets of various dielectric/Si interfaces.

Zr(Si) VB® Exptd CB®

coord. O coord. at offset = offset
Insulator Interface at interface interface (eV) (eV) (eV)
ZrO, t-Zr0O,(001)/Si(100)-< 1 6 3 3.89 5.65 0.64
ZrO, t-Zr0,(001)/Si(100)-2< 12 8 3 3.51 5.65 1.02
Zro, t-Zr0,(001)/Si(100% 6 2 3.62 5.65 0.91
ZrSio, ZrSi0,(001)/Si(100) 4 2 2.78 6.00 2.10

8Hydrogen-passivated Zr at interface to make Zr eightfold coordinated.
PBridging oxygen at interface with unreconstructed180).

°VB denotes valence band.

dReferences 54 and 55.

€CB denotes conduction band.

roscopic average potential(z), is defined as face are 4.21 eV above the ZyQalence band, as shown
schematically in Fig. 1b). These partially occupied states
- 1 L2 (7 vpe— lie within the silicon band gap, forming conductive paths

V(@)= Lilo Jz-1y2 f L2 V(z')dZ'dZ, under an applied potential field, and thus are detrimental to

the device performance. Similar calculations were performed
WhereV(z”) is the microscopic average potentia| obtainedfor other ZYQ/SI interfaces with different Zr and O coordi-
by p|ane averaging the electrostatic potentiaL Bm@nd L, nations; the results are given in Table V and their band align-
are lengths of a single period of the microscopic average oflents are shown in Figs. (@ and 12b). All the valence
each side of the interface. The macroscopic average poteRand offsets are between 3.51 and 3.89 eV, while all the
tials away from the interface correspond to the macroscopiconduction band offsets are slightly less than or close to 1.00
cally averaged bulk potentials of Si and zrOThus €V. The largest conduction band offset is 1.02 eV, from the
the potential ShiﬁA\7=\7Si—\72ro can be utilized to line t-Zr02.(001)/Si(100)2<1 interface with H-passivated Zr at
2 the interface. The valence band offset of a
%rSiO4(001)/Si(1OO) interface is 2.78 eV, resulting in a con-
uction band offset of 2.10 eV, giving rise to a more sym-
metric band alignment as shown in Fig. 13. These calculated
conduction band offsets agree well with recently reported
values by Fiorentini and Gulleri using t&W correction to
_ generalized gradient approximaticiGGA) eigenvalueg?
AEc= Esroz— ES"—AEV. but are smaller than those reported by RobertSamhere a
model using empirical tight binding calculations and charge
Since LDA underestimates the band gap, we use the expefireutrality level(CNL) was employed®®®
mental band gaps of 1.12 eV for silic6h,5.65 eV for These results in Table V suggest that the band alignments

zr0,,> and 6.00 eV for ZrSiQ (Ref. 59 to calculate the  at the t-ZrO,/Si(100) interfaces are affected by the local
conduction band offsets. We calculated the conduction bangonding arrangement at the interface and can be explained

offset of thet-ZrO,(001)/Si(100) interface to be 0.64 eV.
Moreover, the partially occupied 4t bands from the inter-

up the bulk energy levels of ZrOand silicon, allowing
the determination of the valence and conduction ban
offsets:

AE = (ES- VS0 — (ES%— V%) + AV=3.89 eV,

Silicon ZrSio,
? EC,ZrSiO4
(a) Silicon Zr0, E¢ z0, (b) Silicon V4,0)) Ecz0,
Eeg ABo=1.02¢V Ecg AB,=091 ¢V AEc=2.10¢V
EC,Si
Eygsi / Evsi / E, zsi0,= 6.00 eV
By 70,= 565 6V Ey 710,= 5.65 oV Ey
H passivated ’ O bridging -5
interface at interface
AEy=3.51 €V AE,=3.62 ¢V AE,=2.78 eV
Ey 7o, Ey z0,
EV,ZrSiO4
FIG. 12. Band alignment afa) a t-ZrO,(001)/Si(100)-2< 1
interface with H-passivated Zr arih) a t-ZrO,(001)/Si(100) in- FIG. 13. The band alignment at a ZrSi001)/Si(100) inter-
terface with bridging oxygen at the interface. face. There are no Zt states in the gap.
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by the charge transfer across the interface that produces adequate barriers for both holes and electrons conduction,
interface dipol€®~"?This interface dipole forms a part of the making it suitable as an alternative gate dielectric in MOS-

average electrostatic potential differencaM) shown in FET devices.
Fig. 11(a). Comparing SiQ/Si and ZrQ/Si interfaces, the

magnitude of charge transfer depends on the difference in

ionicity of zirconium and silicon. In principle, the higher the  Electronic properties of Zr© and ZrSiQ and their
interface dipole due to charge transfer across the interfac#)terfaces with silicon were investigated using local density
the less the valence band offset and the higher the conductiddnctional theory. The calculated electronic band structure,
band offset, as indicated in Fig. 10. In aZO—Si bonding ~ density of states, and band offsets indicate that Zy$o@ms
arrangement, charge transfer from silicon to oxygen is re@ higher quality interface in terms of electronic properties
duced by the presence of zirconium, which is more electropith adequate conduction and valence band offsets. The
ositive than silicon. Thus, a more asymmetric band a|ign_ZrO?/S| interface showed partial occupation of Zr states at
ment is expected in a ZKdSi interface compared to f[he interface anq these states may be ellmlnated.by passivat-
SiO, /Si interface. To adjust the band alignment, hydrogenIng the Zr dangling bonds with hydrogen or having excess

passivation of the zirconium atoms at the interface is showPXY9€eN at the interface. All the ZyJSi interfaces showed

to allow more charge transfer from silicon to oxygen ieId—CondUCtion band offsets of less than or close to 1.00 eV,
. 9 . ygen, y which could impede the application of Zg@s a gate dielec-
ing a more symmetric band alignment and hence higher co

. S S Nric layer in MOSFET's. Our calculations suggest that
c_Juctlon band ‘?ﬁS?t- Therefore_ itis critical to maintain bulk- ZrSi0O, may be an ideal candidate as an alternative gate di-
like Zr coordination at the interface to ensure a more

X ! _ ) electric, while ZrQ will require additional interface prepa-
symmetric band alignment and to avoid the partial ocCuyagion to yield adequate electronic properties. It remains to
pancy of Zrd states at the Fermi level. In addition, br|dg|_ng be seen how a ZrSigSi interface can rearrange in order to
oxygen atoms enhance the charge transfer throughGsi reduce lattice-mismatch-induced strain, which we are unable
bonds, giving rise to a higher conduction band offset. It isto explore with first principles methods due to the cost of
clear that altering the interface dipole in a controlled mannegreating a large enough supercell. If, upon rearrangement,
is an effective way of changing the band offsets at thesehese favorable electronic properties remain, then we believe
interfaces. ZrSiO, will indeed have a promising future as a gate oxide in
The band offset of a ZrSig Si interface is quite different microelectronics.
from that of a ZrQ/Si interface, in that half the bonding at
the ZrSiQ,/Si interface is Si-O—Si while the other half is ACKNOWLEDGMENTS

Zr—O—Si. Thus the properties of the ZrSi¢si interface J.P.C. acknowledges financial support from Mattson Tech-
are expected to be in between that of 2fSi and SiQ/Si- nology, the University of California Discovery Grant, the
interfaces. This is evident from the more symmetric bandoffice of Naval Research, TRW, and UCLA for this work.
alignment obtained for ZrSigSi interfaces, as shown in E.A.C. acknowledges the Air Force Office of Scientific Re-
Fig. 13. Most importantly, the Zr coordination of a search for support of this work. The authors are grateful for
ZrSi0,/Si interface remains at four throughout the film, fruitful discussions with Dr. Ashok Arya and Mr. Vincent
eliminating the possibility of any partially occupied states atCocula in the Department of Chemistry & Biochemistry at
the Fermi level. These results suggest that ZySi@vides UCLA.

VIl. SUMMARY

1D. A. Buchanan, IBM J. Res. De¥3, 245(1999. Pasquarello, Phys. Rev. Le&9, 117601(2002.

2G. D. Wilk, R. M. Wallace, and J. M. Anthony, J. App. Ph@®,  ?Xinyuan Zhao and David Vanderbilt Phys. Rev.&5, 075105
5243(20012). (2002.

3R. M. C. de Almeida and I. J. R. Baumvol, Surf. Sci. Rdp, 1 18R, H. French, S. J. Glass, F. S. Ohuchi, Y. N. Xu, and W. Y.
(2003. Ching, Phys. Rev. B9, 5133(1994.

4S.-G. Lim, S. Kriventsov, T. Jackson, J. H. Haeni, D. G. Schlom,'*G. Ringnanese, F. Detraux, and X. Gonze, Phys. Re®4B
A. M. Balbashov, R. Uecker, P. Reiche, J. L. Freeouf, and G. 134301(2001J).

Lucovsky, J. Appl. Phys91, 4500(2002. 15G. Rignanese, X. Gonze, and A. Pasquarello, Phys. Res3,B
5G. D. Wilk, R. Wallace, and G. Anthony, J. Appl. Phy&7, 484 104305(2001).
(2000. 163. Jameson, W. Harrison, and P. Griffin, J. Appl. P193.4570
6J. P. Chang and Y.-S. Lin, Appl. Phys. Let9, 3824(2001). (2001).
7J. P. Chang, Y.-S. Lin, S. Berger, A. Kepten, R. Bloom, and S.}"B. Kralik, E. K. Chang, and S. G. Louie, Phys. Rev5@ 7027
Levy, J. Vac. Sci. Technol. B9, 2137(2002. (1998.
8J. P. Chang and Y.-S. Lin, Appl. Phys. Let9, 3666(2001). 18A. A. Demkov, Phys. Status Solidi B26, 57 (2001).
9B.-0. Cho and J. P. Chang, Appl. Phys. L&8, 745(2003. 19F. Herman and R. Kasowski, J. Vac. Sci. Techii@l.395(1981).
0K, Parlinski, . Li, and Y. Kawazoe, Phys. Rev. Lefi8, 4063  °°M. Hane, Y. Miyamoto, and A. Oshiyama, Phys. Rev.4R,
(1999. 12637(1990.

1G.-M. Rignanese, F. Detraux, X. Gonze, A. Bongiorno, and A.?!T. Yamasaki, C. Kaneta, T. Uchiyama, T. Uda, and K. Terakura,

155329-10



FIRST-PRINCIPLES EXPLORATION OF ALTERNATI¥ . .. PHYSICAL REVIEW B 69, 155329 (2004

Phys. Rev. B63, 115314(2001). Phys. Lett.64, 3548(1994).
223. Neaton, D. A. Muller, and N. W. Ashcroft, Phys. Rev. L&86,  “°A. Christensen and E. A. Carter, Phys. Rev6B 16968(2000.
1298(2000. 50M. D. Segall, R. Shah, C. J. Pickard, and M. C. Payne, Phys. Rev.
ZA. Bongiorno, A. Pasquarello, M. S. Hybertsen, and L. C. Feld- B 54, 16317(1996.
man, Phys. Rev. LetB0, 186101(2003. 51D, Sachez-Portal, E. Artacho, and J. M. Soler, Solid State Com-
2B. R. Tuttle, Phys. Rev. B7, 155324(2003. mun. 95, 685 (1995.
25R. B. Laughlin, J. D. Joannopoulos, and D. J. Chadi, Phys. Rev. B2D. Sanchez-Portal, E. Artacho, and J. M. Soler, J. Phys.: Condens.
21, 5733(1980. Matter 8, 3859(1996.
26A. X. Chu and W. B. Fowler, Phys. Rev. &1, 5061 (1990. 53R. W. Godby, Top. Appl. Phys59, 51 (1992.
2TM. M. Banaszak Holl and R. F. McFeely, Phys. Rev. L&,  5*R. Puthenkovilakam and J. P. Chang, Appl. Phys. 18#.1353
2441 (1993. (2004).

28M. Lannoo, inProceedings of the 173rd Meeting of the Electro- °°J. Robertson, J. Vac. Sci. Technol.1B, 1785(2000.
chemical Society, Atlanta, 1988&dited by C. Robert Helm®le-  %6H. J. F. Jansen, Phys. Rev.4B, 7267 (1991).

num Press, New York, 1988p. 259. 5’A. Kawamoto, K. Cho, P. Griffin, and R. Dutton, J. Appl. Phys.
29V, Fiorentini and G. Gulleri Phys. Rev. Le®9, 266101(2002. 90, 1333(2001.
30F, Gjustino, A. Bongiorno, and A. Pasquarello, Appl. Phys. Lett. 58y, Milman, D. E. Jesson, and S. J. Pennycook, Phys. Réx0,B

81, 4233(2002. 2663(1994).
31A. Kawamoto, J. Jameson, P. Griffin, K. Cho, and R. Dutton,*°R. A. Wolkow, Phys. Rev. Let68, 17 (2636.

IEEE Electron Device Lett22, 14 (2001). 0K, J. Kang and C. B. Musgrave, Phys. Rev6& 245330(2001).
32A. A. Demkov, VLSI Des.13, 135(2001). €13, Ihm, M. L. Cohen, and D. J. Chadi, Phys. Rev2B 4592
3R. A. McKee, Scienc@93, 468 (2001). (1980.
34Cambridge Serial Total Energy Package, distributed by Accelry$2S. Gay, C. A. Jenkins, and G. P. Srivastava, J. Phys.: Condens.

Inc., San Diego Matter 10, 7751(1998.
35V, Milman, B. Winkler, J. A. White, C. J. Pickard, M. C. Payne, %3L. S. O. Johansson, R. I. G. Uhrberg, P. Martensson, and G. V.

E. V. Akhmatskaya, and R. H. Nobes, Int. J. Quantum Chém. Hansson, Phys. Rev. 82, 1305(1990.

895 (2000. 64R. Wyckoff, Crystal Structures2nd ed.(Interscience, New York,
36p, Hohenberg and W. Kohn, Phys. R&@6, 864 (1964. 1965, Vol. 1, p. 312.

S7W. Kohn and L. Sham, Phys. Rel40, A1133(1965. 5H. Kageshima and K. Shiraishi, Surf. S880, 61 (1997.
38M. C. Payne, M. Teter, D. Allan, T. Arias, and J. Joannopoulos,%®H. Kageshima and K. Shiraishi, Surf. S407, 133(1998.

Rev. Mod. Phys64, 1045(1992. 7C. van de Walle and R. Martin, Phys. Rev.3B, 8154 (1987.
39Y.-M. Juan and E. Kaxiras, Phys. Rev.5, 9521(1995. 58w, Monch, Phys. Rev. Let68, 1260(1987.
40D, Vanderbilt, Phys. Rev. B1, 7892(1990. 693, Tersoff, Phys. Rev. Let&2, 465(1986.
41G. Kresse and J. Furthmuller, Phys. Rev5® 11169(1996. ON. E. Christensen, Phys. Rev. &, 4528(1988.
42C. G. Broyden, Math. Comput9, 577 (1965. "IW. R. L. Lambrecht and B. Segall, Phys. Rev4B 2832(1990.
43G. D. Wilk and R. Wallace, Appl. Phys. Leff6, 112 (2000. "2A. Munoz, N. Chetty, and R. M. Martin, Phys. Rev.4, 2976
44, Christensen and E. A. Carter, Phys. ReV6® 8050(1998. (1990.
45J. D. McCullough and K. N. Truenlood, Acta Crystallogie, 507  "°E. V. Stefanovich and A. L. Shluger, Phys. Rev.4B, 11 560

(1959. (1994.
46G. Teufer, Acta Crystallogr5, 1187 (1962. 747. Mursic, T. Vogt, H. Boysen, and F. Frey, J. Appl. Crystallogr.
47G. P. Srivastavalheoretical Modeling of Semiconductor Surfaces 25, 519 (1992.

(World Scientific, Singapore, 1999 SR. Ackermann, E. G. Rauh, and C. A. Alexander, High. Temp.

48C. M. Scanlan, M. Gajdardziska-Josifovska, and C. R. Aita, Appl.  Sci. 7, 304 (1975.

155329-11



