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Complex band structure and the band alignment problem at the Si—highk dielectric interface
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We investigate the use of the complex band structure of kighate dielectrics to estimate their charge
neutrality levels, and compute band offsets to Si. A comparison is made with the available results obtained with
direct electronic structure methods and experiment. It appears that charge neutrality levels thus obtained indeed
provide a consistent picture for simple interfaces. However, the uncertainty in the conduction band position
inherent in the local density approximation may render the theory inadequate for engineering support. Despite
this limitation, linear rescaling of the charge neutrality levels based on the experimental band gaps for six
oxides(SiO,, Al,03, c-HfO,, m-HfO,, La,O3, and SrTiQ) has shown excellent agreement with experimental
data.
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I. INTRODUCTION Il. THEORETICAL BACKGROUND

To insure continuous downscaling of CMOS technology  Recently, Robertsénused a variant of the MIGS model
the semiconductor industry must make a transition from thgjue to Tejedor, Flores, and Tersoff(TFT) to predict con-
Si-SiO;-poly-Si triad to a much more complex Si-dielectric- gyction band offsets of a variety of novel dielectric materials.
metal system.The higher than silicon dioxide dielectric con- In this model the conduction band offset is given by
stant of the new gate dielectric will allow maintaining the
gate capacitance and therefore the drain-source saturation ?=(Xa— Pa) = (Xp— Pp) + (P~ Dy). (1)
current without reducing the oxide thickness. The integratior’l_|
of this new stack into the current CMOS flow is one of the
most urgent tasks of today’s electronics. The oxide's gat
action, among pther factors, depe’.‘ds on the.barrier height g by the interfacial states, and subscriptndb refer to Si
the oxide-semiconductor and oxide-metal interfaces. Th%nd dielectric respectivel); B=1 the offset is given by a
band alignment is often estimated within the so-called metal-;. S AN .
induced gap stateIGS) model?® The MIGS model de- difference in electron affinities as was originally proposed by

scribes both the Bardeen and Schottky limits and interpolategrC Tﬁgkg aﬁféﬂaﬁ'ﬁﬁ%yﬁ;ﬂﬁzg \gj gggtsttde tsr:;?[nt?n ef) IQEL?aQC e

between the two in a linear fashion, provided that electror_ .. s determined by the band bending caused by charg-

affinities, charge neutralities, and the pinning factor areIng of the surface staté&1and thus an intrinsic property of

known. .The t_heqry was succe;sfu!ly used to describe thg material. The pinning parameter can be estimated by the
band discontinuity in hetero-junctions between covalent

semiconductors. It is not obvious whether this approachempmc‘r"I formula?
should work for junctions between Si and higitielectrics. 1

A consistent procedure to determine the charge neutrality S= 1+0.1(s, -1 ()
level is also not clear. The reference potential method of van

de Walle and Martifiproduces reliable valence band offsets, Wheree.. is the high frequency component of the dielectric
and if the band gaps are known from experiment the conducconstant. It is worth noting that a large value «f would

tion band offset can be inferred. However, these calculationgesult in stronger pinning. The high frequency dielectric con-
are rather time consuming, and extremely sensitive to thétant scales approximately as (frv,/ Epc)?, wherew,, is the
exact structure of the interface. It would be very useful toplasma frequency that tracks the electron density,
have a simple phenomenological model to estimate the dis=Vn€?/ggm), and Epg is the so called Penn ga@ spectral
continuity. In this paper, following the recent work of weighted average of the band gap, typically 4 eV for
Robertsorf, we apply the simple MIGS model to the Si in- semiconductoyst? Thus a wide gap material would tend to
terface with SiQ (as a testand four major highk oxide  have a smaller high frequency dielectric constahe same
families: simple metal, transition metal and lanthanide ox-conclusion can be achieved analyzing the Lindhard formula
ides, and epitaxial perovskites. We use the complex bantbr the electronic susceptibilityand thus pin less. Electron
structure to determine the charge neutrality level. We therffinities are typically well known experimentally. To esti-
compare these estimates of the band offset with those olmnate the position of the charge neutrality level Robertson
tainedvia density functional theoryDFT) calculations. We  used Tersoff’s idea and associated it with the branch point of
find that the latter need to be performed with special care¢he complex band structure of the dielectrin a 1984 paper
taken of the typical underestimation of the band gap, whichTersoff also proposed a method to locate the branch point in
may cause an unphysical band alignment and charge transféine fundamental gap by calculating the zero of the Green'’s

ere y is the electron affinity®,; is the charge neutrality
level of materiali measured from the vacuum lev&ls an
pirical dielectric pinning parameter describing the screen-
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function along a judiciously chosen crystallographic direc- TABLE I. Crystal structures op-cristobalite,a-alumina, cubic

tion. Robertson uses a slightly different formula, which isand monoclinic hafnia, and lanthana used in the study. We list the

appropriate for a tight-binding model since the energy specchemical formula, space group, lattice constants, source of the in-

trum has an upper bour(i has a finite number of banys formation, and atomic positions in Wyckoff notations.

however in principle it is divergent.
We follqw the same basic strategy; however, we find theSioz, Fd3m a=7.12 A, after Ref. 44

branch point from the actual complex band structure. The .

analytical properties of Bloch functions and energies have (1) 8a 0,0, 0

been originally studied by Kohn and co-worké?ghey con- ~ O(1) 16c 0.125, 0.125, 0.125

sidered the band ener@y, (k) as a multivalued functio(k) AlLOs R3c, a=4.759 Ac=12.991 A, after Ref. 45

pf a complex wave vectd?:§+ih. The u;ual band structure Al(1) 12¢ 0 0 0.35203)

is th(_en R€E)-g cross sgctlon of th_e Riemann surfatbe O(1) 180 0.3064) 0 0.25

special case wher vanishes Starting at the lower energy

surface(e.g., the valence baphdnd going into the complek c-HfO,, Fm3m, a=5.111 A, after Ref. 46

plane around the branch point and back we end up on tha¢(1) 4a 000

next energy surfacée.g., the conduction bahdSolutions of 0O(1) 0 8 0.25 0.25 0.25

the Schrodinger equation for energies in the band gap thus

have complex wave vectors, and are therefore spatially den-HfO,, P 1 21t 1, a=5.11565) A, b=5.17225) A, ¢

caying. The wave function decays a¥'%, and the charge =5.29485) A, «=90.0, 5=99.188)°, y=90.0", after Ref. 47

density decays ag?, where,8=2|ﬁ|. When we refer to a  Hf(1) 4€0.27595) 0.04125) 0.20785)
decay length, we will refer to the decay of the wave function;O(1) 4e 0.0738) 0.3468) 0.3328)

the decay length is then h(=2/8). The character of the O(2) 4e 0.4468) 0.7488) 0.4888)
solution continuously changes from that of the lower energy —

band to the higher energy band, with the branch point ser/i220s, P3ml, a=3.938 A, after Ref. 48
ing as a point of crossovét. The physical connection be- La (1) 2d 0.3333 0.6667 0.2462)
tween the wave vector at a branch point and the interfaciad (1) 2d 0.3333 0.6667 0.647R)
dipole was first made by Heirfewho used its invers¢the 0 (2) 12 0.0 0.0 0.0

penetration depth of the evanescent gap statestimate the

separation of the positive charge in the metal and negative )
charge in the surface states. Note that the complex bari€ computed and measured band gap to obtain 5.1 eV

structure is a bulk property of a material, and thus can bé(9:0 8V/6.5eYX3.7 eV]. The imaginary wave vector
calculated without a detailed interface model. To calculatédlong thec axis of the tetragonal cell has a length of
the complex band structure we use the algorithm propose@-67 A at the branch point, resulting in a very short decay
by Boykinl® We use an LDA-DFT Hamiltonian imple- length of the evanescent state of 1.5889 This suggests a
mented in theab initio package SIESTX with all the cal- closely spaced double layer and a small potential rise attrib-
culations performed using the minimal basis ¢single- uted to its dipole(see Fig. 1 The electron affinity and
{-S2) in order to simplify the analysis of the complex band charge neutrality level of Si with respect to vacuum are 4.0
structure. Because the band gap is underestimated, tf@d 4.9 eV, respectiveRyThe pinning parameter S of Sj@s
branch point is uncertain. In the following we show that a0.9 (almost ideal Schottky dielectiicThe conduction band
simple scaling with respect to the experimental band ga@ffset calculated using Eq¢l) and(2) is 3.1 eV in rather

value is sufficient to obtain a consistent picture. good agreement with experiment and previous density func-
tional calculations using the reference potential metfod.

Note that the large value of the pinning parameter manifests
rather than explains that the barrier is close to the value
A. Model verification: SiO, predicted in the Schottky picture. The rapid decay of the

evanescent state into the oxide is the physical reason, and it

IIl. RESULTS

Si/SiG, is undoubtedly the most studied interface due to
its ubiquitous use in the semiconductor devite3o com-

pare our method with well established experimental data we ) A\ )
first consider this simple interface. We use crystalline ? ©
B-cristobalite as a model for silicon dioxide which in prac- 2 —p ((-)
tice is of course amorphous. The structurgBegristobalite is @) E @

given in Table I. The calculated band gap is 6.5 eV. Using the

experimental value of 9.0 eV the complex band structure G, 1. The schematic of a double layer and a dipole potential at

gives the rescaled charge neutrality levefetristobalite 5.1 the interface. The potential risé should be added to the disconti-
eV above the valence band maximuthis places it 4.8 €V nuity obtained from the Schottky rul®=y;— . According to

below the vacuum assuming an electron affinityf 0.9 V). Heine (Ref. 2 the thickness of the double layer can be approxi-
The charge neutrality level is found to be 3.7 eV above thenated by the decay length of the evanescent state in the band gap of
valence band. We rescale this level according to the ratio ohe dielectric.
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FIG. 2. The complex band structure of 85 along the(001)
direction. The valence band top is nea? eV and the conduction

band minimum is near-1 eV. The charge neutrality level is 3.1 ev charge neutrality level is 2.3 eV above the band valence band top as

above the band valence band top as calculated. The band gap dalculated. The band gap is calculated to be 3.5 eV, therefore the

calcula_ted to b? 6.0 _eV; therefore the rescaled value of the Chargr%scaled value of the charge neutrality level is estimated to be
neutrality level is estimated to be 4.6 eV.

FIG. 3. The complex band structure wfHfO, in the near gap
region. The band gap lies in the range eV to —5.5 eV. The

stems from the large band gap and a low electron affinity
effectlvgly SiQ behaves I|I_<e a vacuum._The_ amount Ofgiven in Table I. We have recently reported the complex
charge in the double layer in Bardeen-Heine picture is 9%Vhand structure of the monoclinic form of hafrtaHere we
erned by the initial difference between the charge neu”a"%ompare monoclinic and cubic polymorphs. In Fig. 3 we
level and the work functlomfor a true.Schottky barrigror show the complex band structure calculated for monoclinic
petwgen the charge neutrality levels in the case of a heterq_-”Oz. The charge neutrality level is 2.3 eV above the band
Junction. valence band top. The band gap is calculated to be 3.5 eV,
therefore a rescaled value of the charge neutrality level is
B. Simple metal oxide: @Al ,05 estimated to be 3.8 eV using an experimental band gap for

One of the major requirements for a successful gate oxidm'|_hco2 0f 5.8 eV. Assumin_g the electr_on affinity of 2.5 &V,

is a large band offset with Spreferably over 1 eYin both the charge neutrality level is 4.5 eV with respect to vacuum.
. o ..The length of the imaginary wave vector at the branch point

bands. To ensure the proper alignment it is best to start W|th|0ng the(001) direction is—~0.3 A-L, Note that evanescent

a mat?riigagthic has a Iarge b i"md ggi%nAILrj]mina with its\/&)an@tates penetrate much deepérrrierbz (about 3.3 A than

gap of 8.8 eV is second only to that respect. We . " ; 2 S

compute the complex band structure ®Al,O; and hope in SiO, (about 1.5 A. This together with a highes., makes

that the charge neutrality level and the evanescent state dgl'Hfoz a strongly pinning materialindeed,5=0.53. The

. . complex band is relatively flat in the vicinity of the branch
cay length thus obtained are representative of the more com-Oint This suggests a relative “insensitivity” of the result
monly used amorphous alumina. The crystal structure o he éonduction band offset calculated using Ex.is only '
a-Al,0O3 is given in Table I. The complex band structure14 V[Fig. 1(b)] whil r Drevi DET caleul t'i A usin

calculated along théd01) axis is shown in Fig. 2. Using the € 9. € our previous caiculation using

. . . the reference potential method gives 1.8 @Vvthis calcula-
scaling argument we estimate the charge neutrality level t%on a Si subofide transition Iaygr was inc(luo{é%jThe situ-
be 4.6 eV above the valence band top or 5.2 eV below the

vacuum levelwe follow Ref. 5 and use 1 eV for the electron ation may be salvaged if instead of Bf) we assumer-type

affinity). At the charge neutrality leve [3=2h, whereh instead of intrinsic Si, thus Si behaves as a metal, and use the

=Im(k)] is 0.71 which translates in the decay length of 2.8 A.MIGS formula for a Schottky barrier:
Note that the.dlpole Iayer_ at the alqmlna mtgrface would thus &= D, — Dyp) + (Dp— x). (3)
be almost twice that of silica despite the similar band gaps.
Here®,, is the work function of Si. The resulting conduction
offset is 1.8 eV in better agreement with DFT and
experiment3

Hafnia emerges as the material of choice to substitute In Fig. 4 we show the complex band structure of cubic
silica as a gate oxide. Films are typically grown by atomichafnia. The charge neutrality level is 1.5 eV above the band
layer depositiofALD) and as deposited are amorphous. Thevalence band top as calculated, the band gap is calculated to
postdeposition densification anneal results in film crystallizabe 3.0 eV, and therefore the rescaled value of the charge
tion [the crystallization temperature of hafnia is only 350 °C neutrality level is estimated to be 2.9 eV. At the charge neu-
(Ref. 23], with tetragonal and monoclinic phase most com-trality level 8 [ 38=2h, whereh=Im(k)] is 0.42 which trans-

monly reported? The structure of these two polymorphs is

C. Transition metal oxides: HfO,
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FIG. 5. (Color online The complex band structure of }@;
] . along the(001) direction. The charge neutrality level is 2.1 eV
region. The band gap lies betweerd eV and—2 eV. The charge above the band valence band top as calculated. The band gap is

neutrality level is 1.5 eV _above the band valence band top 8R%alculated to be 3.5 eV, therefore the rescaled value of the charge
calculated. The band gap is calculated to be 3.0 eV, therefore thﬁeutrality level is estimated to be 3.6 eV.

rescaled value of the charge neutrality level is estimated to be
29 eV.

FIG. 4. The complex band structure ofHfO, in the near gap

spatial decay of the evanescent state at the charge neutrality

lates in the decay length of 4.7 A. This suggests a rathelreveI of 3.6 A.(See Table Il

mglégﬁgtt;:glmir', and potentially large dipolar correction to E. Epitaxial perovskites: SiSITIO,

It is worth mentioning that some of the experimental data In contrast with amorphous and polycrystalline oxides
used here is fairly old, and thus may not be reliable. Recendiscussed up to now, for MOS field effect devices with the
data for HfQ (Refs. 24 and 2band ZrQ (Ref. 26 suggest gate length below 30 nm epitaxial oxides may offer certain
slightly higher electron affinities. The band gap of Hf@ar-  advantaged’ Recently epitaxial perovskite oxides on Si and
ies with the synthesis and characterization techniqueGe became a focus of attenti#hWe have also considered
Nguyenet al. report 5.08 eV for Jet Vapor deposited fildfs, theoretically the interface between Si and SrFiSTO) us-
while Modrueantet al. report values as high as 5.95 eV for ing both the density of states and reference potential methods
MOCVD films,28 the 5.8 eV value we use has been reporteddf analysis®® It is nevertheless instructive to discuss the
by Lim et al. for single crystal hafnid® Density functional ~MIGS theory predictions for this system. The electron affini-
calculations for different interfacial models also vary by atties of Si and STO are 4.0 and 3.9 eV, respectivéiyom the
least 0.5 eV?31 The most significant result, however, is the complex band structure of ST@ot shown the rescaled
mere fact that the charge neutrality level varies between difcharge neutrality is 6.4 eV below vacuum. For Siitis 4.9 eV
ferent polymorphs significantly. This potentially spells with respect to the vacuum level. Thus within the simple
troubles for CMOS applications. The typical grain size in thetheory we expect a 1.6 eV conduction band offset in the
annealed ALD grown hafnia film is 60 A, thus for 65 nm

technology(65 nm gate length, and Oidn gate width there TABLE Il. Experimental and calculated band gap, charge neu-
are approximately 300 grains under the gate. We will comarality level (from the valence band maximymand the evanescent
back to this in Sec. Ill. state decay length for seven common oxides.

Band gap(eV) CNL CNL (eV) Decay length
Theory/ (eV) After at CNL
Oxide experiment scaled Ref. 5 A)

D. Lanthanide oxides: La03

Oxides of lanthanides such as lanthdhagceria3?
praseodymi&’ and their alloys such as LaAlQRefs. 35  sjo, 6.5/9.0 51 15
and 39 have recently been proposed as gate dielectrics. Wgs cristobalite
consider hexagonal lanthaflaa,O3) as a typical representa-
tive of this family. The structure of L#; is given in Table I. ~ @Al20s 6.0/8.8 4.6 5.5 2.8
The complex band structure is shown in Fig. 5, which indi—C_Hfoz

> . 3.0/5.8 29 4.7
cates that the charge neutrality level is 3.5 eV above the
valence band top, or 4.5 eV below the vacuum level close ton-HfO, 3.5/5.8 3.8 3.7 3.3
that of SiQ (this number should be taken with care since the
accurate values of the band gap and electron affinity are no203 3.5/6.0 3.5 24 3.6
known—here we follow Ref. 5 and use 6 and 2 eV, respecy; o, 1.8/3.3 13 26 20

tively). We estimateB to be 0.56, which translates into the
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Bardeen limit, and a 0.1 eV offset in the Schottky limit. Theing the potential distribution in the system permits
length of the imaginary wave vector at the branch pointcalculation of the electric field):

along the(001) direction is 0.5 A% It is interesting to note .

that despite a smaller band gap the evanescent states die off E=-VWV. ©)

mucgfastgr in SrTiQ (within merely 2 A than inm-HfO, From Gauss's law, the gate chargg, Qan be determined at
(3.3 A). This anomalously rapid decay suggests a large valug given gate voltage. The gate capacitance is calculated from

of the pinning parameter typical for the Schottky type align- : . .
. ) > the change in gate charge with respect to the change in gate
ment. Using the reference potential method as well as d're?Foltage and is given by

analysis of the site-projected density of stat€&DOS,
Zhanget al. find both a pure Schottky limit and a pinned AQq
Bardeen-like case depending on the interface struéture. Cy= AV (6)
They also estimated thevalue of about 0.47 for the pinned g
interface [an empirical estimate gives 0.2&Ref. 5]. The  Figure 7 shows the results of this calculation for @%Mo/
Schottky case agrees well with experiméht. HfO, /Si capacitor with various substrate donor concentra-
tions. Taking the derivative of gate capacitance with respect
IV. DISCUSSION to gate voltage we define the threshold voltage to be

TM oxides at present are leading the race to succeed SiO V, = min<A_Cg)_ (7)

as a gate dielectric. To get a better understanding of the va- AV,

lidity of Heine’s theory for these materials we consider the-l-he threshold voltage for monoclinic and cubic Hf@oly-

electronic structure of 6111) surface slab of-HfO, [plane- m :
. ; orphs are calculated for two cases where the SijHiah-
wave calculations are performed using CAST@Eef. 41)]. EuctFi)on band offset is given by Eql) and Eq.(3). él'hese

The full analysis of the structure and_ surface energetics wil esults are shown in Fig. 8, where the change in threshold
be reported sepgraté@.The electromc band structure and voltage of monoclinic HfQ referenced to cubic Hf§)
density of States in the near gap region are shown in E‘?J- 6 AV, is shown for capacitors with low donor concentration
(zero energy is set at the Fermi lexeNote the occupied andc%i h donor concentrati A inal devi t
surface band approximately one electron volt wide located i 9 : lon. AS nominal device gate
the band gap region. The top of that surface béamt thus Igngths_ continue to decrease .W'th gach technology genera-
the Fermi level is about 2.5 eV above the bulk top of the tion, higher don_or concentrations in the substrate for the
valence band, or approximately at the same energy as thPFETS are feq“'Fed to control sho[t channel effects. At a
. . ) Jonor concentration level %1018 cm 3 (where the Fermi
predicted bulk charge neutrality level. In Figb we show level is closer to the valence band in siligomV
the state at the-2.5 eV that is derived from oxygemstates L . fem
as the top of the valence band should. The top of the surfacfao_'o4 V. Coﬁs'd?””g decreases in threshold voltage are re-
band has a clear Hf character as can be seen in Fig[dnd quired to maintain performance_ as supply voltages are de-
is also indicated by the PDOS analygimt shown]. The créasedAV,  =0.04 becomes increasingly non-negligible
states at the Fermi level thus appear to be derived from th@S technology scaling continues. In addition, our analysis
dangling bonds on the metal. The density of these danglingudgests that for fully depleted silicon on insulat&Ol)
bonds(Tamm-type surface staf@sis much higher than that devices, where undoped channtsv doping limit in Fig. 8
of the evanescent stateShockley surface statdy and are expected to be a likely device choice, the greater
would therefore dominate the formation of the interface di-variation would spell trouble for a midgap metal gate.
pole. Surprisingly, they happened at approximately the same er yvould also like to commenj[ on a potentially detrimen-
energy as the CNL determined from the complex band strud@! difficulty of the DFT calculations of the valence band
ture analysis. offset forllnterfaces mvoIvmg transition metéal M) QX|des.

To analyze the variation in the threshold voltdgfee bias ~ For the S/HfQ interface we find a slightiyegativeSi/HfO,
necessary to invert the channel and thus open the svdteh conduction bandCB) offset mfer_red from the calculations of_
to the phase nonuniformity we perform device simulationsth® valence band offset using the reference potential
providing estimates of threshold voltage shifts betweer"ethod! This problem appears to be a generic difficulty of
grains of monoclinic and cubic HiOpolymorphs consider- the LDA Hamiltonian; the valence band offs@ ground
ing each as a simple capacitor. Mo is used as a metal gatgtate propertyls well reproduced, and if the val_ence' band
and the Mo/HfQ Schottky barrier is estimated using B8).  Offset is relatively large, the band gap “reduction” in the
We describe the metal-dielectric-semiconductor systen‘PX'de region due to the LDA may result in qualitative errors.

with discrete grid points, and numerically solve poissonvSThe_problem is particulgrly severe for calculating Schottky
Egs.(4), barriers between TM oxides and small work function metals.

Ve - V¥ =-q(p-n+Nj-N), (4)

. . s . . V. CONCLUSIONS
where ¢ is the material permittivityV is the electrostatic

potential,q is electronic chargep andn are the concentra- We have investigated the band alignment of novel gate
tion of holes and electrons, adf; and N are the concen- dielectrics with Si using a simple model widely used in the
tration of ionized donors and acceptors, respectively. Knowtliterature. The essential ingredients of this model are the
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a) CASTEP Band Structure CASTEP Density of States

Energy (eV) Energy (eV)

F Q z G ‘ 10 20 30 40
Density of States (electrons/eV)

FIG. 6. (Color online (a) The
electronic structure of(111) t-
HfO, surface slab(b) The charge
distribution at the top of the band
at -2.5 eV is oxygerp state de-
rived. (c) The state at the top of
the occupied surface band at the
Fermi level(set at zero energyis
Hf derived, its energy with respect
to the valence band top approxi-
mately coinciding with that of the
bulk charge neutrality level. The
one electron volt wide surface
band is separated from the bulk
valence band top by a gap of
about 1.5 eV.

electron affinity of both materials, the pinning strength of thelevel by performing complex band structure calculations for
dielectric, and the charge neutrality level of Si and the di-several oxide materials as originally proposed by Kohn. We
electric. The affinities are readily available from experimentfind that though originally proposed to determine the offset
while the pinning strength can be approximated by a simplat the semiconductor/semiconductor interface the model
empirical rule. We have determined the charge neutralityseems to work reasonably well for several complex systems,

195306-6



COMPLEX BAND STRUCTURE AND THE BAND.. PHYSICAL REVIEW B 71, 195306(2005

90 “Insulator” “Metal”
E, E,
.......................... E, wrermmsssesessasasnsnenee B
E E
g E, E
Py °
@ AVt (VY| @
E oM 0.45 V'™,
-5 ..........
- P . - - T * S e
a4 &K T
8 .........
o Ty
% : ........
- X [
@] e T
/2'1 ®
10 \ s 0.04V
DDl T Donor Concentration
0 _-_'IIII||\\\|\HHWIIIIIIIHHI\””H
-2 -1 0 1 2 FIG. 8. Threshold voltage shift between monoclinic and cubic
Vgb (V) hafnia with silicon considered as “InsulatdiZq. (1)] at low donor

concentrations and “MetalEq. (3)] at high donor concentrations.

FIG. 7. A CV characteristi¢gate capacitance versus gate volt- case, |n particular, for alumina we find that Fermi level pin-

age of the Mom-HfO,-Si structure for three doping levels. ning should occur near the Si valence band edge, which is
supported by the data of Hobleg al*® while the approach

at least where we are able to check by a direct calculatiomsed in Ref. 5 predicts pinning closer to the Si conduction
and comparison with experiment. Thus, the method appeaidand edge.
to be useful in guiding experiment if the location of the CNL
obtained from the complex band structure calculation is ACKNOWLEDGMENTS
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