
JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 3 1 AUGUST 2001
First principles investigation of scaling trends of zirconium silicate
interface band offsets
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First principles density functional theory calculations are carried out to investigate the scaling trends
of band offsets at model silicon/zirconium silicate interfaces. Owing to thed character of zirconium
silicate conduction bands, the band gap and band offset are shown to decrease as the zirconium
concentration is increased. Since the valence band character of silicates remains unchanged relative
to SiO2, the conduction band offset alone decreases, leading to increasingly asymmetric band offsets
at higher zirconium concentrations. The use of charge transfer dipoles at the interface is investigated
as a possible remedy to restore the band offset symmetry by shifting the silicate bands relative to the
silicon bands. ©2001 American Institute of Physics.@DOI: 10.1063/1.1378338#
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I. INTRODUCTION

Aggressive scaling of complementary metal–oxid
semiconductor~CMOS! transistors has resulted in silicon d
oxide (SiO2) gate oxide films so thin that direct tunneling
carriers through the insulator contributes substantially to
overall device leakage current. Gate leakage leads to u
ceptable levels of standby power dissipation and presen
fundamental limit to continued scaling.1 Leakage through an
ultrathin oxide arises from direct tunneling of carrie
through the potential barrier presented by the insulator. S
the transmission through such a potential has a strong de
dence on the barrier thickness, much effort has focused
the development of alternative high-k gate dielectric materi-
als. The higher dielectric constant in these materials allo
for a physically thicker barrier, thus potentially reducing tu
neling transmission, while maintaining the gate capacita
needed for scaled device operation.

Many high-k dielectrics are composed of oxides or si
cates ofd-electron transition metals, in which the enhanc
polarizability and phonon mode softening of the meta
oxygen bond leads to a higher dielectric constant. Silicate
zirconium ~Zr! and hafnium~Hf! are promising dielectric
materials with demonstrated thermal stability in direct co
tact with Si.2 Conceptually, Zr silicates can be modeled a
mixture of zirconium and silicon dioxide (ZrO2)x(SiO2)12x .
The conventional wisdom is that the concentration of
transition metal in the silicate can be steadily increased
meet the capacitance requirements of each technology
eration, while maintaining a sufficiently thick film to preve
excessive gate leakage. However, increases in the trans
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metal concentration also tend to reduce the band gap of
material, since the silicate becomes increasingly ZrO2 like,
which has a smaller band gap than SiO2. The reduction of
the insulator band gap consequently degrades the heigh
the potential barrier presented to tunneling carriers. Since
tunneling transmission depends on both barrier thickness
barrier height, an important design tradeoff arises as the t
sition metal concentration is increased in future technolo
generations.

This article presents a computational study of the sca
trends of band offsets at model Si/Zr silicate interfac
Based on analysis of the electronic structure of silicates,
degradation of the potential barrier is shown to primar
affect the conduction band offset, leading to asymmetric b
rier heights as the Zr concentration is increased. By exp
itly altering the surface termination, charge transfer dipo
at the interface are investigated as a possible means o
storing symmetry in the band offsets. The article is organiz
as follows. Section II describes the computational approa
All calculations presented are based on first principles d
sity functional theory~DFT! methods. Section III describe
the bulk structural and electronic properties of several higk
dielectrics with varying concentrations of Zr, from mod
and known silicates to pure ZrO2. Section IV describes the
expected scaling trends of Zr silicate band offsets us
model interface calculations.

II. COMPUTATIONAL THEORY

All calculations reported in this article used the Vien
ab initio simulation package~VASP! program.3–5 VASP is
widely used to perform first principles DFT calculations a
has been applied to study diverse materials, including Z2

polymorphs.6 The exchange-correlation energy was d
scribed by the local density approximation~LDA ! functional
il:
3 © 2001 American Institute of Physics
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of Ceperley and Alder as parametrized by Perdew
Zunger.7 Ultrasoft pseudopotentials with Zr(4p,4d,5s),
Si(3s,3p), and O(2s,2p) levels treated as valence stat
were employed.8,9 A Monkhorst–Packk-point mesh of 2
3232 for bulk calculations and 23231 for interface cal-
culations were used. A plane wave basis kinetic energy cu
of 36 Ryd was used in all calculations.

While experimental silicate films are amorphous,
models studied in this article are crystalline. The compu
tional cost of DFT prevents direct study of large, amorpho
materials characterized by long-range disorder. Inste
smaller periodic crystals whose local bonding units are r
resentative of those found in the amorphous phase are
cally used. This approach has worked well for studies
SiO2, since the important material physics is contained in
local SiO4 tetrahedra.10 Since silicates are an increment
modification of SiO2, it is expected that this approach shou
still be valid.

To determine the band offsets, the bulk energy levels
Si and Zr silicate must be aligned at the interface. Howe
the lack of a well-defined absolute energy reference in
infinite periodic solid prevents a direct comparison of ene
levels from two different bulk materials. To circumvent th
difficulty, a method first proposed by Van de Walle and M
tin was followed.11 Separate bulk calculations were carri
out to obtain the band gap and average potential energ
each material. A superlattice calculation was then used
extract a potential shiftDV between the average bulk pote
tial levels on either side of the interface. TheDV term in-
cludes any effects of structural relaxation and charge tran
dipoles at the interface on the resulting band offsets. Figu
shows the procedure graphically.

III. BULK CALCULATIONS

Calculations of several bulk oxides and silicates w
carried out within DFT–LDA to study the effect of increa

FIG. 1. Diagram showing Van de Walle’s band offset calculation proced
The band structures and average potential energies~Vavg,Si and Vavg,Silicate!
are obtained from bulk calculations. The potential shiftDV between the
average levels in Si and Zr silicate is obtained from a superlattice calc
tion in which the two materials form an interface. The resulting lineup of
bulk band structures givesDEc andDEv , the conduction and valence ban
offsets.
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ing Zr concentration on the underlying electronic structu
Three known crystals served as references for compari
b-cristobalite SiO2 with 0 at. % Zr; the silicate zircon
ZrSiO4, with 16.7 at. % Zr; and monoclinic ZrO2 with 33
at. % Zr.12–14Since only the SiO2 model can be used to form
a well-defined, lattice-matched interface with crystalline
the ZrSiO4 and ZrO2 crystals alone cannot be used to stu
the expected behavior of band offsets at the Si interfa
Thus two additional model silicates were formed as d
scribed below.

Cubic b-cristobalite was chosen as the reference S2

crystal.12 The equilibrium lattice constant was found to b
7.34 Å, in good agreement with 7.39–7.41 Å as predicted
previous first principles studies.15,16 At this lattice constant,
the Si–O bond length was 1.59 Å and the Si–O–Si bo
angle was 180°. In order to form an SiO2 model compatible
with the Si lattice, a prescription first proposed by Herm
and Kasowski was followed. The Herman construction h
been used in a number of previous theoretical studies of
Si/SiO2 interface.16–20 A tetragonal lattice which is nearly
lattice matched with Si~001! was first formed by rotating the
b-cristobalite 45° along itsc axis. This tetragonal cell has
lattice constant of 5.19 Å along thea axis, representing a
4.4% lattice mismatch with Si. In practice, all proposed cry
talline models of the Si/SiO2 interface introduce such mis
match, and it is standard practice to simply expand or c
tract the SiO2 model to match the Si lattice constant.21,22 By
a Poisson’s ratio argument, it is expected that expans
along thea axis would cause contraction along thec axis. By
searching for the total energy minimum, the optimizedc-axis
lattice constant was found to be 6.90 Å. The resulting latti
matched crystal structure is shown in Fig. 2~a!, and the rel-
evant structural parameters of both models are summar
in Table I.

The high degree of symmetry of the lattice-match
b-cristobalite structure allows it to be completely specifi
by a single Si–O bond length of 1.61 Å and Si–O–Sibond
angle of 180°. This facilitates an important goal of the mod
silicate study, which is to isolate as much as possible
effect of varying the Zr concentration by keeping constant
other factors, such as the Si–O bonding and lattice par
eters. Based on the lattice-matchedb-cristobalite structure, a
model silicate (Zr1Si3O8) with 8.3 at. % Zr was formed by
replacing a single Si atom in the SiO2 model with Zr. By

.

a-

FIG. 2. ~a! Crystal structure ofb-cristobalite SiO2. ~b! Crystal structure of
model silicate, Zr1Si3O8, with 8.3 at. % Zr concentration.~c! Crystal struc-
ture of model silicate, Zr2Si2O8, with 16.7 at. % Zr concentration. Eac
model is lattice matched along thea axis to the Si lattice constant. Larg
atoms are Si, small atoms are O. Zr atoms are indicated.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Downloaded 31 J
TABLE I. Structural properties and band gap values of model silicates based on theb-cristobalite SiO2 crystal.
Both the raw LDA and corrected LDA band gap values are given. An empirical correction factor of 1.6
been used to obtain the latter values. Note that all Si–O–Sibond angles are 180° and all Zr–O–Sibond angles
are 166°.

Model
Zr

~at. %!

Lattice
constant

~Å!
O-coord.
around Zr

Si–O
bond
length
~Å!

Zr–O
bond
length
~Å!

LDA
band gap

~eV!

Corrected
LDA

band gap
~eV!

b-cristobalite
SiO2

0 5.19, 5.19,
7.34

4 1.59 — 5.37 8.9

b-cristobalite
SiO2

a
0 5.43, 5.43,

6.90
4 1.61 — 5.06 8.39

Zr1Si3O8
a 8.3 5.43, 5.43,

8.03
4 1.61 1.97 3.98 6.59

Zr2Si2O8
a 16.7 5.43, 5.43,

9.16
4 1.61 1.97 3.84 6.36

aModels lattice matched along thea axis to the Si lattice constant and used in the subsequent inter
calculations.
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varying only the Zr–O bond length to accommodate
larger Zr atom, the lowest energy structure was found a
Zr–O bond length of 1.97 Å. This compares reasonably t
Zr–O bond length of 1.94 Å obtained in a previous study
which ab-quartz SiO2 model with Zr substitution for Si at 11
at. % Zr was allowed to fully relax towards its total ener
minimum.23 A second model silicate (Zr2Si2O8) with 16.7
at. % Zr was formed by replacing a second Si atom with
and maintaining the Zr–O bond length at 1.97 Å. Figu
2~b! and 2~c! show the resulting model silicate structure
and structural parameters of both models are summarize
Table I.

The assumption that Zr is fourfold coordinated by ox
gen ~O! at the concentrations considered is an import
limitation of the study. While Zr does indeed appear to
tetrahedrally bonded to O at low Zr concentration, rec
experiments have shown that the Zr coordination increase
higher concentrations. Based on extended x-ray absorp
fine structure spectroscopy measurements of Zr silicate fi
Lucovsky has found that the average Zr coordination ind
increased from 4.561 for samples with;3.3 at. % Zr to
ul 2001 to 171.64.99.113. Redistribution subject to AI
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7.261 for samples with;8.3 at. % Zr.24 However, the dif-
ficulty in defining a silicate structure with eightfold coord
nated Zr that can form a lattice-matched interface with
prevents direct study of the interface properties of such s
cates.

While their interface properties are not explicitly a
dressed, the bulk structural and electronic properties of
known crystals with higher than fourfold Zr coordination a
studied and compared to those of model silicates based
theb-cristobalite structure. Zircon (ZrSiO4) is a known crys-
talline silicate with 16.7 at. % Zr.13 The tetragonal unit cell
consists of parallel chains of edge-sharing fourfold coor
nated SiO4 units and eightfold coordinated ZrO8 units.
Monoclinic ZrO2 with 33 at. % Zr is the known ground stat
of Zr oxide and consists of sevenfold coordinated Zr atom14

Structural parameters of both crystals obtained from full
laxation within DFT–LDA are listed in Table II along with
experimental values. DFT typically predicts ground sta
structural properties very accurately, and the agreement
experiment in this case is quite good. An interesting obs
vation is that the mass density of the tetrahedral model
LDA
obtain
TABLE II. Structural properties and band gap values of known Zr silicate and oxide crystals. Both the raw
and corrected LDA band gap values are given. An empirical correction factor of 1.66 has been used to
the latter values. Experimental values for ZrSiO4

a and ZrO2
b are noted in parentheses where available.

Model
Zr

~at. %!

Lattice
constant

~Å!
O-coord.
around Zr

Si–O
bond
length
~Å!

Zr–O
bond
length
~Å!

LDA
band gap

~eV!

Corrected
LDA

band gap
~eV!

ZrSiO4 16.7 6.61, 6.61,
5.95
~6.61,
6.61,
6.00!

8 1.61
~1.62!

2.14, 2.26
~2.13,
2.27!

4.58 7.59

monocl.
ZrO2

33 5.07, 5.23,
5.30
~5.15,
5.21,
5.31!

7 — 2.05–2.24
~2.04–
2.26!

3.41 5.64

aSee Ref. 13.
bSee Ref. 14.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 3. Partial density of states
~PDOS! of the model silicate
Zr1Si3O8. The zero of energy repre
sents the Fermi level.
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cate Zr2Si2O8 (1.4 amu/Å3) is approximately half that of
ZrSiO4 (2.8 amu/Å3). The large density difference implie
that local stress–strain conditions may influence the stab
of various oxygen coordinations within the silicate film
Since the Zr2Si2O8 and ZrSiO4 structures contain the same Z
concentration, it is also possible to directly compare th
total energies. The Zr2Si2O8 model contains two ZrSiO4
bonding units and has an energy of254.79 eV per Zr bond-
ing unit while zircon contains four ZrSiO4 bonding units and
has an energy of257.32 eV per Zr bonding unit, so that th
higher coordinated zircon model is 2.52 eV per Zr bond
unit more stable. This large energy gain helps to explain
higher average Zr coordinations observed in experime
silicate films with higher than a few atomic % Zr.24

The electronic structure of each silicate was analyzed
calculating the partial density of states~PDOS! and the band
structure. The PDOS is particularly useful for identifying t
nature of bonding in a material. It is well known that in SiO2,
the lowest conduction band states are formed from thes
states, while the highest valence band states are formed
the Op states.25 In contrast, the PDOS of the model silica
Zr1Si3O8 shown in Fig. 3 indicates that the lowest conducti
band states are formed from the Zrd states, while the highes
valence band states are still formed from the Op states. The
Zr2Si2O8 model has a very similar PDOS and is not show
The PDOS of the known silicate ZrSiO4 was also computed
as shown in Fig. 4. Comparing the two PDOS near the b
gap, the bonding character in fourfold coordinated and eig
fold coordinated Zr silicates is qualitatively similar. The low
est conduction states consist of Zrd states, while the highes
valence states consist of Op states. Sinced electron levels
are lower in energy thans electron levels, the band gap in Z
Downloaded 31 Jul 2001 to 171.64.99.113. Redistribution subject to AI
ty

ir

g
e
al

y

i
m

.

d
t-

silicates and oxides is smaller than in SiO2. This has been
identified as an important shortcoming of transition me
silicates and oxides in general.25,26

The minimum band gap values were determined by a
lyzing the calculated band structures and are reported
Tables I and II. An important limitation of the local densit
approximation~LDA ! employed in most first principles cal
culations is that excited state energies, including the b
gap, are typically underestimated. Compared to experime
band gaps of 8.9 eV for SiO2 and 5.83 eV for monoclinic
ZrO2, the present calculations yield 5.37 and 3.41 e
respectively.27 A common first-order correction is to empir
cally fit the LDA band gap to a known experimental value16

The difficulty with this approach is that experimental ba
gap measurements for Zr silicates are not available, and
not clear whether a single factor can describe the band
enhancement across a range of Zr concentrations. It ca
observed, however, that a factor of 1.66 which fits the S2

band gap, also brings the ZrO2 band gap within 3% of ex-
periment. The remainder of this study assumes that the s
empirical factor which fits the end members SiO2 and ZrO2

can also be applied to silicates across a range of Zr con
trations. While the correction factor is empirical, it is e
pected that the important trends of silicate band offsets
served in Sec. IV are still meaningful. It is worth noting th
the quasiparticle GW method, which represents a hig
level of theory beyond DFT–LDA, has been shown to acc
rately predict excited state energies for a wide range of m
terials, including transition metal oxides such as ZrO2.

28,29

While the GW approach is more computationally intens
than DFT–LDA, such a study of silicate band structures m
be of significant interest to the high-k community.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 4. Partial density of states
~PDOS! of the crystal zircon, ZrSiO4.
The zero of energy represents th
Fermi level.
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The band gaps of the lattice-matched model silica
were also calculated and are shown in Table I. It should
noted that the Zr–O bond length of 1.97 Å chosen for th
models is shorter than the Zr–O nearest neighbor dista
of 2.1 and 2.3 Å reported for experimental silicate films
Lucovsky.26 To explore the effect of the bond length, add
tional silicate models were studied with different Zr–O d
tances. The band gap was found to decrease more than
as the Zr–O bond length was increased from 1.9 to 2.1 Å.
comparing the fully relaxed and lattice-matched SiO2 struc-
tures, it was also observed that accommodating the 4
lattice mismatch between SiO2 and Si led to a 6% decrease
the band gap. Again the decrease in band gap was acco
nied by an increase in the Si–O bond length, from 1.59
1.61 Å. Figure 5 summarizes the corrected LDA band g
of all structures studied as a function of at. % Zr. The sen

FIG. 5. Corrected LDA band gaps as a function of at. % Zr. An empiri
correction factor of 1.66 has been used. Models that were fully allowe
relax are indicated by3. All other models were lattice matched along thea
axis to the Si lattice constant.
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tivity of the band gap to the Zr–O bond length and latti
mismatch suggest that local stress–strain conditions in
bulk and at the interface will impact band offsets.

IV. INTERFACE CALCULATIONS

When two different semiconductors are brought
gether, there is generally some transfer of charge to equa
the chemical potential across the interface. The resulting
terface dipole, along with the electron affinity of the tw
semiconductors, determines the band lineups.26,30,31 In the
case of Zr silicates, the band offsets are expected to dep
on the role of Zr in altering the electronic structure of t
reference Si/SiO2 interface. An interesting observation to th
end can be made based on the bonding character of silic
as revealed by the PDOS analysis in the previous sect
Recall that the Zrd states form the conduction bands
silicates while Sis states form the conduction bands in SiO2.
O p states form the valence bands in both materials. In
absence of differences in interface dipoles, the valence b
offset in silicates is expected to remain similar to that
SiO2. On the other hand, it is expected that the conduct
band offset in silicates will be lower than in SiO2, sinced
electron levels are lower in energy thans electron levels. It
can then be projected that the conduction band offset a
would decrease with increasing Zr concentration, while
valence band offset will remain unaltered, leading to incre
ingly asymmetric offsets. Similar conclusions have be
drawn based on a Harrison tight-binding model of
silicates.32–34 Robertson has also predicted asymmetric o
sets for a wide range of high-k materials consisting of
d-electron transition metals.26 The inherent asymmetry o

l
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barrier heights in silicates would imply increased suscepti
ity to electron tunneling relative to hole tunneling.

Several authors have studied the effect of interface
poles on band lineups at the Si/SiO2 interface through theo
retical methods.19,20,35,36Massoud and Lucovskyet al. esti-
mated the change in conduction band offset due to dipole
pure, nitrided, and suboxidized Si/SiO2 interfaces based on
empirical and first principles cluster calculations.35,36

Kageshimaet al. correlated the strength of dipoles arisin
from different surface terminations at model Si/SiO2 inter-
faces to changes in the valence band offset using first p
ciples supercell calculations.19,20These results suggest that
may be possible to explicitly introduce dipoles at Si/silica
interfaces to restore the symmetry of barrier heights imp
by the PDOS analysis. Robertson has suggested such a
tion for the case of the Ta2O5/Si interface, which has a ver
asymmetric alignment due to a small conduction ba
offset.26 These ideas are explored for the Zr silicate system
gain insight into the design of optimal interface propertie

Following the method of Van de Walle and Martin ou
lined earlier, Si/silicate interface band offset calculatio
were carried out using the lattice-matched models develo
in Sec. III. Previous studies have followed a similar approa
to study band offsets at the Si/SiO2 interface.16,20 It is cus-
tomary to fully relax the atomic positions in order to obta
the lowest energy interface structure. However, in this stu
atomic relaxations were limited to the first Si and O layers
the Si/SiO2 and Si/Si1Zr3O8 interfaces. The relaxation led t
structural changes at the interface, as the Si–O bond le
was observed to change from 1.61 to 1.61–1.64 Å and
Si–O–Sibond angle was observed to change from 180°
165°–168°. No relaxation was allowed at the Si/Si2Zr2O8

interface, so that the Si–O bond length remained 1.61 Å
the Zr–O–Sibond angle remained 166°. These limitatio
were imposed in order to maintain a constant ZrO4 bonding
unit to facilitate comparison of band offsets at different
concentrations.

The Herman construction of the Si/SiO2 interface is
known to leave a single Si dangling bond at the interface.17,18

In the first set of calculations, the dangling bond in ea
interface model was hydrogen terminated. The result
H-terminated models for the Si/Si1Zr3O8 and Si/Si2Zr2O8 in-
terfaces are shown in Figs. 6~a! and 7~a!, respectively. It
should be noted that a superlattice structure is required
the Van de Walle method, so that there are two ident
interfaces in each supercell. The Si/SiO2 interface model is
not shown. The potential shiftDV across the interface wa
calculated for each model to extract the band offsets liste
Table III. As shown in Fig. 8, the valence band offsets
main nearly constant around 4.5 eV, while the conduct
band offsets degrade substantially from 2.8 eV with incre
ing Zr concentration, consistent with the behavior expec
based on the PDOS analysis. The increasingly asymm
ratio of conduction to valence band offset is shown in Ta
III.

Changing the surface termination of the Si dangli
bond is a direct and controlled way of altering the interfa
dipole. A number of such terminations for the Si/SiO2 inter-
face have been considered by Kageshima and Shiraishi
Downloaded 31 Jul 2001 to 171.64.99.113. Redistribution subject to AI
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the formation of a SivO double bond has been shown
saturate the Si dangling bond.19,20 Since the SivO bond is
much more polar than the Si–H bond, a large change in
interface charge transfer is expected. The result
O-terminated models for the Si/Si1Zr3O8 and Si/Si2Zr2O8 in-
terfaces are shown in Figs. 6~b! and 7~b!. The calculated
band offsets are listed in Table III. As shown in Fig. 9, t
general trend that valence band offsets remain nearly c
stant while the conduction band offsets degrade consider
with increasing Zr concentration holds as in th

FIG. 6. Interface structure between Si and model silicate, Zr1Si3O8. In ~a!,
the Si dangling bond at the interface is H terminated. In~b! the Si dangling
bond at the interface is O terminated. Large atoms are Si, small atoms a
Zr atoms are indicated.

FIG. 7. Interface structure between Si and model silicate, Zr2Si2O8. In ~a!,
the Si dangling bond at the interface is H terminated. In~b!, the Si dangling
bond at the interface is O terminated. Large atoms are Si, small atoms a
Zr atoms are indicated.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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H-terminated case. However, the conduction band offsets
shifted up while the valence band offsets are shifted do
relative to the H-terminated model by 1.2–1.7 eV. This
consistent with an upward shift of the silicate bands relat
to the Si bands, as depicted in Fig. 10. The potential s
DVdipole arises from the electric field due to the charge tra
fer dipole, as can be shown by successive integration
Poisson’s equation across the interface. The key insigh
that the dipole must point from the silicate into the Si su
strate. As a consequence of the shift in potential, a m
symmetric band alignment has been restored as show
Table III. Restoring the symmetry is considered importa
since degraded barrier heights on the order of 1 eV can
to additional conduction mechanisms, such as Scho
emission.26 Since the predicted valence band offsets are s
stantially in excess of 1 eV, it may be desirable to delib
ately trade off valence for conduction band offset through
introduction of interface dipoles.

In addition to the explicit dipole introduced by Si da
gling bond termination, a more subtle dipole effect exists
the model silicate interface. From Fig. 8, it can be obser
that the valence band offsets for H termination change
less than 4% with increasing Zr concentration relative to
Si/SiO2 interface. For O termination, the valence band off
is seen to decrease by 2% at the Si/Si1Zr3O8 and to increase
by 24% at the Si/Si2Zr2O8 relative to the Si/SiO2 interface.
The large increase at the O-terminated Si/Si2Zr2O8 interface
implies that the effect of the charge dipole due to O term

FIG. 8. Conduction and valence band offsets of model Si/silicate interfa
as a function of at. % Zr. The Si dangling bond at the interface is H ter
nated.

TABLE III. Conduction and valence band offsets of model Si/silicate int
faces with H and O termination of the Si dangling bond at the interface.
ratio of conduction to valence band offset is also indicated.

Interface
model

Termination
of Si

dangling
bond

Conduction band
offset DEc ~eV!

Valence band
offset DEv

~eV!

Ratio of
conduction to
valence band

offset

Si/SiO2 H 2.77 4.49 0.62
O 4.48 2.78 1.61

Si/Zr1Si3O8 H 1.05 4.43 0.24
O 2.74 2.74 1.00

Si/Zr2Si2O8 H 0.61 4.63 0.13
O 1.80 3.44 0.52
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nation has been reduced. To confirm this, the charge tran
at the Si interface in each O-terminated model was estima
by summing one half of the total charge density in the b
Si region and comparing it to the H-terminated Si/SiO2 case.
Following a previous study of the interface charge trans
the bulk Si region was defined by the plane midway betwe
the two different Si surface atoms.20 The estimated charge
transfer is observed to scale nearly linearly with the vale
band offset, as shown in Fig. 11. As suspected, substant
less charge transfer occurs at the O-terminated Si/Si2Zr2O8

interface, consistent with the observed shift in the valen
band offset.

To account for the difference in charge transfer, it can
observed that an obvious feature of the Si/Si2Zr2O8 interface
model is the presence of Si–O–Zr bonding at the interface
whereas the other models consist of Si–O–Si bonding at
interface. It might be expected that the enhanced polariza
ity of the Zr–O bond would somehow affect the Si–O inte
face dipole by transferring additional charge to the O ato
However, any such effect at the model interface is expec
to cancel since the Zr atom is tetrahedrally bonded to
atoms in a symmetric manner. The absence of a large cha
in the band offset at the H-terminated Si/Si2Zr2O8 interface
also supports this view. However, it is worth noting that
experimental interface is likely to break the perfect symm
try of the tetrahedral bonding units assumed in this study
which case the presence of Zr–O–Sibonding at the interface
may well affect the band lineup. As an alternative explan

es
i-

FIG. 9. Conduction and valence band offsets of model Si/silicate interfa
as a function of at. % Zr. The Si dangling bond at the interface is O ter
nated.

FIG. 10. Band diagram showing role of interface dipoles in altering
conduction and valence band offsets.
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tion for the decreased charge transfer, it is suggested tha
observed change may be due to the electrostatic attrac
between the surface O atom, which has a net nega
charge, and the Zr atom, which has a net positive cha
Since the Si/Si2Zr2O8 interface model places the Zr ato
closer to the surface O atom, the effect is expected to
stronger. The SivO bond has indeed been measured to
5% longer at the Si/Si2Zr2O8 interface, and in general les
charge transfer is expected at longer bond lengths. The
served difference in charge transfer may also be due in
to substrate-induced charge redistribution caused by cha
in the surface bonding arrangement. Direct calculation of
effective charge of interface atoms by means of respo
functions may help to clarify the mechanism further.37

It is necessary to mention that the controlled assum
tions made throughout this study introduce some uncerta
into the quantitative predictions presented. For example,
present calculations predict conduction and valence band
sets for the H-terminated Si/SiO2 model of 2.8 and 4.5 eV
compared to experimental values of 3.5 and 4.4
respectively.38 It is difficult to know whether the conduction
band error arises from the empirical correction factor int
duced to fit the LDA band gap to experiment, the assum
interface bonding structure, or the observed decrease in b
gap due to lattice mismatch strain. For the Si/Zr2Si2O8 inter-
face, the present results predict conduction and valence b
offsets of 0.61 and 4.63 eV, respectively, for H terminati
and 1.80 and 3.44 eV, respectively, for O termination. R
ertson’s study based on tight-binding calculations pred
conduction and valence band offsets of 1.5 and 3.4
respectively.26 The agreement of the O-terminated mod
with Robertson’s results is most likely accidental, howev
The present study assumes a tetrahedrally bonded sil
structure whose corrected band gap is 6.36 eV. Rober
used the higher coordinated silicate ZrSiO4, whose band gap
he estimated to be 6 eV, whereas the present calculat
predict 7.59 eV for the same structure. Experimental stud
of Zr silicate electronic structure will be needed to furth
clarify the discrepancies. However, the observed qualita
scaling trends of silicate band offsets are expected to
valid, and the controlled manner in which the present cal
lations were performed provides insight into the depende
of band offsets on such properties as the Zr–O bond len

FIG. 11. Change in valence band offset as a function of charge transfer
layer for O-terminated interface models.
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the lattice mismatch strain, and the charge transfer dipol
the interface.

The high concentration of SivO surface termination di-
poles used in this study is likely unachievable in practi
The assumed interface bonding is also ideal and abr
whereas alternative models have considered the presen
suboxide bonding at the interface which leads to a differ
density of Si–Si bonds.10,22,39 Nonetheless, the insight tha
dipoles pointing into the Si substrate can help to restore s
metry in silicate band offsets can be applied to anticipate
expected effect of various departures from assumptions m
in this study. For example, it is expected that an interfa
which minimizes suboxide bonding at the surface is p
ferred, since a fully oxidized Si atom with two Si–O bond
should lead to increased charge transfer compared to a
oxidized Si atom with one or more Si–Si bonds instead. T
expected effects of higher than fourfold Zr coordinati
largely depend on the resulting changes in the interf
structure. If the interface bonding remains similar to the c
of tetrahedral bonding, then any change in the band ga
expected to directly affect the conduction band offset alo
since the interface dipole properties remain unchanged. T
is analogous to the observed 1.8 eV decrease in band gap
conduction band offset which occurs in going from t
Si/SiO2 to Si/Zr1Si3O8 interface models, since the interfac
bonding there remains nearly identical. If the interface bo
ing were to change significantly due to higher Zr coordin
tion, it is expected that the effects of interface dipoles wo
be greater, since a higher density of O atoms would acc
pany the Zr atoms. However, whether the additional dip
effects would improve or degrade the band offset asymm
would depend on the detailed interface structure.

In summary, steadily increasing the Zr concentration
expected to lead to a number of observable changes in
material properties of silicates. The dielectric constant sho
increase, leading to a physically thicker film and a thick
barrier to tunneling. At the same time, the band gap sho
decrease, so that carriers see a lower potential barrier to
neling. In addition to this tradeoff caused by increasing
concentration, the actual position of Zr incorporation relat
to the Si interface will also play an important role, since a
effect on the interface dipole will lead to changes in the ba
offset. These effects need to be well understood, since
existing design goal requires Zr incorporation close to the
interface. It is desirable to form a uniform Si/silicate inte
face rather than an intermediate SiO2-like transition layer,
since this maximizes the effective capacitance of the higk
dielectric stack. It is expected that the closer the Zr lies to
interface, the stronger will be any resulting dipole effe
although it may raise or lower the band offsets depending
the resulting structure. These considerations may or may
be achievable in practice, however, since a previous st
has found that volume strains generated by the larger
and longer equilibrium bond lengths of Zr atoms relative
Si atoms make Zr incorporation close to the interface en
getically unfavorable.23

Si
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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V. CONCLUSION

First principles calculations were performed to study
scaling trends of band offsets at model Si/Zr silicate int
faces. Based on bulk calculations, the silicate band gap
shown to decrease with increasing Zr concentration. In
face calculations showed that in the absence of change
interface dipoles, the decrease in the band gap causes a
ering of the conduction band offsets relative to Si/SiO2,
while the valence band offsets remain unchanged. This
projected to lead to increasingly asymmetric barrier heig
for electrons and holes. Thus, as the Zr concentration is
creased, a tradeoff develops between barrier thickness, w
depends on dielectric constant, and the barrier height, w
depends on the band offsets. Interface dipoles were then
plicitly introduced by varying the surface termination at t
interface. Dipoles pointing toward the Si substrate w
shown to raise the silicate bands relative to the Si bands,
increasing the conduction band offset and decreasing the
lence band offset, leading to more symmetric band offs
While the study explicitly focused on Zr silicates, the insig
provided by the study is expected to be generally applica
to a wide range of alternative dielectrics, since silicates
representative of a broader class of high-k materials com-
posed ofd-electron transition metals. The net effect of t
tradeoff between barrier thickness and barrier height on
resulting tunneling transmission needs further investiga
in order to evaluate the feasibility of transition metal oxid
and silicates as possible replacement gate dielectric mate
for SiO2. The extent to which the inherent asymmetry
barrier heights may affect scaled CMOS device performa
also needs to be studied. Though it remains to be seen
strong an effect can be practically realized, the introduct
of interface dipoles appears to be one promising way to o
come the limitations of barrier asymmetry exhibited by tra
sition metal oxides and silicates. The extent to which su
interface dipoles may degrade carrier mobility in the chan
by creating a nonuniform scattering potential will also ne
to be investigated.
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