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Structural and electronic properties of transition-metal/BaTiO5(001) interfaces
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Electronic and structural properties of transition-metal/Ba[801) interfaces are studied by first-principles
local-density full-potential linearized augmented plane-wave calculations with slab models. Equilibrium inter-
layer separations between metal overlayésthe 5 metals Ta, W, Ir, and P&and the BaTiQ substrate are
calculated by total-energy determinations. It is found that the preferred adsorption site for metal atoms on the
BaTiO; surface is above the O site and the metal-oxygen distance increases from Ta to Pt while the binding
energy decreases. Significant hybridization is found between medtdtes and the Op2-Ti 3d states. The
Fermi levels of the metals lie in the gap of BaTi@nd metal-induced gap states, as suggested by Heine’s
theory[Proc. Phys. Soc. Londo8d, 300 (1962; Surf. Sci.2, 1 (1964); Phys. Rev138 A1689(1965], are
observed. The Schottky barrier in the interfaces is calculated by the positié éf the gap and the
dependence of the barrier height on the metal work function is different from either Schottky and Mott’s or
Bardeen’d Phys. Rev.71, 717 (1947] speculation[S0163-1827)03316-X]

I. INTRODUCTION interface between the electrode and Srii®as found to
cause the lowering of the dielectric constant. Kenal.’

In the past ten years, the scaling of the dynamic randonhave investigated the effects of electrode material on the
access memorfDRAM) cell size has dramatically improved electrical properties of ferroelectric capacitors by using Au,
memory performance and chip density. It has been projecteBt, W, Ti, and TiN as top electrodes and Pt as the bottom
recently that the chip density will reach 256 Mb and 1 Gbelectrode. They found that a PZT capacitor with metal elec-
levels in the 1998 and 2001 time frames, with the corretrodes has Schottky junctions between bulk PZT and both
sponding reduction in cell areas to QuBn? and 0.24um?  top and bottom electrodes. This results in asymmetrical
respectively: Such high integration will require materials of ferroelectric hysteresis loops for capacitors with non-noble
high dielectric constants in order to be able to construct cell%p (W, Ti, and TiN) electrodes. The internal bias values
of sufficient capacitance in the reduced available area. Witlkgrrelate well with the metal work-function difference be-
their high-permittivity, ferroelectric materials, such as yyeen top and bottom electrode materials. Recent leakage
barium strontium titanat¢éBST) and lead zirconate titanateé . ,rrent measurements on SrTjchin films by Dietzet al®

(PZT), are considered good candidates for ultra-large-scalgy,, that leakage current varies by orders of magnitude with

integration DRAM. Increased attention has been drawn Qitferent metals(Al, Ti, Pd, Pt, and Al as electrodes

:ir;j Igllggl(/ilc:l plrigggcr)tri]?ff their thin-film devices for poten- ¢4y gerstand ,the,effe'cts ,of metal/ferroelectric interfaces
P § on the performance of ferroelectric capacitors and make a

A ferroelectric memory cell capacitor is typically made by uccessful device, the basic structural and electronic proper-
depositing metal layers as electrodes on top and bottom of . ' . . prop
ties of the interfaces have to be investigated at the micro-

the BST or PZT films. This simple device has two metal/ X < : - 3
ferroelectric interfaces and its electrical performance can b8COPIC level. Recognizing that microscopic  information
affected significantly by the interface properties and the ma@Pout the interface is very hard to obtain from experiments,
terials selection for top and bottom electrodes. Indeed, exiirst-principles electronic-structure calculations have proven
perimental work suggests that the DRAM properties oft0 be a powerful tool to compensate for this deficiency. In
metal-ferroelectric-metal capacitors strongly depend on théhis paper, we present results of a first-principles study of the
electrode properties as well as on the choice of the ferroeledransition-metal/BaTiQ(001) interfaces where the transition
tric materials. For example, Chen and Kindaised different metals are thedmetals Ta, W, Ir, and Pt. At this stage, no
metals for the top and bottom electrodes on PZT thin-filmferroelectric displacement of BaTiQis considered in our
capacitors and observed that electric dc breakdown occurs agélculations. We restrict ourselves to the nonferroelectric
very different voltages for positive and negative polarities.phase and focus on the interface properties. Stable structures
This implies that it matters very much which metal the elec-are calculated by total-energy relaxation. Interface electronic
tron comes from that initiates breakdown in the PZT film. structuregsuch as charge density and charge trapstien-
Equivalent experiments for BST with Pt, W, and Al as elec-sity of states, and band structures, are determined in order to
trodes were reported by Scait al.;® they also found large understand the bonding mechanism and the interaction be-
differences in breakdown field with polarity for unlike elec- tween the metals and the BaTjQurface. In the last part of
trodes and no difference when the top and bottom are of ththe paper, we calculate the Schottky barrier of metal/
same metal. The dielectric constant of SrEifims thinner  BaTiO; interfaces by determining the position of the Fermi
than 100 nm were studied by Abe and Kométsmd the level in the gap of BaTiQ.
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FIG. 1. Slab models of the Pt/BaTinterface used in the calculation(s) the one-cell slab with top view of the BaTi01) surface
and (b) the three-cell slab.

II. COMPUTATIONAL MODEL AND METHODOLOGY computational effort. The self-consistent iteration is also sta-

BaTiO5 has a cubic perovskite structure with Ti at the b'f“ZBeqr%/ the en:‘otrc?r:n egt (Ijkf syr|71metr3r/1._ Thh(_a Iaitgcg g\or]rs;ant
body center, O at face centers, and Ba at corners of the cubig, 2a'Ms 1S SeL 10 the bulk value, which 1S 4. - 1he

There are two possible surface planes for Bafi@ the mismatch between metals and Ba'l§i®;_ given in Tabl_e .
(001) direction: the BaO and Ti@planes and their interac- Clearly, Ir and Pt have the smallest lattice constant mismatch

tions with the metal atom could be different. In this paper we(4% for Ir and 2% for Ptand they are expected to grow
only consider the BaO case, the Ti@ase will be studied in €Pitaxially on the BaTiQ surface.

the future. We set up two slab models to study the transition- The electronic structure is treated in the framework of
metal/BaTiOy(001) interfaces, which are displayed in Fig. 1. density-functional theofyin the local density-functional

In the one-cell model, the BaTiQslab consists of one fcc approximation® (LDA) and with the Hedin-Lundqvist*?

cell in the perpendicular direction, i.e., thalirection, with a ~ €xchange-correlation potential. The highly precise full-
metal monolayer adsorbed on the surface on each side of thtential linearized augmented plane-wave(FLAPW)

slab. Thus the one-cell model has nine atoms per unit celinethod is employed to solve the Kohn-Sham equatfons
(two Ba, one Ti, four O, and two metal atojn#n the three-  self-consistently. In the FLAPW method, no shape approxi-
cell model, the BaTiQ slab consists of three fcc cells and mations are made for the charge density, potential, and ma-
the number of atoms per unit cell increases to(ftir Ba,  trix elements. The core electrons are described by the atomic
three Ti, ten O, and two metal atojBy comparing the wave functions, which are solved fully relativistically in iso-
results of these two models we can check the effect of slalated atoms. The valence electrons are treated semirelativis-
size on our calculated results. Both models preserve invettically, i.e., the spin-orbit coupling is neglected.

sion and reflection symmetry, which saves considerable Two energy windows, a valence panel and a semicore
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TABLE I. Mismatch in metal/BaTiQ lattice constants. TABLE Il. Valence and semicore states id Bnetal/BaTiGC;.
Metal Mismatch Atom Semicore Valence
Ta 21% O 2s 2p
W 26% Ti 3s3p 4s3d
Ir 4% Ba 5 5p6s
Pt 2% 5d metal ] 6s5d

panel, are used for the calculations and extended core levelslaxation of the metal layer along thedirection. Three
such as Ti P are treated as semicore states, meaning thaaymmetric adsorption sites of the BaTjGurface, i.e., above
they are described by Bloch wave functions, not by atomighe O site, above the Ba site, and the hollow site, were in-
wave functions. Being in two different energy windows, thevestigated in the Pt/BaTiQone-cell system to find out the
valence and semicore states are solved independently by igiost stable position for metal atoms. Figure 2 shows the
noring their interactions. The setup of valence and semicoréotal-energy relaxation for these three sites and one can see
states is listed in Table Il. We point out here that the © 2 that the total energy of the O site is about 2.06 eV and
and the metal B are put in the semicore panel because the3-26 eV per unit ceI_I lower than those of the hollow site an_d
repulsive force from their overlap plays an essential role i€ B2 Site, respectively. Therefore, the preferred adsorption
the interaction between O and metal. To get an equilibriums'te_ is abave the O site. The P-O bond length for the O site,
metal-oxygen distance, one has to orthogonalize these tvx)Uh'Ch is 2.12 A (4.01 ad. is fou_nd to b_e sr_naller than the
states. The Ba b states are treated in the valence paneIPt'Ba bond length fqr the Ba site, .Wh'Ch is 2.86 A (5.40
because they are close to the valence baatisbout 5 eV a.u). For the_hollow site, the separation between the Pt layer
below the bottom of valenge and th.e BaTiQ surface is 1.97 A (3.72_ auand t-he corre-
The muffin-tin(MT) radii of O, Ti, Ba, and the metals are sponding Pt-O(or Pt-Ba |nteratorr_1 distance is 2.83 A
setat 1.2, 2.1, 2.4, and 2.4 a.u., respectively. We use abolp-34 a_.u). One can also see from Fig. 2 that the total-energy
700 and 1700 plane waves to expand the electron wave fun??laxat'On curves of the Ba_and hollow sites are flatter than
tions in the interstitial region for the one-cell and three-cell or the O site. The large difference of b|.nd|ng energy and
models, respectively. The charge density and potential insidBOnd strength among thesg three adsorption sites may be due
the MT spheres are expanded in spherical harmonics up 9 the_electrostaUc Interaction betvyeen Pt and t_h_e O or Ba
I=8 and 15 speciak points in the 1/8 irreducible two- °NS Since O and Ba carry a negative and a positive charge,

dimensional Brillouin zone are used to carry out the integral€SPectively, in BaTiQ and the Pt nucleus is positively
tions. charged.

Due to the similarity among thedSmetals, we believe
Il INTERFACE STRUCTURE RESULTS that the preferre.d adsorption site fpr Ta, W, and _Ir is the
same as for Pt, i.e., above the O site. The relaxation of the
The equilibrium interfacial distances between metals anather transition metals above the O site on the Bal€0r-
the BaTiO; (001) surface were determined by total-energy face were calculated with both one-cell and three-cell geom-
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FIG. 2. Total energy vs distance between the Pt overlayer and the Ba&Ti@ace layer in the Pt/BaTi{one-cell slab for three possible
adsorption sites: Pt above the O site, Pt above the hollow site, and Pt above the Ba site.
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TABLE Ill. Calculated metal-oxygen distances in metal/
BaTiO; interfaces for one-cell and three-cell slabs with metal above
the O site.
Metal One-cell slal{A) Three-cell slabA)
Ta 2.04 2.05
w 2.07 2.07
Ir 2.13 211
Pt 2.12 211

etries; the calculated metal-oxygen distances are listed in
Table Ill. Binding energies between metals and Baj #de
listed in Table IV. As shown in Table Ill, the metal-oxygen
distance increases from Ta to Pt because the smaller the
atomic number, the weaker the Coulomb repulsive force be-
tween the metal core and O. Meanwhile, the interaction be-
tween Ta and O is stronger than between Pt and O because off
the open shell atomic structure in Ta. Thus, as shown in [
Table IV, the binding energy decreases from Ta to Pt. Since |-
the results of the metal-oxygen bond length from one-cell
and three-cell models are in excellent agreement with each
other, this implies that the interaction between metals and
BaTiOg is limited to within less than two layers of the inter-
face region.

IV. ELECTRONIC STRUCTURE
AND INTERFACE INTERACTIONS

Charge transfer contours in the Pt/BaTi@terface, ob-
tained by subtracting the superposed charge density of the
BaTiO5 clean surface and the Pt monolayer from the Pt/
BaTiO; charge densityall calculated self-consistenjlyare
plotted along th€110 direction in Fig. 3. It is seen that the
change of the charge density is localized in the interface area
and that it decays rapidly into the BaTiCbulk, which is
consistent with the LAPW slab calculations for BaLi®y
Cohent* Figure 3 demonstrates that the strong Coulomb re-
pulsive potential of the O atom in the interface drives elec-
trons away from the region between Pt and O. To calculate
the charge transfer, we subtract the charge population of each
atom in the metal monolayer or the clean Ba¥iGurface
from that in the interface and the results are listed in Table
V. The charge in the metal atoms all increase by about
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0.15 electron and the transfer to Ba, Ti, and O atoms is less
than 0.06 electron. Such a small charge transfer indicates that

therde is no strong ionic bonding between metals and FIG. 3. Charge density differencpygario,~ Patio,~ PptmL i

BaTiOs;. More charge transfer in BaTigs found for Ta and

W than for Ir and Pt.

the (110 plane. Solid lines denote electron accumulation and
dashed lines denote electron loss. Contours start ftdsn< 1074

As also demonstrated in Fig. 3, Pt electrons are moveglectrons/a.i. and change successively by a factorn@.

from d,2 states intod,2 2 states by the Coulomb repulsion

TABLE IV. Binding energies of metal/BaTiQinterfaces.

Metal One-cell slalieV/atom Three-cell slaleV/atom
Ta 5.58 5.45
W 5.35 4.96
Ir 4.97 4.73
Pt 4.23 3.90

of the O 2 electrons. With lessl,2 character, the Pt layer
has less electron spill out into the vacuum so the dipole
moment between Pt and vacuum is reduced. Consequently,
the Coulomb barrier from Pt to vacuum is lowered and the Pt
work function decreases from 6.47 eV in the free monolayer
to 4.71 eV in the overlayer. The calculated work functions of
other metals in both the monolayell with the same lattice
constant as BaTig) and interface, as well as the work func-
tion of the BaTiG; clean surface, are listed in Table VI. We
found that the 8 metal work function increases with atomic
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TABLE V. Charge transfer for metal/BaTiQOthree-cell slabs calculated as differences of charge popu-
lations in muffin-tin spheres between the BaTi€ean surface or the free metal monolayer and the interface.

Metal Metal O() Ba(l) O(-1) Ti(l-l) 0O(-2) Ba(-2) O(C) Ti(C)
Ta 0.133  0.028 0.053 —0.003 0.028 —-0.004 —0.003 —0.002 0.015
w 0.162 0.022 0.048 -—0.002 0.019 -0.004 -—0.003 -—0.001 0.011
Ir 0.155 0.004 0.027 -0.002 0.002 -0.003 -—0.002 -0.001 -—0.001
Pt 0.150 0.002 0.022 —-0.002 -0.001 -—-0.002 -0.002 -0.001 -—0.001
number from Ta to Pt in both the free monolayer and inter-
face cases. For all the other metals, work functions for the
overlayers are lower than for the free monolayers, but higher 4
than for the BaTiQ surface.
The partial density of state@©OS) projected on each
atom in the three-cell BaTiQclean surface and the free Pt 2 - Pt ML
monolayer are plotted in Fig. 4. The BaTiQalence bands =
lie from the Fermi energyHg) to about 5 eV belowthe 2 0
tails of the valence bands abokg come from the broaden- £
ing of the plo}. The Ti DOS shows that the valence states % M o)
have significant weight on the Ti ions and so they are hy- S 2
bridized O -Ti 3d states instead of pure (pZtates. Ba is 2 0(s-1)
essentially fully ionized with a very low DOS in the valence 2 /\A\/f”\
region. The lower part of the conduction bands are mainly g O
the Ti ™ states. Because of the reduced number of neigh- (% O(S-2)
boring atoms at the surface, the €)(2p bands are narrower o 5 M
and sharper than those of the other O layers. For comparison, =
we have also carried out calculations for bulk Bagié@nd ; 0(©)
plot the DOS of the O, Ti, and Ba atoms in bulk BaTi®y 0 : ’ / N
dashed lines in Fig. 4 together with the ©( Ti(C), and 84 6 4 2 0 2 4 6
Ba(S-2) densities of states, respectively. It is clear that the (@) E (eV)
DOS of theS-2 and central layers recover bulklike features,
while the S-1 and surface layers show different structures 4
compared with the bulk. The calculated gap of the three-cell
BaTiOgj clean slab is 1.22 eV. This number is quite close to
the calculated bulk value, which is 1.16 eV. For the one-cell 2 1
BaTiOg slab, the calculated gap is 1.39 eV. With ionic bond- —
ing in BaTiO3, electrons are localized around nuclei and the £ 0
size effect on the gap is expected to be insignificant in the @
thicker slab. These results are in agreement with the LAPW g
slab calculations? As usual in LDA calculations, the com- T 5
puted gap value is smaller than the experimental value, S
which is about 3.13 e\® %
The partial DOS of three-cell Pt/BaTiOwith Pt above £ 0
the O site is plotted in Fig. 5. Significant hybridization fea- k2
tures are found between the Rl &nd O 2 states. Com- 8 5
a
TABLE VI. Calculated work functions of metals in free mono-
layers and metal/BaTi@interfaces(one-cell and three-cell slabs 0 : AN : e
The lattice constant of free metal monolayers are the same as 8 6 -4 -2 0 2 4 6
BaTiO;. For comparison, the work functions of the clean BaJiO
surfaces are also listed. (b) E (eV)
Metal ML (eV) One-cell slabieV) Three-cell slaieV) FIG. 4. Partial density of statd®OS) projected on the muffin-

Ta 4.68 3.55 3.55
W 5.32 4.01 4.03
Ir 6.29 4.82 4.88
Pt 6.47 4.87 4.71
BaTiO; 3.42 3.22

tin spheres ofa) Pt and O andb) Ti and Ba in the free Pt mono-
layer and the three-cell BaTi0001) clean surface. For compari-
son, the DOS of the O, Ti, and Ba atoms in the BaJitulk are
plotted by dashed lines together with the G)( Ti(C), and
Ba(S-2) densities of states. The Fermi energy is set at zero. The
tails of the BaTiQ, valence bands abow&: come from the broad-
ening of plotting.
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remain basically unchanged. Similar hybridization features

4 are also found in the interfaces between BaJi&hd other
transition metals.
2 - Pt
LE /\W V. SCHOTTKY BARRIERS
3 0 The Schottky barrier is formed in metal-semiconductor or
g oD metal-insulator interfaces between the metal Fermi level and
© o the bottom of the semiconductgor insulatoj conduction
> bands!® The barrier height depends on the position of the
> M od-1) metal Fermi energy in the interface. It can be shown that in
% 0 any metal-insulatofor metal-semiconductptinterface, the
k2 01-2) metal Ex has to stay within the insulator gap region to bal-
8 M ance charge populations on both sides. Otherwise electrons
a 2 will transfer from bulk insulator valence states to metal states
[ 1(8) (if Eg lies below the gapor from metal to bulk insulator
M conduction stateéf E is above the ggp Because the bulk
0 8 6 -4 2 0 2 4 6 states are all extended states, this transfer must happen ev-
erywhere in the volume of the insulator. Therefore, the metal
E (eV) and insulator will be unphysically polarized even far away
from the interface. Whefk lies in the gap, since for ener-
4 gies in the band gap the metal states decay exponentially into
the insulator side due to lack of matching insulator bulk state
5 | Tid-1) at the same enerdy; '8 the charge transfer is confined

within a few atomic layers in the interface and the electron
occupation in the bulk is unaffected. Thus, as a result of
0 N charge balance, the only place the metal Fermi level can stay
in metal-insulator interfaces is inside the gap.
For the transition metal/BaTi@ interface, from the
21 Ti©) O(C) density of states in Fig.(8), one can see that the Pt
Fermi energy lies in the gap of BaTiOat about 1.0 eV
ﬁ/\u\ above the bottom of the gap. Notice that as shown in Table
IV, Eg of the free Pt monolayer is located at 6.47 eV below
Ba(I) the vacuum potential and the top of the valence bands in the
2 clean BaTiQ, three-cell slab is located at 3.22 eV below
Ba(1-2) vacuum. So the PEg is 3.25 eV below the bottom of the
gap when Pt and BaTiQare separated. After Pt is deposited
< ' ' on the BaTiQ, surface, electrons are transferred from
8 6 4 2 0 2 4 6 BaTiO3 to Pt by the interfacial hybridization. A dipole layer
E (eV) is then formed between Pt and BaTj@n the interface to
raise the Pt Fermi level relative to the BaTi®ands until it

FIG. 5. Partial density of states projected on the muffin-tinMoves into the gap. Actually, for all the othed 3netals,
spheres of Pt and Qupper paneland Ti and Balower panelin  Ef is shifted from below the gap to inside the gap by the
the three-cell Pt/BaTiQinterface with Pt above the O site. The dipole layer in the interfaces. The tail of the metdl §ates
Fermi energy is set at zero. in BaTiO3, recognized as metal-induced gap states

(MIGS'’s), appears clearly in the O layer.
pared to the free Pt monolayer, new peaks are developed in The effect of the metal-induced gap states was pointed out
the Pt overlayer from about 2.0-5.8 eV bel@y with an by Heiné® and discussed by a number of auth®t’ In
almost identical structure in the Q(layer. The main Pt Heine's theory, the metal-induced gap states transfer metal
5d peak is broadened by the interaction with O and the peaklectrons into the semiconducttr insulatoj in the metal-
height drops from about 19 staté=s/ atom spinin the free  semiconductofor insulatoy system. The shift oEg is de-
monolayer to about 14 statésy atom spinin the overlayer. termined by the mismatch of work functions between the
The density of states & for Pt (or other metalsdrops metal and the semiconductgor insulatoy, the dielectric
dramatically from about 15 statés¥/ atom spin to about constant in the interface, the density of states, and the pen-
0.4 stategkV atom spi. In the O() DOS, a sharp peak is etration length of the MIGS'’s in the semiconducfor insu-
formed by the tail of Pt 8 states right in the gap region at lator). For a more general case, the shift is controlled by
about 0.6 eV belovEg and it penetrates to the G@) and  both the MIGS’s and the tail of the semiconductor insu-
Ti(1-2) atoms. Two peaks near the bottom of the valencdator) valence states. As shown in Fig(ah the BaTiO,
bands at about 5.7 eV and 5.2 eV bel@y are strongly valence states below the Pd bands also penetrate into the
enhanced in A(), whereas they actually vanish in the cleanPt side by the same mechanism as MIGS’s and cause the
surface case. The DOS of atoms in the two central layersharge transfer from BaTiQto Pt. Finally, the position of

DOS|states/(eV atom spin)]
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TABLE VII. Energy differences between the metal Fermi en- 2.6 T
ergy (Er) and the top of the BaTi@ valence bandsK,) in the E
metal/BaTiQ; interface determined by the central layer density of 25 F b
states in three-cell slabs. The Schottky barrigg)(is calculated by 24 F
subtractingE-—E, from the experimental gap value of BaTjO F
(3.13 eV} (Ref. 28. S 23F Pt
O o
~ 2.2 nd [ ]
Metal E-—E, (eV) ¢y, (8V) é—o 21 _
Ta 1.19 1.94 20 F Ta YV
w 1.13 2.00 s .
Ir 0.64 2.49 L9F
Pt 0.94 2.19 g b b b b b b

40 45 50 55 60 65 7.0
Wm(eV)

Er is determined by the balance between these two pro-

cesses. . . . FIG. 6. Schottky barrier¢,) vs the free metal monolayer work
First-principles calculations of the Schottky barrier at in- ¢, tion W,).

terfaces of aluminium and Si, Ge, GaAs, ZnSe, and ZnS "

semiconductors were carried out by Cohen and co- VI. SUMMARY

workers?'~#In a similar approach to theirs, we extrapolate | summary, we have investigated the structural and elec-
the position ofE. in the gap from the partial density of states ynic properties of somedbtransition-metal/BaTiQ inter-

of the central layer in the metal/BaTiOthree-cell slab  t5ces by first-principles calculations. The adsorption site for
w_here the band gap is well de_flned. The calculated energiye metal atoms on the BaTiDLOO0) surface is above the O
differences between the Fermi energy and the top of thgjte. The interfacial distance is found to increase from Ta to
BaTiO; valence bandsHg—E,) are listed in Table VIl. We  pt for the metals, while the binding energy is found to de-
also estimate the Schottky barrier heighy by subtracting crease, which shows a stronger binding in Ta and W than in
Er—E, from the experimental gap valug&' (3.13 eV}  Ir and Pt. The B metal Fermi energy is moved by the inter-

gap

(Ref. 28 as face dipolar potential from below the BaTiOgap in the
monolayer to inside the gap at the interface to balance the
bp= Egg‘;t—(EF— E,). (1) charge in each side. The Schottky barrier between the metal

. . . and BaTiGO; is calculated according to the position Bf in
The resu_lts are listed in Table VII. T_he position of the 5 o gap. Despite the gap problem of LDA calculations, we
metalEg in the gap shows a descending trend from Ta to Phe aple to estimate the relative barrier height and to give the
except for Ir, which has a lowerEthan Pt. Table VII shows  trend among different metals in such an approach. Because
thatEr at the interface changes significantly for the differentof the effects of the Schottky barrier on the DRAM perfor-
metals. No Fermi energy pinning, which was suggested bynance, such as leakage current and breakdown field, it is
Bardeerf is observed in these transition-metal/BaGi@®-  important to understand the formation of the Schottky barrier
terfaces. This is in agreement with the observation of Louieat the metal/ferroelectric interfaces and the dependence of
et al?® that the Schottky barrier is much less dependent orthe barrier height on the metals. For the transition-metal/
the metal for the covalent materials than for the ionic ones. IBaTiO; interfaces, our calculations show that neither
is believed that the barrier height is a monotonic function ofSchottky and Mott’s nor Bardeen’s speculation can explain
the free metal work functioW,, and, under the Schottky- the behavior of the barrier height and that Heine’s picture of
Mott limit, ¢y, is simply a linear function ofV,,. To check the metal-induced gap states is supported by the interface
this, we plotdy, vs the free metal monolayer work function €lectronic structures.
W,, in Fig. 6. Apparently¢, does not vary monotonically
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