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Density functional theory is used to investigate the surface structures and the energies of two possible terminated

LaAlOgz (001) surfaces with oxygen vacancies, i.e. LaO- and AlOs-terminated surfaces. The large displacements of

ions, deviated from their crystalline sites, can lead to the formation of the surface rumpling. From thermodynamics

analysis, the AlOs-terminated surface with oxygen-vacancies is less stable than the LaO-terminated one. Some states

in the gap lie under the Fermi level by about —1eV in the LaO-terminated surface with oxygen vacancies. For the AlO»-

terminated oxygen-vacancy surface, some O 2p states move into the mid-gap region and become partially unoccupied.

The two types of termination surfaces exhibit conduction related to oxygen vacancies. Our results can contribute to

the application of LAO films to high dielectric constant materials.
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1. Introduction

One of the key challenges to semiconductor tech-
nology in the coming years will be the replacement
of SiO2 as a gate dielectric in microelectronic de-
vices. Because of increasing scaling down of device
dimensions, conventional gate oxides will finally reach
a critical thickness under which they lose their in-
sulating properties due to tunnelling currents. The
replacement of SiO, by oxides with a dielectric con-
stant x higher than that of SiOg can increase the
capacitance of the gate stack by using a gate oxide
with a greater physical thickness. Lanthanum alumi-
nate (LaAlOg3) has recently gained more attention in
this context,[!] and it has been really used in devices.
LaAlOg3 has won the position of candidate gate oxide
entirely on its own unique features, such as the mea-
sured average dielectric constant as high as about 25
at room temperature,? lattice mismatch to Si(001)
substrates less than 1%, a gap of around 5.6V, ex-
cellent thermal stability at about 2100°C[?! and good
value of the interface band offset to Si, and possibility
of interfacial-oxide-free growth on Si.[4

LaAlOj3 films are usually fabricated in high vac-

oxygen vacancy, surface conduction, density functional calculation

uum by using different techniques, such as pulsed laser
deposition (PLD)P! and laser molecular beam epitaxy
(LMBE),[%] to eliminate possible interface layer which
is harmful to MOSFET devices. However, it can result
in oxygen vacancy in LaAlOj3 films. The high-« oxides
are late to be adopted in CMOS partly because of their
high defect concentrations, particularly oxygen vacan-
cies (Vo). This deficiency results in charge trapping,
transient threshold voltage shifting, and semiconduc-
tor carrier mobility degrading due to remote Coulom-
bic scattering. Therefore, it is necessary to have a
good prediction of Vo defect properties. Recently,
Xiong et all” have studied the defects in the bulk of
LaAlOg3, such as the oxygen vacancy and oxygen in-
terstitial. Pentcheva and Pickett[®! have investigated
the oxygen vacancies in the multilayer of LAO/STO.
Asthagiri and Sholll®! have examined the Pt thin films
on LaAlO3(100) surface by using the density func-
tional theory (DFT), and Knizhnik et al['®) have in-
vestigated the interface of Si/LaAlOs. However, few
studies have focused on the defects of LaAlO3 surfaces,
such as oxygen vacancies.

The DFT is a powerful calculation tool, which
has been successfully used in many fields.''=17 In
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the present study, the DFT is used to investigate the
atomic and electronic structures of LaAlO3(001) sur-
faces with oxygen vacancies. The atomic relaxation
and the electron distribution in two termination sur-
faces of (001) LaAlOs with oxygen vacancies in the
ground state are both studied. The remainder of the
present study is arranged as follows. The model of
surface structure and the computational details are
described in Section 2. Section 3 demonstrates the re-
sults of the atomic and electronic structures. Further
comparative study is also made in Section 3. The
conclusion drawn from the present study is given in
Section 4.

2. Model and computational de-

tails

We have carried out the self-consistent calcula-
tion of total energy within the framework of den-
sity functional theory!'®'9 by using the Vanderbilt
ultrasoft-pseudopotential scheme.?”) The pseudopo-
tentials include La 5s2 5p® 5d! 6s2, Al 3s? 3p! and
O 2s% 2p* as valence electrons. The electron wave-
functions are expanded in a plane-wave basis set in-
cluding a plane wave up to a cutoff energy of 450eV.
The cutoff energy is sufficient to obtain well-converged
results of these materials. The conjugate-gradient-
based approach is used to minimize the sum of eigen-
values. The exchange and the correlation effects are
treated by using the local density approximation ex-
change function LDA-CA-PZ, which is based on the
Ceperley and Alder (1980)2! data as parameterized
by Perdew and Zunger (1981).[22] The positions of
the ions are determined by minimizing the atomic
forces using the Broyden—Fletcher—Goldfarb—Shanno
(BFGS) scheme. 3] We use the CASTEP (Cambridge
Sequential Total Energy Package) computer code to
perform the first-principles DFT calculations.?4

In the present study, the calculations are per-
formed under a periodic slab geometry. For the type I
(LaO terminated) surface, the slab contains five LaO
layers and four AlOs layers. Similarly, the type II
(AlO2 terminated) slab contains five AlO9 layers and
four LaO layers. In both cases, the slabs are thus four
lattices thick, and the vacuum region is ten Angstroms
thick. The z-axis is taken to be orthogonal to the sur-
face, and the mirror symmetry with respect to the
central layer is imposed in all cases. These slabs are
finite in the z-direction but periodic in the z- and

y-directions. We remove the oxygen atoms from the
surface layer to model the defect surfaces as shown in
Fig.1 from the top view of the slabs.
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Fig.1. The configuration of two possible terminations
(LaO-terminated type I and AlOa-terminated type II) for
the LaAlO3(001) surfaces from top view: (a) 1x1 cell for
perfect surfaces with AlO2-termination, (b) 1x1 cell for
oxygen-vacancy surfaces with AlO-termination, (c¢) 1x1
cell for perfect surfaces with LaO-termination, (d) 2x1
cell for oxygen-vacancy surfaces with LaO-termination.

The reciprocal space integration is performed
by sampling the Brillouin zonel®”! of the unit cell
with (7,7,1) Pack-Monkhorst net, which can pro-
vide the balanced summation in direct and recipro-
cal spaces.!?%] To test the convergence with respect to
k point sampling, we have also repeated the calcula-
tion for (6,6,1) and (8,8,1) meshes. It is found that
the difference in surface energy among the calcula-
tions is less than 2%. This k-point set has produced
the results within a very reasonable accuracy. The
bulk LaAlO3 has a rhombohedral perovskite struc-
ture at room temperature, and undergoes a transfor-
mation to a simple cubic structure at 710-770K.[7]
Since the rhombohedral and the simple cubic phases
have very similar structures, the cubic structure is
used to study the electrical properties of bulk LaAlO3
and its surface. Besides, current techniques of ferro-
electric film growth are workable at a temperature of
700 K, which can further justify our choice of cubic
phase. The structure is set up by using our theoreti-
cal lattice constant of 0.3754nm obtained by geomet-
ric optimization under the condition depicted above,
which is close to the parameter obtained from the re-
The the-
oretical lattice constant is underestimated by about

lation between total energy and volume.

1% of the measurement reported (a set of lattice pa-
rameter a = b = ¢=0.3788nm, a=F=7=90.066°),!
showing that the LDA method usually underestimates
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the lattice constants. The error in calculation can be
accepted.

3. Results and discussion

3.1. Surface relaxation

The equilibrium positions of atoms are evalu-
ated by the BFGS method through calculating the
Hellman-Feynman forces. The final force on each
atom is less than 0.01eV/nm. We start from the ideal

structure and then relax the atomic positions in the

Table 1.

slabs which are measured with respect to the corre-
sponding undistorted bulk LaAlOgs, with the full set of
symmetries preserved. The pseudopotential represen-
tation is in reciprocal space. The relaxed geometries
are summarized in Table 1, which contains geometries
of the perfect and oxygen-vacancy LaAlO3(001) sur-
faces with the LaO and AlO, terminations. Coordi-
nates are only listed for atoms in the top half of the
slab, z > 0; the others are determined by M, mirror
symmetry. Due to the symmetry, there is no force
along z- or y-axis. The layer described in Table 1 is
sequentially from the outmost layer inwards.

Atomic displacements (relative to ideal positions) of the perfect and oxygen-vacancy

surfaces with LaO and AlO2 terminations (in nm). The positive means the outward displacement

of the atoms, while the negative shows their inward motion.

Layer LaO terminated AlO> terminated
Ton Perfect surface With oxygen Vacancy Ton Perfect Surface With oxygen vacancy
1 La?1+) ~0.0059 ~0.0095 Alf’;r) ~0.0059 ~0.205
of;) 0.0054 ~0.0063 of;) ~0.0009 ~0.0049
2 Alf’;r) 0.0032 ~0.0068 La?;) 0.0077 -0.274
of;) 0.0031 ~0.0053 of;) ~0.0010 -0.0127
3 La?,j) ~0.0006 -0.0058 Alf’;) 0.0006 ~0.0186
of_;) 0.0022 ~0.0026 of_;) ~0.0008 -0.0020
4 Alf’j) 0.0005 ~0.0039 La?j) 0.0019 ~0.0032
of;) 0.0008 -0.0016 of;) ~0.0000 ~0.0009

From Table 1, the largest relaxation of the
metal atoms in the oxygen-vacancy surface layer can
be found to be —0.0095 and -0.0205nm for LaO-
terminated and AlOs-terminated surfaces, respec-
tively. The relaxed geometry for the perfect surfaces
is smaller than that of the defect ones in size. How-

ever, the difference in the metal atomic relaxation be-
tween the perfect and two types of oxygen-vacancy
surfaces is noteworthy. It is clear that the oxygen-
vacancy makes metal ions shift inwards the second
layer of the defect surface structures.

Table 2. Surface relaxation parameters (in percentage of lattice constant). Adi2 and Ada3 are

the changes in the interlayer spacing respectively for the first and second layers, while r; is the

displacement of the oxygen relative to metal atoms in the ith layer of the surface structure.

Perfect Oxygen-vacancy Perfect Oxygen-vacancy
1 [ 1 ro Adio Adag Adio Adag
Type 1 -3.002 0.023 6.428 2.188 —-1.665 1.161 —4.507 0.360
Type 11 -1.339 2.312 4.187 10.821 -1.577 0.993 1.559 —-3.780

In Table 2, we have compared the structure pa-
rameters between the perfect and oxygen-vacancy sur-
Thus, Adio is defined
as the change (relative to bulk) of the first interlayer

faces with two terminations.

spacing which is the average z-coordinate measured
from the surface to the subsurface; Adss is defined
in a similar way. For the perfect surface, the sur-
face layer is slightly compressed in both terminations.
However, for the oxygen-vacancy surfaces, there are

different phenomena. The surface layer is seriously
collapsed in oxygen-vacancy surface with LaO termi-
nation, and it shifts outwards the surface with AlOs
termination. To quantitate the layer rumpling, the
quantity r; is defined to measure the outward displace-
ment of the oxygen atoms in the i¢th-layer relative to
the other remaining oxygen atoms in the same layer.
For the perfect surface with two type terminations,

the metal atoms are located above the oxygen atoms,
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on the contrary, the oxygen atoms in the two types of
surfaces with oxygen vacancies are exposed and there
is nothing existing above them.

From the analysis above, it is revealed that the
dangling bond in the surface can lead to the relax-
ation of atoms, and the oxygen-vacancy causes a larger
relaxation in the oxygen-vacancy surface. The relax-
ation might affect the thermal stability and the elec-
tronic properties of the system. The thermal stability
of LAO films is crucial to the application of high-x
integration, which is studied in the next subsection.

3.2. Surface thermodynamic stability

To compare the energies of surfaces with different
stoichiometries, we follow the approach described in
Ref.[29]. The relative stabilities of stoichiometric and
nonstoichiometric surfaces have to be evaluated in a
grand potential (2. In this framework, the difference
in grand potential per 2D unit cell between two termi-
nations is a function of the O chemical potential Apuo,
and reads

A2 = Evac(R) - ANoA,uo, (1)

where the vacancy formation energy FEy..(R) for R
configuration is defined as

with  Eyac(R) E(R),

(2)

No is the number of missing O atoms per 2D unit cell

1
= E(R + Vo) + §E[02(gas)] —

(ANp is negative in a configuration with these oxygen
vacancy ), and Apg is computed with reference to the
total energy per oxygen atom in an oxygen molecule
O2, Apo= pio — 5 E[Oz(gas)]- In Eq.(2), E(R+V0) is
the total energy o% oxygen-vacancy surface with R ter-
mination (R=LaO or AlO,),
of perfect surface with R termination, and E[O(gas)]

E(R) is the total energy

is the total energy of an oxygen molecule Os. In
our configuration, the formation energies of oxygen-
vacancy surface are 6.87eV and 5.10eV for LaO and
AlO; terminations respectively. The upper bound on
Apo is obtained on condition that no oxygen conden-
sate forms on the surface (Apo < 0). Assuming that
the LaAlQOg is stable with respect to bulk La, Al and
molecular oxygen, the lower bound Apgp >-6.88 €V is
obtained (for the bulk LaAlOs, pr.a103 = pLa + Al

+ 3po). Therefore A2 is negative whenever the oxy-
gen deficient surface is more stable than the perfect
one.

-2
0

AQR/eV a
© = v W kA o

Apo/eV

Fig.2. Variations of the thermodynamic grand potential
AS2 with the oxygen chemical potential Apg for LaO and
AlO2 termination surfaces with oxygen vacancy. Dotted
vertical lines indicate the lower and upper bounds of Apuo
as discussed in the text. The values of A2 for the oxy-
gen vacancy surfaces with LaO and AlO3 terminations are
plotted with solid and dashed lines, respectively.

The variations of A{2 with Auo are shown in Fig.
2 for both termination types of LaAlO3(001) surface
with oxygen vacancies. From Eq.(1), it is clear that
two or more phases with the same oxygen content dif-
fer from each other by a quantity independent of Apug,
which is the case for the oxygen vacancy surface with
LaO or AlOs termination. Furthermore, O-deficient
surfaces with AlO5 termination appear to be less sta-
ble than those with LaO termination in a whole al-
lowed range of Apo. In the O-poor condition, or
a low Og pressure atmosphere, the value of Af2 for
the AlOs-terminated surface with oxygen vacancy be-
comes negative, indicating that the oxygen-vacancy
may spontaneously occur.

3.3. Electronic charge redistribution

As is well known, the electronic structure of sur-
face is an important factor to the electrical properties
of channel in MOSFET, if a LAO film as a high-+x ma-
terial is deposited on a semiconductor. Thus, the elec-
tronic structure of surface is investigated by analysing
the charge redistribution near the surface plane.
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Fig.3. Total density of states in 2D Brillouin zone versus
energy for the bulk LAO material (a), perfect LAO sur-
face with AlO2-termination (b), and oxygen vacancy LAO
surface with AlO2-termination (c).

Figures 3(a)-3(c) show the total densities of
states of the bulk LaAlOsz, the perfect surface
LaAlO3(001) with AlOs-termination, and the oxygen-
vacancy LaAlO3(001) surface with AlOs-termination
respectively.  Obviously, the optical gap changes
slightly for the perfect surface with AlO5 termination,
but considerably for the oxygen-vacancy surface. The
peaks A and B lead to a very narrow optical gap, as
shown in Fig.3(c). The in-gap states of defect surface
with AlOs termination exhibit the surface conduction,
which may lead to a larger leakage current for the
thin film with some oxygen vacancies than that for
the bulk material. For the perfect surface, the band
gap is slightly reduced, and there are some O 2p states
in valence-band intruding upwards into the low part
of band gap, especially near the M point of the sur-
face Brillouin zone (the relevant band structure is not
given here). These states above the Fermi energy level
are due to the surface oxygen atoms, which in the bulk
are nearly degenerated, fully occupied and uncharged.
While for the perfect LaAlO3(001) AlOs-terminated
surfaces, the O atoms in the surface layer are not
fully occupied by electrons. The unoccupied states
make the electronic band structure exhibit some half-
filled levels in the valence-band, which contributes to
the surface conduction with the hole carriers. These
unoccupied states result in the surface states. In the

LDA calculation, the unoccupied level is about 0.6eV
above the Fermi level, which is at the M point of
surface 2D Brillouin zone. Compared with the pro-
jected bulk band structure, the band structure of the
perfected surface has some distinctions that the top
valence band becomes flat near M and I points, i.e.
the electrons have a larger effective mass. For the con-
duction band, there appears little change. However,
the electronic band structure of the oxygen-vacancy
surface is quite different from those of bulk and per-
fect surfaces. There are some significant groups of
bands associated with AlOs-terminated surface with
oxygen-vacancies. First, there are some conduction
bands which can shift towards the band gap. They
lie above the Fermi level by about 1.8eV. Second, in
the top valence-band, near the X points there is a
band which crosses the Fermi energy level. Addition-
ally, some states have a tendency to shift upwards the
lower band gap, for the imperfect ligand configuration

makes the Al 3p orbital distorted at the top layer.

For the LaO-terminated surface, in order to com-
pare the difference in electronic structure between
bulk and surface with or without oxygen-vacancy, the
total density of states is also plotted, as shown in
Figs.4(a)-4(c), respectively. It is clear that the excess
electrons of perfect surface have partially filled some
conduction bands, while the excess electrons of the
oxygen-vacancy surface have fully filled some conduc-
tion bands, as indicated by the peak A in Fig.4. For
the defect surface, it is shown that F-centre character
might contribute to the trapping of electrons by the
strong electronic potential around the oxygen-vacancy
sites. The electronic band structures of the perfect
and oxygen-vacancy LaAlO3(001) surfaces with LaO
termination are obviously different from each other.
For the perfect surface, the shapes of the conduction
and valence bands are similar, but the Fermi energy
level shifts into the conduction bands, especially near
the I' point of the surface Brillouin zone. In addition,
the bands at the bottom of conduction-band area are
sharper than the ones at the top of valence bands.
It means that the electron effective mass is smaller.
Moreover, there is no in-gap state in the band struc-
ture, which is slightly different from the behaviour
of electrons in BaTiOs5 surfaces.’9 Our calculation
shows that the excess electrons in LaO-terminated
surface can result in the shift of Fermi level. For the
oxygen-vacancy surface, the definite difference from
the perfect surface is that two fold bands shift into
the band gap under the Fermi energy level by about
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1.0eV. This is caused by the loss of oxygen atoms from
the surface. Therefore, the surface becomes metal-
lic, for the excess electrons of the La 6d are localized
around oxygen vacancy sites with an imperfect crys-

talline field.

Density of state/(State/eV cell)

Energy/eV

Fig.4. The density of states in 2D Brillouin zone versus
energy for the bulk LAO material (a), perfect LAO sur-
face with LaO-termination (b), and oxygen vacancy LAO
surface with LaO-termination (c).

4. Conclusion

We have studied the atomic and the electronic
structures of the two possible terminated LaAlOj
(001) surfaces with oxygen-vacancy by using the
density functional theory and the local density ap-
proximation. The results show that the (001) sur-
face exhibits a significant oscillatory geometric relax-
ation, and the displacement of oxygen-vacancy sur-
face is larger than that of perfect one after relaxation.
The size of surface rumpling of LaO-termination
with oxygen-vacancy is larger than that of AlOs-
termination. The total density of states shows that the
electronic states in the deficient surfaces with different
For the LaO-terminated
oxygen-vacancy surfaces, the excess electrons can oc-

terminations are different.

cupy some lower conduction bands. However, some
O2p states in the AlOs-terminated oxygen-vacancy
surface become partially occupied in the top of valence
bands. The oxygen deficient surfaces exhibit metallic
character. From the thermodynamic stability anal-
ysis, the different surface thermodynamic grand en-
ergies of two slabs with oxygen-vacancy indicate that
the AlO2-terminated oxygen-vacancy surface might be

stable.
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