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Abstract
Schottky barriers have been analyzed theoretically
for clean and passivated GaAs(llO)-surfaces.
Passivation is
obtained by the deposition
of an As-monolayer
on the semiconductor
surface. The Schottky-barrier
formation
is
studied for a K-monolayer
on the clean and passivated semiconductor
surfaces. Our results show that passivation
changes dramatically the mechanism of Schottky-barrier
formation. These differences are explained by the different
states found for the ideal and passivated surfaces. In particular we find that the As-passivation
decreases the n-type
Schottky barrier for K by 0.6 eV.

1. Introduction

Schottky barriers for ideal abrupt metal-semiconductor interfaces are well understood [l]. The
standard
metal-semiconductor
junction
behaviour is controlled basically by the semiconductor dangling-bonds associated with its free surface. Consider a GaAs(llO)-surface with a cation
and an anion-like dangling bond: the metal-semiconductor interaction is determined by the reactivity between the metal orbitals and the semiconductor surface states; the semiconductor charge
neutrality level controlling the Schottky-barrier is
the result of the metal interacting more strongly
with one of those two dangling bonds [2]. In
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particular, different metal atoms and different
geometries can change the extrinsic charge neutrality level and the Schottky barrier [3].
Non-ideal metal-semiconductor
interfaces can
present a different behaviour if the semiconductor dangling-bond states are dramatically modified by an external agent. In this paper, we have
analyzed the effect of having the semiconductor
dangling-bond states passivated by an external
monolayer deposited between the metal and the
semiconductor. The effect of this passivation is to
saturate the cation and the anion-like states, leaving behind a surface with a very low tendency to
chemical reactivity [4]; this process can be expected to change dramatically the Schottky barrier due to the very different chemical environment the metal atoms will see. We have chosen to
analyze the case of an As-monolayer deposited
on GaAs(ll0): other cases like P and Sb present
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similar effects, but As represents
a very interesting case because it has been suggested [5] that
As-clusters
between
a metal and GaAs might
modify the Schottky-barrier
formation
mechanism found for ideal interfaces.
The rest of the paper is organized
as follows:
in Section 2 we present a brief summary of the
theoretical
method
used to analyze
interface
problems. In Section 3, we present our results for
the different systems we have considered.
In Section 4, we analyze the previous results from the
point of view of the Schottky-barrier
formation.
Conclusions
are presented
at the end of this
section.

2. Method of calculation
We follow a free-parameter
supplemented
with a density
[71 to analyze the many-body
the fundamental
Hamiltonian.
is the LCAO-Hamiltonian:

+ ;

c

J,‘:“lii,rij,
[

‘Lzj
+x77
i,j#i,a

i

LCAO-method
[6]
functional
approach
terms appearing
in
Our starting point

+ $vii~,rj2jg

1

functional
of the different
tr,,,. Many-body contributions

/ph.=

(&

I

c

q.““A,,

orbital occupancies,
are given by:

ri,

1

where 4. is the ground state of the system.
Following Kohn and Sham, we introduce
following local potential:

the

(3)
that describes
the many-body
approach.
Then, our local Hamiltonian
following equation:

terms

in a local

is defined

by the

the equivalent
of the Hamiltonian
used in LDA,
fi”.e. being the one electron terms.
Still, we have to obtain Em.‘. as a function of
the different
occupation
numbers,
n,,,. Details
will be published
elsewhere
[7]. Here, we only
mention
that Em.h, can be split into its hartree,
E H, and its exchange and correlation,
E “, terms.
It can be proved that:

(1)

where QJ”) and J/:’ are the intra- and inter-orbital
Coulomb interactions
associated with the atomic
orbitals, $j and I,+~;.@I = J$’ - I::‘, + J$)SIT.; J:l:‘,
is the corresponding
exchange
interaction
and
Sij = (I+!J~
I CG;).As shown in Ref. [6], the one-electron terms, Ei and qj, can be obtained from the
atomic properties
of the ingredients
forming the
solid. Still, Eq. (1) defines a many-body Hamiltonian that has to be analyzed by using a specific
approximation.
We have recently [7] introduced
a
density functional
approach to LCAO-Hamiltonians to calculate
their electron properties.
Basically, we follow a Kohn-Sham
approach and define the total energy, E,, of the system as a

i,o
where 4 is an average interaction
between the
n,,-charge
and its exchange-correlation
hole, (1 nicr), spread mainly around
the nearest
neighbours. Eqs. (3), (5) and (6) define the following
local potential:

y.z,“- = q.niE + C [ J$J)n,cy + J;:(i)njcr]
j(#i)

+.p;+n,,,).

(7)
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where the last term yields the exchange-correlation contribution.
In our approach, we calculate nzi solving
Hamiltonian (4), with Km.‘. given by Eq. (7).
Once we determine ni, the total energy is obtained adding to the one-electron
term the
many-body contributions given by Eqs. (5) and
(6).
In the calculations presented here, instead of
attempting a full self-consistent calculation we
have parametrized
the semiconductor
LCAO
Hamiltonian using Vogl et al.% parameters [8],
and have applied our method to the calculation
of the adsorbate-semiconductor
interaction. This
yields the different chemisorption energies for As
and the metal-As layers, and also the electronic
properties of the interface.
We should also mention that the total Hamiltonian has been solved by projecting the whole
semiconductor crystal into the last four layers.
Then, we solve self-consistently the system formed
by those four layers [6] and the different adsorbed species.

3. Results
The method described above has been applied
to the calculation of the interaction of different
adsorbates and GaAs(ll0). First of all we discuss
the case of an As-monolayer passivating the semiconductor surface. In a second step, we discuss
the Schottky-barrier formation for an alkali metal
layer deposited on the semiconductor with (and
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without) the As-monolayer. In our calculations,
we look for the most stable geometry obtaining
the chemisorption energies for different adsorption sites. For the sake of simplicity, we have
neglected the semiconductor surface relaxation
and have calculated the chemisorption energy
between
the adlayer
and the unrelaxed
GaAs(llO)-surface. Relaxation can lower a little
the energies calculated for low coverages, but it is
not expected to change our results for the coverages discussed in this paper.
3.1. As on GaAs(ll0)
Fig. 1 shows the GaAs(llO)-surface
and the
different sites we have considered for the adsorption of As. For the case of half a monolayer
(0 = 1 means two atoms per unit cell) we have
found that the most favourable site for the As-adsorption is the three-fold coordinated position (D
in Fig. 1): the chemisorption energy is found to
be 3.4 eV.
The monolayer case (0 = 1) has the most
favourable energy with the two ad-atoms adsorbed on the two semiconductor dangling-bonds
(A and B in Fig. 1). The chemisorption energies
per adsorbed atom for this monolayer case are
3.7 eV. Similar energies have been calculated for
Sb using LDA approach [lO,lll. Notice that this
energy roughly corresponds to 1.8 eV per bond,
in good agreement with the cohesive energy of
semiconductors. Our results show how the Asatoms tend to attract each other forming the rows
shown in the inset of Fig. 2. This figure also
shows the local density of states on the As-monolayer. The important point to notice about these
results is the semiconductor-like
structure that
appears due to having all the electrons saturating
either the bonds between the As-atoms and the
semiconductor or filling the As-lone pairs (this
implies that the As-monolayer coverage creates a
passivated surface).
3.2. K on

GaAs(ll0):

clean

and

passivated

surfaces
Fig. 1. GaAs(llO)-surface
geometry showing the different
for the adsorbate
chemisorption
we have considered.

sites

K-deposition on clean GaAs(llO)-surfaces have
been analyzed by many authors. Here, we present
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Fig. 2. Local density of states on the As-adatoms.
E= 0
corresponds
to the GaAs valence band top. In the inset, we
show the minimum
energy configuration
for this coverage
(0 = 1). Large dark circles represent
the As-adatoms.
Small
circles represent
the Ga (open) and As (dark) atoms on the
last semiconductor
layer.

the results calculated with the full many-body
potential discussed above; they will be used for
comparison with the passivated surface.
In our calculations, we have found that the
most favourable position for the K-adsorption is
the three-fold site CD in Fig. 1). This result has
been obtained for 0 = l/2, as a full monolayer
cannot be accommodated on the semiconductor
surface. The adsorption energy is found to be 2.3
eV.
Fig. 3 shows the local density of states on the
last semiconductor layer; the Fermi energy is
located at 0.53 eV above the valence band top.
The important results about this solution are the
following: (i) K-atom transfers 0.32 electrons to

1.5

-.

r-
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the semiconductor; (ii) the surface band in the
semiconductor energy gap has only 15% K-character, and its main weight comes from the Gaatoms; (iii) the Fermi level is pinned by the
half-occupied surface band created by the interaction between the K-orbitals and the semiconductor Ga-like dangling bonds. We should comment that at this very low coverage, the intrinsic
surface band induced by the metal deposition
presents important electron correlation effects; a
full understanding of the Schott~-barrier
formation can only be obtained by analysing in detail
those many-body effects associated with the haIfoccupied surface band. Details have been discussed elsewhere [9]: let us mention that from
this theoretical analysis one finds that the Fermi
level calculated above in the one-electron calculation represents a good description of the final
level defining the Schottky-barrier height.
Let us turn our attention to the GaAs-As
passivated surface and consider the effect of depositing on it a K-half-monolayer, Our interest is
concentrated
on understanding
how the Asmonolayer can change the Schottky-barrier formation.
In our calculations, we have looked for the
most favourable adsorption site for K. For the
case of B = l/2, we have analyzed the four positions shown in the inset of Fig. 4: two sites
corresponds to the As-lone pairs of the last layer,
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Fig. 3. Local density of states on the last semiconductor
layer
for a K-adatom
per unit cell. The K-site corresponds
to the
most favourable
position: three-fold
position, with two Gaatoms and one As-atom as semiconductor
nearest neighbours.

Fig. 4. Local density
K-atom per unit cell.
GaAs(l10)
layer (small
(dark) atoms on the
monolayer (dark large
ered (A,B,C and D).

-4

1.19

i

ev
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(et’)

of states on the As-monolayer
In the inset, we represent:
(a)
circles represent the Ga (open)
last semiconductor
layerf; (bf
circles); (c) the K-sites we have

for a
the last
and As
the Asconsid-
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and the two other sites correspond to different
three-fold positions with K-coordinated to three
As-atoms. Our calculations yield very similar adsorption energies for the four sites. Our results
are the following:
E,(A)

= 0.72 eV; E,(B)

= 0.76 eV;

Ek(C) = 0.71 eV; E,(D)

= 0.69 eV;

showing slightly larger energies for the three-fold
sites. These results can be understood considering the passivated character of the semiconductor
surface. This shows the low tendency to chemical
reactivity of the semiconductor surface, and explains that the adsorbed atom has almost the
same chemisorbed energy for each surface site.
Compare also the adsorption energies for the
passivated surface, N 0.7 eV, with the value found
for the clean semiconductor surface, N 2.3 eV. It
is also worth remarking that the solution for the
passivated surface presents a charge transfer between the metal atom and the surface, completely
different to the one found for the clean semiconductor: our results show that this charge transfer
is now very small (we find less than 0.06 electrons
transferred from the semiconductor to the metal
atom). Again these results show the low reactivity
between the ad-atom and the passivated semiconductor.
Fig. 4 shows the local-density of states in the
As-monolayer for K-adsorbed on the B-site (the
most energetic configuration). The most important result about this figure is the Fermi level
position that is located at 1.19 eV WRT the
valence band top. For the other adsorption sites
we find the following Fermi energies:
E,(A)

= 1.27 eV; Er(C)

= 1.14 eV;

EF( D) = 1.08 eV.
All the results show a very similar Fermi level,
fluctuating around 1.15 eV, the density of states
shown in Fig. 4 being also very similar to the ones
found for the other cases.
Compared with the results of the clean surface, we find an important change associated with
the Fermi level position and the Schottky-barrier
height. Our results show for the passivated semiconductor surface a Fermi level that is located
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around 0.6 eV higher in energy than the one
found for the clean surface. We shall discuss in
the next section how we can understand these
results using simple physical ideas. Let us mention here that the density of states associated
with the surface band shown in Fig. 4 has mainly
a K-character.

4. Discussion

and conclusions

The main result found above, regarding the
Schottky-barrier formation, is that the passivated
surface yields a Fermi level pinning upon K-deposition that is much higher in energy (N 0.6 eV)
than the one found for the clean surface. The
most simple way to understand these results is by
considering the electronic structure for the clean
and passivated surfaces and the interaction of
these surfaces with the K-layer.
Regarding the clean surface, GaAs(ll0) shows
two surface states: the As-like dangling-bond is
occupied and located around the top of the semiconductor valence band top, while the Ga-like
dangling-bond is empty and located around the
conduction band bottom.
The passivated surface only presents As-lone
pairs that are located around the semiconductor
valence band top, with an electronic structure
similar to the As-like dangling bonds of the clean
semiconductor surface.
The deposition of K on GaAs(ll0) introduces
the following effects: (i) For the clean surface, we
find the K4s-state above the Ga-like state; the
main interaction appears between these two states
with the result of having the Ga-like states shifted
to lower energies and the K-charge transferred to
this intrinsic surface state. This explains why the
Fermi energy is found around the semiconductor
midgap, and the intrinsic surface band has mainly
a Ga-character and is half-occupied. (ii) For the
passivated surface, we only find the K4s-state
interacting weakly with the As-lone pairs located
around the semiconductor valence band top. The
result of this weak interaction is that the induced
band of Fig. 4 has mainly a K-character and that
the surface band is higher in energy than the one
found for the clean surface.

314
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In conclusion, the different Schottky-barrier
formation and the different Fermi energy levels
found for clean and passivated GaAs(ll0) surfaces are explained by the different surface states
one finds for the two initial surfaces. For the
clean surface, the two dangling-bond states are
controlling the Schottky-barrier
formation, the
K-deposition inducing a Ga-like intrinsic state in
the middle of the semiconductor energy gap. For
the passivated surface, the As-lone pairs are responsible of the final Schottky barrier. In this last
case, the As-lone pairs are weakly interacting
with the K4s-leve1, yielding an intrinsic state
(having a metal-like character) that is much higher
in energy ( * 0.6 eV) than the one found for clean
surfaces. One can expect that these arguments
have a general validity, with passivated surfaces
yielding lower n-type Schottky barriers than clean
surfaces.
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