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Abstract

The effect of different atomic intralayers on the Schottky barrier height wbn of covalent and ionic semiconductors
has been studied theoretically. The following cases have been analysed: H/Si(111), Sb/Si(111), S/Ge(100),
H/GaAs(110), Sb/GaAs(110) and As/GaAs(110). Our results show that wbn is reduced by all the intralayers and that
this reduction increases with the intralayer electronegativity and the semiconductor ionicity. These results are explained
by the chemical interaction between the adsorbed metal orbitals and the new levels associated with the passivating
layer. This interaction shifts the semiconductor charge neutrality level to higher energies and, consequently, reduces
the Schottky barrier height. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Adatoms; Gallium arsenide; Germanium; Green’s function methods; Interface states; Metal–semiconductor interfaces;
Schottky barrier; Silicon

1. Introduction broad consensus in the community has been
reached attributing different mechanisms either to
the induced density of interface states (IDIS) [12–The electronic properties of metal–semiconduc-
14] or to the defects [15–17] existing at the verytor interfaces have been extensively studied since
same interface.the discovery of their rectifying behaviour [1–7].

Ideal (defect free) metal–semiconductor inter-Since the application of synchrotron radiation to
faces are now accepted as being controlled in theirthe characterization of these interfaces, important
electronic properties by the IDIS created at theadvances have been reached in our understanding
junction when a metal overlayer is deposited onof the Schottky barrier formation [6,8,9]. In partic-
the semiconductor (this is called IDIS model [13]ular, the metal–semiconductor junction has been
or, alternatively, the virtual gap states model [2]).analysed by progressively depositing a metal over-
The interface Fermi level position will dependlayer on the semiconductor [8–11]. These studies
primarily on the intrinsic charge neutrality levelhave allowed researchers to discriminate among
(CNL) derived from the semiconductor band struc-different competing models trying to explain the
ture, as discussed in Refs. [13,14].junction behaviour and, eventually, a relatively

Then, when experimental conditions can be
controlled to reduce the interface defect density of
states to below 1013 cm−2, the Schottky barrier* Fax: +34 91-3974950.
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defective interfaces, however, the barrier height is they are important for understanding the very low
coverage limit, it has been shown elsewhere [28]controlled by the defect states if at least some of

them are charged [15–17], as proposed in the that a metal monolayer is sufficient for pinning
the Fermi level at the position it reaches for aunified defect model ( UDM).

This conclusion is also based on the analysis of large metal coverage. Moreover, even for lower
coverages, where correlation effects may renderthe chemical bonds associated with the atoms of

the semiconductor last layer bonded to the depos- the overlayer not to be metallic (as might occur
for half a monolayer of Cs deposited onited metal atoms. In other words, this line of

thought suggests that the Schottky barrier height GaAs(110) [29]), the mean field solution provides
a metallic interface and a Schottky barrier heightis controlled by the semiconductor surface dan-

gling bonds and that, by modifying these dangling that is in very good agreement with the value
calculated for a full coverage.bonds (with defects or in some other way), one

can control the barrier height. Some experimental groups have already ana-
lysed the effect of different intralayers on theThe simplest approach to this procedure is to

passivate the semiconductor surface before depos- Schottky barrier height [19–22]. We mention, for
their direct relation with the results presentediting the metal film [18]. We can expect that this

passivation will alter the semiconductor surface here, the work of Zahn et al. [30] for the
Ag/Sb/GaAs(110) interface and the work ofproperties and, consequently, the Schottky barrier

height [19–22]; similar ideas have also been imple- Kampen et al. [31] for the Ag/H/Si(111) contact.
In Section 2 we discuss briefly the method wemented for heterojunctions, see Ref. [23].

In this paper we explore this idea by analysing have used to calculate different interfaces, and in
Section 3 we present our main calculations.theoretically different passivated semiconductor

surfaces, looking for some general results that Finally, in Section 4 we discuss our results and
present our conclusions.might offer a guide to the control of the Schottky

barriers. We analyse different covalent and ionic
semiconductors. In particular we have studied: (a)
the following covalent interfaces, H/Si(111), 2. Method of calculation
Sb/Si(111) E3×E3 30°, S/Si(100) and
S/Ge(100); these cases include two semiconduc- The analysis of the structure and the electronic
tors, Si and Ge, and several adatoms, H, Sb and properties of the different interfaces is based on a
S, with increasing electronegativity; (b) the inter- first-principles LCAO Hamiltonian that has been
faces, H/GaAs(110), As/GaAs(110) and solved self-consistently using the orbital occupancy
Sb/GaAs(110), having also adatoms with different approximation (LCAO-OO or LCAO3) [32–35].
electronegativities [25–27]. In this approach the LCAO Hamiltonian is split

A full analysis of all these cases offers the into its one-electron and many-body contributions:
possibility of finding trends that we shall discuss

Ĥ=Ĥo.e.+Ĥm.b. , (1)at the end of the paper. We should say that in this
analysis we study the modification of the Schottky where
barrier height considering only the case of a K–
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of the different atoms in discussion, of the procedure can be found in
Ref. [34]. This effective Hamiltonian is solved self-the system. The effect of the core orbitals is

included in both the diagonal levels and the hop- consistently using Green’s function techniques for
the determination of the ground state and theping integrals using an effective pseudopotential,

as explained in Ref. [35]. The expressions U(0)
i

, calculation of the occupation numbers n
is

. From
this solution we can calculate the total energy ofJ (0)

ij
, and J̃(0)

ij
define the intrasite and intersite

Coulomb interactions associated with the atomic the system, as in standard DFT, by adding the
one-electron and many-body energies:orbitals. In J̃(0)

ij
the bare intersite Hartree term is

corrected by the exchange interaction. Notice that
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include all the long-range Coulomb
interactions between electron charges that play a

The first term of Eq. (5), EBS, is the band structurecrucial role in the formation of the metal–semicon-
energy (the sum of the occupied eigenvalues of theductor interface. This long-range electrostatic
effective hamiltonian); EDC is the double-countingpotential is responsible for the dipole, induced by
correction for the Hartree contributions, andthe charge transfer between the metal and the
Eion–ion is the repulsive interaction between thesemiconductor, that shifts the electron energy
ions.levels. As discussed in Ref. [13], it is the balance

The use of Green’s function techniques allowsbetween the charge transfer and the induced inter-
us to describe the interactions among the metalface dipole which brings the metal Fermi energy
layer, the passivating intralayers and the last fourclose to the semiconductor CNL. This stresses the
semiconductor layers, as well as their interactionimportance of including in a self-consistent way
with a semi-infinite semiconductor material [38].the potential created by the induced charges, as
The system has surface (2D) periodicity and k-done in our method (see below). Different parame-
point sampling techniques [39] are used for theters of the Hamiltonian in Eq. (1) are calculated
determination of the occupation numbers, the localas discussed in Ref. [33] for describing the inter-
density of states (LDOS) for the different atomsaction between layers located around the interface.
and the band-structure energy.Inside the semiconductor, the Hamiltonian in Eq.

A structural relaxation for the different systems(2) is taken from the semi-empirical parameters of
considered has been performed looking for theRefs. [36,37].
minimum of the total energy. The chemisorptionThe many-body Hamiltonian is treated using
energy is defined as the difference between thean orbital-occupancy (OO) approximation, where
total energy at that minimum and the sum of thethe occupation numbers n

is
(n
is
=
ñ

is
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�

total energy of the bare surface and the totalis the expectation value in the ground state),
energy of the isolated atoms for the differentassociated with the different orbitals w

is
, take the

adsorbed species.role that the electron density r(r) plays in the
Kohn–Sham formalism used in density functional
theory (DFT). This means the introduction of an
effective one-electron Hamiltonian 3. Results for covalent and ionic semiconductor

surfaces
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3.1. Covalent semiconductors
where a local potential for each orbital is defined
from the many-body terms of the Hamiltonian. The following cases have been analysed:

H/Si(111), Sb/Si(111), S/Si(100) and S/Ge(100).This local potential has both Hartree,
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3.1.1. H/Si(111) Metallization of this surface can be reached by,
Hydrogen is well-known to saturate the dan- for example, depositing K on it. We have calculated

gling bonds of the Si(111) surface forming then the K/H/Si(111) interface by assuming a
an ideal 1×1 geometry [40,41]. Our calculated E3×E3 geometry for the K-monolayer, and have
chemisorption energy per H-atom is 2.7 eV, and looked for the most favourable geometry by mini-
the different LDOS for the H- and the last Si-layer mizing the total energy. We have found that the
are shown in Fig. 1 (top panel ). Notice the excel- threefold adsorption site (usually known as H3)lent passivation this surface shows, with no density yields the most energetically favourable position
of states in the energy region between 0 and 1.1 eV for K, with a chemisorption energy of 0.53 eV per
above the semiconductor valence band top. K-atom and a K–H distance of 2.3 Å. Fig. 1

(central panel ) shows the LDOS of that K-most
favourable position for the K, H and the Si-last
layer. The important point to notice is that the
Fermi level is pinned, at around 0.78 eV, by the
density of states induced by the metal in the upper
part of the semiconductor energy gap. The
K-density of states has also a small contribution
overlapping with the semiconductor valence band
with a total charge of 0.34 electrons per atom.
This is associated with an important charge
transfer of 0.66 electrons per atom going from the
alkali metal atom to the semiconductor. It is also
clear, from the comparison of the LDOS in Fig. 1,
that the effect of the K-monolayer is to push to
lower (more binding) energies the density of states
associated with the H and Si atoms.

In order to understand how passivation has
altered the Schottky barrier formation, we have
also studied the K/Si(111) interface for an alkali
metal monolayer having a E3×E3 geometry. This
geometry has been found when depositing Cs on
an Si(111)-2×1 reconstruction [42]. Although K
does not seem to form the E3×E3 structure [43],
it is known that the Schottky barrier heights for
K do not change significantly with the adsorption
geometry; therefore, we have considered that struc-
ture for the sake of comparison with the passivated
surface, in order to understand its effect on the
Schottky barrier formation. The bottom panel of
Fig. 1 shows the LDOS for the K–Si(111) interface
with the Fermi level pinned at 0.52 eV by the
density of states resulting from the interactionFig. 1. LDOS (in units of states/eV ) for the H/Si(111) (top

panel ), K/H/Si(111) (central panel ) and K/Si(111) (bottom between the ideal Si(111)-surface states and the
panel ) interfaces. In each case, the LDOS per atom in the last K-level. In this calculation, the K chemisorption
substrate layer (dotted line), the passivating layer (dashed line) energy is 2.4 eV, and the K charge transfer to theand the metal layer (solid line) are shown. The straight vertical

semiconductor is 0.35 electrons. The comparisonline marks the position of the Fermi level. E=0 corresponds to
the semiconductor valence band maximum (VBM ). with the other LDOS in Fig. 1 shows that: (i) the
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Fig. 3. LDOS for the Sb/Si(111) (top panel ) and K/Sb/Si(111)Fig. 2. Surface geometry for the Sb/Si(111) reconstructed
(bottom panel ) interfaces (details as in Fig. 1).surface.

lower part of the semiconductor energy gap. TheseFermi level for the passivated surface has moved
states are associated with the Sb-lone pairs thatup from 0.52 eV to 0.78 eV, and (ii) that this effect
are directed towards the vacuum side. Notice, inis mainly due to the interaction of the H-density
this regard, that each Sb atom forms one bondof states with the K-level, which makes the K-band
with an Si atom and two bonds with two Sbcontrolling the position of the Fermi level move
atoms. Three valence electrons, out of five, contrib-towards higher ( less binding) energy with respect
ute to these bonds while the other two valenceto its position in the clean K/Si(111) interface.
electrons fill the lone pair whose density of states
appears at the semiconductor valence band top.3.1.2. Sb/Si(111)

The K–Sb–Si(111) E3×E3 interface LDOS isSb also passivates Si surfaces. LEED and STM
shown in Fig. 3 (central panel ). The K-atoms arestudies have identified different surface geometries,
assumed also to form a E3×E3 reconstruction.with either a E3×E3R30° or a 2×1 reconstruc-
Our calculations favour the A-site shown in Fig. 2tion [44,45]. In our calculations, we have found
for the K-position, although we should point outboth reconstructions to have similar chemisorption
that, in this case, our calculated binding energyenergies, although the one shown in Fig. 2 yields
per K-atom is only around 0.1 eV. This might bea global marginal minimum around 2.9 eV per Sb
taken as an indication of the difficulty of growingatom and, therefore, it defines the passivated sur-

face we take for analysing the Sb/Si(111) interface. K on the passivated Sb/Si(111) E3×E3 interface.
In spite of this result, our calculation of theFig. 3 (top panel ) shows the LDOS we have

calculated for the Sb and the last Si-layer, for the K/Sb/Si(111) interface can be used for analysing
the effect of the Sb-passivation on the Si(111)geometry shown in Fig. 2. Notice that, in our

calculations, the passivation of the Si surface is Schottky barrier height. The results of Fig. 3
(bottom panel ) show that the K deposition createsnot perfect with some density of states filling the
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a new density of states near the semiconductor
conduction band bottom, pinning the Fermi level
at 0.81 eV above the semiconductor valence band
top. At the same time, a comparison between the
two panels in Fig. 3 shows that another effect of
the K-deposition is to push downwards in energy
the LDOS associated with the Sb and Si atoms.
Moreover, this interaction also tends to pull up in
energy the LDOS that we calculated previously
in the K/Si(111) interface (see bottom panel of
Fig. 1). The result of all these interactions is that
the Fermi energy, which for the K/Si(111) inter-
face is located at 0.52 eV, is shifted up to 0.81 eV
for the Sb-passivated Si surface.

Fig. 4. Different adsorption sites for K ( labelled A–B) on the
3.1.3. S/Ge(100) S/Ge(100) passivated interface.

Next, we have analysed the effect of sulfur on
the Ge(100) surface. This surface is known to
present a 2×1 reconstruction with the surface tries of the S–Ge(100) and the K–S–Ge(100)

interfaces are shown. Our calculations clearlyatoms forming dimers. The deposition of S seems
to remove this dimerization, with the Ge atoms favour the bridge position, with an adsorption

energy of 1.12 eV (to be compared with 0.61 eV,returning to nearly their bulk positions [46,47]. In
our calculations of this system the energy gained 0.4 eV and 0.26 eV for the top, hollow and anti-

bridge sites respectively). Fig. 5 (central panel )per S atom is 1.9 eV with respect to the symmetri-
cally dimerized Ge surface. Fig. 5 (top panel ) shows our calculated LDOS for the K, S and the

Ge top layer; in this calculation the Fermi level isshows our calculated LDOS for the S and the
Ge-last layer. These results clearly show that the located at 0.66 eV above the semiconductor VBM.

Comparing with the top panel of Fig. 5, where thenominally passivated S/Ge(100) surface does not
remove completely the density of states from the LDOS for the S–Ge(100) is shown, we find similar

results to the ones reported above; in particular,semiconductor energy gap. Our calculations are in
reasonable agreement with plane wave DFT-LDA K is inducing a density of states where the Fermi

level is pinned and, secondly, the interactioncalculations [47], although a GW-approximation
leads to the opening of a band gap of about between the K-level and S or Ge pushes down to

lower energies the electronic structure appearing0.15 eV [48]. Our calculations for this S/Ge(100)
surface yield a Fermi level located about 0.62 eV near the semiconductor energy gap and associated

with either S or Ge. This same interaction preventsabove the bulk valence band maximum (VBM).
We should mention that, although the S/Ge(100) the Fermi level going down in energy to the

position found for the K–Ge(100) interface.surface seems to be metallic, the density of states
in the band gap is low, with the main surface- This particular case [K on Ge(100)] has been

analysed in order to find a reference Fermi levelrelated peaks of the Ge(100)-(2×1) reconstruction
almost completely sweeping out of the gap. While with which to compare previous results. We per-

formed calculations with K coverages of 0.5 mono-not entirely passivated, this interface has far fewer
gap states than the calculated clean Ge surface, layers, with the K atoms located in a number of

possible sites on the dimerized 2×1 surface. Thisand should be significantly less reactive.
The Schottky barrier formation of this interface low K-coverage can be used, as it has been pre-

viously shown that the Fermi level is essentiallyis also studied by depositing K. We consider a
(1×1) geometry with the K atoms located in the determined at the onset of metallization, which in

our case occurs at 0.5 monolayers. We find thatadsorption sites shown in Fig. 4, where the geome-
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Fig. 5. LDOS for the S/Ge(100) (top panel ), K/S/Ge(100) Fig. 6. LDOS for the S/Si(100) (top panel ), K/S/Si(100)
(central panel ) and K/Ge(100) (bottom panel ) interfaces (central panel ) and K/Si(100) (bottom panel ) interfaces (details
(details as in Fig. 1). as in Fig. 1).

is located for the K/S/Ge interface 0.49 eV above
the energetically preferred site is the so called T3 the one found for the K/Ge case.
site, in agreement with other calculations [49]. We
have checked that the position of the Fermi level 3.1.4. S/Si(100)
does not vary greatly for the different bonding Finally, we have also studied the S/Si(100)
sites. Fig. 5 (bottom panel ) shows the LDOS for interface, which shows large similarities to the
the K/Ge(100) 2×1 interface; here the Fermi level S/Ge(100) case. Without going into many details,
is located at 0.17 eV above the valence band top. we show in Fig. 6 our main results for the LDOS
It is also interesting to compare the different panels of the different cases: S/Si(100), K/S/Si(100) and
in Fig. 5; from this comparison we conclude that K/Si(100). From those results, we deduce that the
the S–K interaction pushes up to higher energies Fermi level for the K/S/Si(100) and the K/Si(100)
the K-induced density of states in the semiconduc- interfaces are located at 1.26 eV and 0.37 eV

respectively above the VBM. It must be noted thattor energy gap and yields a Fermi energy level that
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the Fermi level pinning at a position above the
conduction band minimum (CBM ) is due to the
use of a restricted self-consistency in the semicon-
ductor overlayer. A thicker semiconductor over-
layer will provide an ohmic contact with the Fermi
level pinned right at the semiconductor CBM,
which in our calculation is located at 1.12 eV
above the VBM. Taking this into account, our
calculation shows that the effect of S-passivation
is to modify the Fermi level position by 0.75 eV,
moving it, as in previous cases, in the higher ( lower
binding) energy direction. We should only com-
ment at this point that the LDOS calculated for
the different interfaces shows striking similarities
with the Ge case discussed above. In particular,
we also find for the K/S/Si(100) interface that the
Fermi level shift is basically due to the interaction
between the K-level and the LDOS associated with
the passivating layer. However, in the K/S/Ge
interface the Fermi level is pinned below the CBM,
not forming an ohmic contact as in the K/S/Si case.

3.2. Ionic semiconductors

The following cases have been analysed:
H/GaAs(110), Sb/GaAs(110) and As/GaAs(110).

3.2.1. H/GaAs(110)
This interface has been analysed by different

groups [50,51]. The evidence tends to support the
interpretation that H chemisorbs on both As and

Fig. 7. LDOS for the H/GaAs(110) (top panel ),Ga with similar bond strengths; then we can expect K/H/GaAs(110) (central panel ) and K/GaAs(110) (bottom
the H atoms to be equally deposited on the two panel ) interfaces (details as in Fig. 1).
semiconductor dangling bonds. We have analysed
this interface by assuming the H-monolayer to
saturate both the Ga and As dangling bonds. This geometry we find the LDOS shown in Fig. 7

(central panel ). This figure shows how thesaturated monolayer has a binding energy to the
substrate of 2.4 eV per H-atom [34]. Fig. 7 shows K-monolayer induces a density of states located in

the upper part of the semiconductor energy gap.its LDOS in the H and the GaAs top layer; this
figure shows the good saturation H achieves for Our results yield, however, a Fermi level that is

just above the semiconductor CBM. This indicates,the semiconductor with no density of states in the
GaAs energy gap. as explained above for the S/Si(110) case, that the

H-passivated GaAs surface yields an ohmic contactIn a further step, we have studied the Schottky
barrier formation by considering the to a metal.

For the sake of comparison, we have alsoK/H/GaAs(110) interface. Our calculation yields
that the K-atoms of the first monolayer are located studied the K/GaAs(110) interface [52]. Fig. 7

(bottom panel ) shows our calculated LDOS in Hpreferentially on a threefold symmetry position,
coordinated to three H atoms (see Fig. 8). For this and the Ga and As atoms of the top-most semicon-
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Fig. 9. LDOS for the Sb/GaAs(110) (top panel ) and
K/Sb/GaAs(110) (bottom panel ) interfaces (details as in

Fig. 8. Different adsorption sites ( labelled A–D) for K on the Fig. 1).
H/GaAs(110) passivated interface.

and, in the following calculations, we shall assume
the GaAs surface to be the ideal unrelaxed one.

Fig. 9 shows our calculated LDOS for thisductor layer. The K-atoms of the alkali metal
monolayer are bonded to the Ga-atoms and form Sb/GaAs(110) surface. Our results compare well

with other calculations [55,56 ]. In particular, thean ideal Schottky barrier with the K-induced states
pinning the Fermi level at 0.75 eV above the semi- first peak in the Sb-LDOS below the semiconduc-

tor energy gap is associated with the Sb lone pairsconductor valence band top. The comparison
between the different panels of Fig. 7 shows the formed at the interface after the Sb bonding to

one semiconductor atom (either As or Ga) andeffect of the H intralayer: the interaction between
the H density of states for the saturated interface two other Sb atoms.

The results of Fig. 9 (top panel ) show that thisand K pushes up the K-induced density of states,
shifting the Fermi level from 0.75 eV [K– Sb–GaAs(110) interface is rather well saturated,

although a small density of states (Sb-like surfaceGaAs(110) case] to around 1.45 eV [the K–H–
GaAs(110) case]. bands) appears just above the semiconductor

valence band top.
The metallization of this interface is simulated3.2.2. Sb/GaAs(110)

From different experimental evidence [53,54] by a K-monolayer. Different geometries for an Sb
monolayer have been studied (Fig. 10 shows theand theoretical studies [55], it is well known that

Sb passivates the GaAs(110) surface. The first cases considered in this work). The chemisorption
energy of the most favourable case is only 0.3 eV,layer of Sb is located in the natural continuation

of the ideal GaAs crystal, with the Sb atoms indicating that the growth of K on the Sb/GaAs
interface should be very difficult. However, weforming linear chains along the surface. The Sb

deposition tends to eliminate the GaAs relaxation have analysed theoretically this ideal case since it
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Fig. 11. LDOS for the As/GaAs(110) (top panel ) andFig. 10. Different adsorption sites ( labelled A–D) for K on the
K/As/GaAs(110) (bottom panel ) interfaces (details as inSb/GaAs(110) passivated interface.
Fig. 1).

following theoretical analysis will help us to under-can give valuable information about its Schottky
barrier formation. Fig. 9 (bottom panel ) shows stand the basic mechanism controlling the

Schottky barrier formation. Fig. 11 shows ourour calculated LDOS for the K/Sb/GaAs(110)
most favourable geometry (this is the A position main results for the LDOS associated with the

As/GaAs(110) and K/As/GaAs(110) interfaces.of Fig. 10). In this figure, we find the Fermi level
at 1.50 eV above the valence band top, the metal In general, we can conclude that both interfaces,

the As/GaAs and the Sb/GaAs, show practicallyforming an ohmic contact to the semiconductor.
As in previous cases, this is the result of the the same behaviour, this result being probably due

to having assumed the same geometries for bothinteraction of K with the density of states associ-
ated with Sb. In this particular case, the Sb lone cases.

Let us only mention that the main output ofpairs are the orbitals more strongly interacting
with the K conduction band and shifting the this calculation of the Schottky barrier height,

which for the ideal K/GaAs junction is 0.75 eVK-induced density of states and the Fermi level to
higher energies, as shown in the bottom panel (see bottom panel of Fig. 7), has increased to

around 1.45 eV for this saturated As/GaAsof Fig. 9.
interface.

3.2.3. As/GaAs(110)
We have also studied this interface assuming

the same geometry as the Sb/GaAs(110) case, 4. Discussion and conclusions
although the experimental evidence [57] shows a
disordered surface structure suggesting that As The aim of this paper has been to study theoreti-

cally the effect of different atomic intralayers ondoes not form the ordered structure we have just
analysed for Sb. We believe, however, that the the Schottky barrier height of covalent or ionic
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semiconductors. We have analysed the following electronegativity, because in all the cases analysed
in this paper we have found an ohmic metal–cases: H/Si(111), Sb/Si(111) E3×E3 30°, S/Si
semiconductor contact. These results show, how-(100), S/Ge(100), H/GaAs(110), Sb/GaAs(110)
ever, that the same intralayers introduce largerand As/GaAs(110). Our results for these interfaces
modifications of the Schottky barrier heights forhave shown that their Fermi level associated to a
ionic semiconductors than for covalent crystals.K-monolayer (referred to the semiconductor

On the other hand, our previous discussionvalence band top) has changed significantly from
about the LDOS appearing at different interfacesthe ideal case (without the passivating intralayer)
has shown that the basic mechanism introducingas shown in Table 1.
the barrier height shift is the interaction betweenIn all these cases we observe that the effect of
the adsorbed metal density of states and the newthe passivating intralayer has been to shift the
levels associated with the passivating layer. In allFermi level to higher energies and reducing the
the cases analysed, this interaction moves the metalSchottky barrier height wbn. The results for GaAs
band to higher ( less binding) energies and shiftsare only indicative, because for all the intralayers
the interface Fermi level as discussed above. Thisanalysed the metal–semiconductor contact is
can be described in a different way by stating thatfound to be ohmic, with zero barrier height. The
the CNL of the semiconductor, defining the Fermimain conclusion we can draw from Table 1 is that
level pinning at the interface, is shifted up to higherthe barrier height is reduced by all the intralayers,
energies by the intralayers. This new CNL hasand that this reduction seems to be a function of
been called an extrinsic one, and has been discussedthe intralayer electronegativity. Thus, for Si, an
in detail in Refs. [28,58,59].H-intralayer reduces wbn by 0.26 eV, whereas Sb

Finally, it is worth commenting on the experi-and S introduce shifts of 0.29 eV and 0.75 eV
mental evidence that has been presented by severalrespectively; in this particular case S (the most
groups. Although in some cases, as for Ag onelectronegative atom) introduces the largest modi-
Sb/GaAs(110), it has been proved [30] that thefication of wbn and produces an ohmic contact. It
metal deposition disrupts the passivated surface,is also interesting to realize that, for Ge, the effect
in others, like H/Si(111), it has been found thatof S in wbn is only of 0.49 eV, and a marginally
the passivated surface is very stable upon therectifying contact is formed (the Ge gap is 0.70 eV
deposition of a metal layer. Kampen et al. [32]in our calculation). These differences suggest that
have found that in an H/Si(111) passivated surfacethe same passivating intralayer introduces smaller
the interface Fermi level is shifted by 0.25 eV inchanges in wbn as we move along a column in the
the direction of higher ( lower binding) energies,periodic table.
which is in good agreement with the results pre-For GaAs it is difficult to draw any clear
sented in this paper. Zahn and coworkers [60,61],conclusion from the point of view of the intralayer
as well as Mönch’s group [62], have recently
presented some experimental evidence for

Table 1 GaAs(100) surfaces passivated by either S or Se.
Changes in the Fermi level position (referred to the VBM) due Although these cases are out of the scope of our
to the passivating intralayer for the different interfaces

work, it is worth mentioning that these authors
have also observed for these interfaces a movementdEF (eV )

of the interface Fermi level in the direction of
K/H/Si(111) 0.52�0.78 higher energies by 0.10–0.30 eV, in qualitative
K/Sb/Si(111) 0.52�0.81

agreement with the results presented in this paper.
K/S/Si(100) 0.37�1.12 In conclusion, we have shown theoretically that
K/S/Ge(100) 0.17�0.66

the main effect of a passivating monolayer on the
K/H/GaAs 0.75�1.45 Schottky barrier formation is to reduce its height
K/Sb/GaAs 0.75�1.45 value wbn; this effect seems to depend on the
K/As/GaAs 0.75�1.45

intralayer electronegativity and the semiconductor
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