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Flatband Conditions Observed for Lanthanide-Silicide Monolayers onn-Type Si(111)

S. Vandré, T. Kalka, C. Preinesberger, and M. Dähne-Prietsch
Institut für Festkörperphysik, Technische Universität Berlin, Hardenbergstrasse 36, D-10623 Berlin, German

(Received 11 November 1998)

We report on a core-level photoemission study of lanthanide silicides epitaxially grown onn-type
Si(111). In the monolayer regime, an extremely low band bending is observed for the first time,
with a Fermi-level position only0.08 6 0.05 eV below the conduction-band minimum of silicon.
With increasing coverage, the Fermi-level position moves towards a final Schottky-barrier height of
0.32 6 0.05 eV. This behavior is assigned to the developing metallicity of the silicide overlayer.
[S0031-9007(99)08594-4]

PACS numbers: 73.30.+y, 68.55.–a, 71.20.Eh, 79.60.Jv
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The interaction of metal overlayers with semiconducto
surfaces is a matter of broad interest because of its i
portance for contacts in large-scale integration. From t
technological point of view, a main goal is to find material
yielding a low Schottky-barrier height as well as forming
a stable interface with low lattice mismatch. Until now
only a few Schottky contacts ton-type Si are known with
a barrier height below one half of the Si band gap [1,2
Silicides of the heavy trivalent lanthanides (Ln) on Si(111
show barrier heights of only 0.3–0.4 eV, currently repre
senting the lowest known values for metalyn-Si contacts
[3]. Moreover, their small lattice mismatch to the Si(111
substrate leads to epitaxial growth with a high degree
structural perfection [3–6]. These interfaces are thus
ideal system both for a microscopic understanding of th
mechanisms of Schottky-barrier formation and for applic
tions as Ohmic contacts. Furthermore, their correspon
ingly large barrier height onp-type Si [7] is an interesting
property for infrared detectors or photovoltaic application

In this Letter, we report on a detailed study of th
Schottky-barrier formation and the chemical compos
tion of different epitaxially grown Ln silicides onn-type
Si(111) by means of high-resolution core-level photoemi
sion spectroscopy. In the monolayer regime, we found t
lowest barrier heights ever observed for metalyn-Si inter-
faces, increasing towards higher values with growing fil
thickness. This behavior will be discussed in the fram
work of theoretical models for Schottky-barrier formation

The photoemission experiments were performed at t
PM-2 and PM-5 beam lines of the Berlin storage rin
BESSY I, using a hemispherical Leybold EA-11 electron
energy analyzer in normal-emission geometry. Th
total-system resolution varied between 200 and 300 me
(FWHM), depending on the photon energy. In addition
scanning tunneling microscopy (STM) and low-energ
electron diffraction (LEED) were used for structura
analysis. Clean, well-ordered substrate surfaces were p
pared by annealingn-type Si(111) wafers (10 20 V cm)
at 1100±C and subsequent slow cooling down [8]. Th
silicide films were grown by vapor-phase deposition o
different high-purity Ln metals (Gd, Dy, Er, and Lu) out o
0031-9007y99y82(9)y1927(4)$15.00
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W crucibles heated by electron bombardment. The eva
ration rates of typically1 Åymin were controlled using a
quartz-crystal thickness monitor. Subsequent anneal
at 500–600±C yields epitaxially ordered silicide films.

A variety of techniques has been used to determi
the atomic structure of epitaxial Ln silicides on Si(111
with the main emphasis on Dy and Er silicides [9–12
which behave in a similar way. It can be assumed th
these findings are representative for all members of t
chemically similar heavy trivalent Ln. For silicide cov
erages of one monolayer, prepared from about 2.6 Å L
a ps1 3 1d structure is formed, consisting of an ordere
hexagonal monolayer of Ln atoms accommodated und
neath a buckled Si surface layer, as shown in Fig. 1a. T
structure can be considered a single LnSi2 layer [9]. With
increasing coverage, the growth of epitaxially ordere
Ln3Si5 layers is observed, as depicted in Fig. 1b. The
bulklike silicides form a defected AlB2-type structure,
consisting of stacked hexagonal Ln planes and graphitel
Si planes with an ordered arrangement of Si vacancies.
surface is again formed by a buckled Si layer without v
cancies and was shown to be essentially identical to t
of the monolayer silicide [10,11]. In LEED experiments
the characteristic

p
3 3

p
3 R30± pattern is observed,

which is assigned to an ordered superlattice of Si vaca
cies. It should be mentioned that the growth of thick la
ers is accompanied by pinholes, stacking faults, and scr
dislocations, as demonstrated in STM images like the o
in Fig. 1c.

In Fig. 2, a representative set of Si-2p spectra as a
function of Er exposure is shown, together with the com
ponents of a least-squares fit analysis. Very similar sp
tra were observed for the other Ln silicides investigate
in this study. The data are taken at different photon en
gies in order to tune the surface sensitivity. The spec
are well described by a superposition of Lorentzian pea
(FWHM ­ 0.08 6 0.02 eV) convoluted by a Gaussian
for describing both experimental resolution and crystallin
order. An exponential background was used to simula
the secondary-electron contribution athn ­ 110 eV, and
an integral background was taken athn ­ 130 eV.
© 1999 The American Physical Society 1927
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FIG. 1. Atomic structure of (a) 1 monolayer LnSi2 and
(b) 3 monolayers Ln3Si5 on Si(111). (c) STM image of 20 Å
Dy deposited on Si(111) and annealed subsequently at 600±C.
Some screw dislocations are indicated by arrows.

The spectra of the bare Si(111)-s7 3 7d surface consist
of five identically spin-orbit split doublets, which originate
from the substrate bulk (thick subspectrumB) and different
surface sites (thin subspectraS) [13]. At Er coverages
of 2 Å, the substrate-bulk signal shifts to lower kineti
energies. This observation is caused by band bending
will be discussed in detail further below. In addition, th
Si-2p substrate emission is now superposed by one dou
from the ErSi2 silicide monolayer (thin subspectrumR),
shifted by0.54 6 0.03 eV to higher kinetic energies with
respect to the bulk-substrate component. This chemi
shift is assigned to a charge transfer from Er to Si, t
latter one being the element with higher electronegativi
1928
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FIG. 2. Photoemission spectra of the Si-2p core level taken
at hn ­ 110 and 130 eV as a function of Er coverage. Th
spectra (solid dots), normalized to equal heights, are sho
together with the corresponding line-shape analysis, consist
of substrate bulk (B, thick lines), substrate surface (S, thin
lines), reacted silicides (R, R1, R2: thin lines) and minor
components related to edges, pinholes, and screw dislocat
(dotted lines). The band-bending behavior is indicated by t
thick vertical lines.

Furthermore, there is still a weak unshifted spectral cont
bution (Bp) from the initial bare Si(111)-s7 3 7d surface,
demonstrating that the surface is not completely cover
by the silicide monolayer. This behavior is also support
by STM images (not shown here).

Upon growth of 5 Å Er and more, i.e., for severa
monolayer thick films, the substrate component shifts ba
to higher kinetic energies. The emission from the Er3Si5
overlayer is now characterized by two silicide double
(thin subspectraR1 and R2) shifted by 0.36 6 0.04 eV
and0.65 6 0.04 eV to higher kinetic energies with respec
to the bulk-substrate component.
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With increasing coverage, the substrate component
creases in relative intensity, while the silicide emission b
comes dominant. Therefore bulk sensitive measureme
at hn ­ 110 eV and hn ­ 250 eV were performed for
monitoring the development of band bending with silicid
thickness. Nevertheless, the Si-2p spectra at 10 and 20 Å
Er are very similar, as observed in Fig. 2. The most stri
ing difference is the decreasing shoulder at kinetic en
gies around 9.8 eV for the spectra taken athn ­ 110 eV.
This difference is considered a fingerprint of the substra
emission, which is expected to contribute more to the sp
trum at 10 Å. In this way, the substrate core level is foun
to shift back to higher kinetic energies with increasin
coverage.

In general, the Ln-silicide components are characteriz
by very sharp core-level features, indicating a high cry
tallinity. Furthermore, there are weak spectral contrib
tions (dotted subspectra) at the low- and high-energy sid
of the Si-2p emission, which regularly amount to less tha
5% of the total spectral intensity. These subspectra
attributed to particular atomic sites at terrace edges, p
holes, or screw dislocations, as observed in Fig. 1c.

The two different spectral componentsR1 and R2,
which were observed for thick Ln3Si5 films, but not in
case of the LnSi2 monolayers, can be assigned to lattic
sites within a simple model. The layered crystallograph
structure of the epitaxial Ln silicide evokes a stron
bonding anisotropy, resulting in the formation of Sisp2

hybrids. This in-plane bonding is assumed to play th
major role for the Si-2p core-level shifts, while surface
effects are less important. As shown in Fig. 1b, there a
two inequivalent sites of silicon atoms in the hexagon
planes of Ln3Si5: those bound to three next silicon atom
and those located next to a silicon vacancy, bound on
to two silicon atoms. Hence two spectral componentsR1
andR2 are expected. This view is in good agreement wi
the observation of only one silicide componentR in the
monolayer regime, where one single bonding configurati
exists for the Si atoms in the silicide, as shown in Fig. 1

Via the relative photoemission intensities of the spectr
componentsR1 and R2 at different photon energies and
coverages, componentR1 can be related to silicon atoms
bound to three silicon atoms andR2 to silicon atoms
with neighboring vacancies, the latter contributing mo
at higher bulk sensitivity. This assignment is further su
ported by the observed magnitude of the chemical shifts
R1 andR2, which reflect theoretical predictions of a large
charge transfer from Ln atoms to the silicon atoms label
R2 than to those labeledR1 [14].

The variations of the Schottky-barrier height with film
thickness of the four different Ln silicides investigate
in this study are presented in Fig. 3. All four system
show barrier-height variations quite close to each oth
reflecting the remarkable similarity of the heavy trivalen
Ln metals.

The main issue of this Letter concerns the initial ban
bending induced shifts of the core-level line from the su
de-
e-
nts

e

k-
er-

te
ec-
d
g

ed
s-
u-
es
n
are
in-

e
ic
g

e

re
al
s
ly

th

on
a.
al

re
p-
of
r
ed

d
s

er,
t

d-
b-

0.6

0.8

1.0

CBM

(b) Dy1-xSix/Si(111)

0.6

0.8

1.0

CBM

(c) Er1-xSix/Si(111)

 Tu et al. (1981)

F
er

m
i E

ne
rg

y 
R

el
at

iv
e 

to
 V

al
en

ce
 B

an
d 

M
ax

im
um

 (e
V

)

0.6

0.8

1.0

CBM

(a) Gd1-xSix/Si(111)

0 5 10 15 20 thick

0.6

0.8

1.0

 hν = 110 eV  hν = 250 eV

 hν = 130 eV

 hν = 160 eV

CBM

(d) Lu1-xSix/Si(111)

Lanthanide Coverage (Å
)

FIG. 3. Development of the Fermi-level position in the ban
gap of silicon for silicides of Gd, Dy, Er, and Lu as a functio
of Ln coverage.

strate bulk. Whereas only minute variations are observ
in the submonolayer range, the substrate component s
by about0.32 6 0.04 eV to lower kinetic energies at 2 Å
coverage, as compared with Si(111)-s7 3 7d. With the
initial Fermi-level position of pristine Si(111)-s7 3 7d lo-
cated at0.72 6 0.03 eV above the valence-band max
mum (VBM) [15], the resulting position of the Fermi leve
for one monolayer amounts to only0.08 6 0.05 eV be-
low the conduction-band minimum (CBM), representin
flatband conditions and therewith the lowest band bend
ever observed for metalyn-Si interfaces. At higher cover-
ages, the Schottky-barrier height increases towards a v
1929
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of 0.32 6 0.05 eV, which is in nice agreement with litera
ture data from current-voltage measurements amountin
0.37 6 0.03 eV [3].

At present, only a first attempt can be made to und
stand the observed band-bending behavior and espec
the remarkable overshoot in the monolayer range. Sim
overshoots have been observed frequently for metal o
layers on semiconductor substrates in the low-cover
regime [16]. It is widely accepted that the Schottky-barr
formation is mainly determined by the properties of met
induced gap states (MIGS), being electronic states fr
the metal coupling to semiconductor states with comp
wave vector energetically located in the band gap [1
19]. The charge transfer mediated by the MIGS resu
in an interface dipole and therewith in a discontinuity
the vacuum energy at the interface. The MIGS lead
a Fermi-level position close to its charge-neutrality lev
which is usually located in the midgap region [1,17,18
The specific interface structure was found, however,
play an additional role because of its strong influence
the charge-neutrality level of the MIGS and therewith
the interface dipole [2,20,21]. In principle, the coverag
dependent structure of the silicide layer may lead to
observed overshoot. On the other hand, flatband co
tions have not been observed for any metal-silicon int
face up to now, so that a further mechanism is expecte
contribute.

In the present case, the final Fermi-level position can
explained by the MIGS model. It is obtained for coverag
above 3 monolayers of Ln3Si5, where the overlayer has as
sumed the full metallic character of the bulk silicide with
low resistivity [22] and a high density of states around t
Fermi level [23–25]. For the ErSi2 monolayer, in contrast,
a rather low density of states is observed at the Fermi le
[25]. Its electronic structure is characterized by a Fer
surface consisting of small electron and hole pockets ty
cal for a semimetal [26]. Thus it can be assumed that th
is a too low density of overlayer states and therewith
MIGS for providing a sufficient charge transfer, resultin
in a negligible interface dipole. In this case, band bend
is rather determined by the classical work-function mod
characterized by a continuous vacuum level [27]. With t
work function of the silicide being below that of silicon,
Fermi-level position close to the CBM is reasonable.

It should be noted that this preliminary discussion
mainly intended to stimulate progress in this rather co
plex topic. For a better understanding of the oversh
behavior, detailed theoretical studies of this system
necessary.

In summary, the Schottky-barrier formation and t
chemical composition of various epitaxially grown L
silicides onn-type Si(111) were investigated by means
high-resolution core-level photoemission. The Schottk
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barrier height was found to vary strongly with the film
thickness of the silicide, showing flatband conditions
the monolayer regime. This observation was assigned
the reduced metallicity of the silicide monolayer.

In order to exploit our results for device application
a method has to be developed to conserve the extre
electronic properties of the silicide monolayer. The ove
growth, e.g., by epitaxial silicon layers, which can even
extended to multilayer formation, will be a challenging re
search field in the future.
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