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Growth of a two-dimensional Er silicide on Si(111)
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Initial stages of ErSi& 7 formation on Si(111) surfaces were investigated by means of low-energy elec-
tron diffraction, angle-resolved ultraviolet photoemission spectroscopy, and x-ray-photoelectron
forward-scattering techniques. Experimental data are presented that demonstrate the formation of a

p (1 X 1) ordered-surface silicide by deposition of one Er monolayer onto Si(111)held at room tempera-
ture and subsequently annealed at 550'C. The structure of this two-dimensional compound appears to
be similar to a single ErSi2 layer (AlB2 structure) with a reconstructed Si top layer.

Rare-earth-metal silicides have attracted wide interest
both for technological and fundamental reasons. Besides
the possibility of epitaxial growth on Si(111) they exhibit
several interesting properties like formation of the lowest
(highest) Schottky-barrier heights on n-type (p-type) Si,
or their unusual magnetic behavior. ' This study deals
with the Er/Si(111) system which is attractive because of
the relatively close match (1.5&o) in surface translation
vectors of ErSii 7(0001) and Si(111). Epitaxial growth of
ErSii 7 on Si(111) is therefore expected and actually ob-
served. The relevant epitaxial relationships are
ErSi, 7(0001)~~Si(111) with ErSi, 7[1010]~~Si[110] and
ErSi, 7[1230]~~Si[112]. In bulk form, it has been estab-
lished by several authors that this phase presents a Si
deficiency of about 15%%uo with respect to the ideal hexago-
nal ErSi2 (A1Bz-type) structure. This results from or-
dered vacancies in the Si sublattice (1.7 stoichiometry in-
stead of 2). These vacancies order in a periodic array,
giving rise to a (v 3X~3)R30' superstructure in the
(0001) plane.

In this paper, we mainly concentrate on the very initial
stage of Er silicide formation in the monolayer (ML)
range. To this end, we have used standard surface-
sensitive techniques such as low-energy electron
diffraction (LEED) and angle-resolved ultraviolet photo-
emission spectroscopy (ARUPS) in conjunction with x-
ray-photoelectron forward scattering (XPFS). This latter
technique is described in detail in Refs. 8 and 9. Photo-
electrons, having kinetic energies of the order of a few
hundred electron volts, emitted by a specific atom, are
scattered by the potential of a surrounding atom. This
results in enhanced intensities in the forward-scattering
(FS) direction, i.e., in the direction connecting the emit-
ting atom to the scatterer. In practice the method gives
straightforward information on bond directions connect-
ing the emitter to its nearest neighbors.

The main result of our measurements is that a surface
silicide phase displaying p(l X 1) two-dimensional (2D)
order can be grown by deposition of one Er ML on
Si(111) held at room temperature (RT) and subsequently
annealed at 550 C. This 2D silicide consists of an or-

dered Er ML, covered with a Si layer. The atomic ar-
rangement in the surface silicide closely resembles a sin-
gle ErSi2 (A1B2-structure) layer but with a reconstructed
Si top layer.

Experiments were performed in an ultrahigh vacuum
system (base pressure below 10 ' Torr) comprising a
growth chamber and an analysis chamber equipped with
facilities for XPS, ARUPS, and LEED techniques. The
photoelectrons were analyzed with a hemispherical
analyzer set at a half-acceptance angle of 1'. For XPFS
studies the Er 4f intensities were collected with Mg Ea
excitation (h v=1253.6 eV) as a function of polar angle 8
(angle defined with respect to the normal to the surface)
in a selected azimuthal plane. The experimental error in
the angular position of the XPFS structures is about +1'.
The UPS studies were carried out with Hen (h v=40.8

eV) radiation to take advantage of the very good energy
resolution ( -0.2 eV) and large photoionization cross sec-
tion of the corelike Er 4f multiplet. All the photoemis-
sion data were taken in a geometry with a fixed angle
(65') between the photon source and the electron
analyzer. The Si(111) sample surface was cleaned by re-
peated cycles of argon-ion bombardment followed by
high-temperature annealing (800'C). Er was evaporated
from a boron-nitride crucible heated by an electron beam.
The Er Aux, monitored with a quartz microbalance, as
well as the relative Er and Si XPS intensities, was adjust-
ed to give a deposition rate of —1 ML/min [one ML cor-
responds to the Si(111) surface atomic density, i.e.,
7.8X10' atoms/cm ]. An extensive source outgassing
allowed us to maintain the residual pressure below
2X 10 ' Torr during evaporation.

Figure 1 shows the valence-band spectra recorded with
He II radiation at normal emission (8=0 ) from different
systems: 1 Er ML deposited on Si(111) (a) before and (b)
after annealing at 550'C; (c) 2 Er ML deposited at RT,
then annealed at 600'C and (d) a 60-A-thick epitaxial
ErSi& 7 layer. The epitaxial ErSi& z film was prepared as
described previously by thermal treatment at 700'C of a
15-ML Er deposit onto clean Si(111). In this way, epitax-
ial film growth is achieved as evidenced by a sharp
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FIG. 1. Normal-emission valence-band spectra taken with
He Ir (h v=40.8 eV) radiation for different systems: (a) 1 Er ML
deposited on Si(111)at RT and followed by annealing at 550'C;
(b) and (c) 2 Er ML deposited on Si(111)at RT and subsequently
annealed at 550'C; (d) 60-A-thick epitaxial ErSi& 7 layer, and (e)
pure Er layer. Also shown as insets are the identification of the
bulk (full-line vertical bars) and surface (dashed-line bars) 4f
multiplet components.

(Q3 XV 3)R 30' LEED pattern and characteristic photo-
emission spectra. Note that the (&3X/3)R 30' LEED
pattern is still observed for coverages as low as 2 Er ML
in the 400-600'C annealing temperature range. Also
shown is (e) the spectrum measured on a pure Er film.

All these valence-band spectra are essentially dominated

by Er 4f multiplet emission in the 4—11 eV binding-

energy (BE) range. For spectra (a), (b), (c), and (d) the
features located at -2—3-eV BE are attributed to bond-
ing states of mixed Si3sp-Er 5d orbitals while the peak
near the Fermi level (-0.4 eV) refiects mainly Er 5d
emission. It was shown in a previous work' that the BE
of the Er 4f levels strongly depends on the local environ-
ment of the Er atoms. The spectrum recorded on pure Er
exhibits both bulk and surface Er 4f emission. " This re-
sults in the presence of an additional multiplet reflecting
emission from surface Er species and shifted by 0.7 eV to-
ward higher BE's. In contrast, we found no evidence for
the presence of surface Er sites on epitaxial crystalline
ErSi& 7 and concluded that ErSi, 7(0001) is terminated at
least by one Si plane. ' The relevant series of 4f multi-
plets in the case of ErSi, 7 silicide as well as pure Er metal
are shown as insets in Fig. 1.

For 1 Er ML deposited on Si(111)at RT, the valence-
band spectrum [Fig. 1(a)] exhibits a fairly broad un-
resolved structure in the 7—11-eV BE window assigned to
the contribution of different Er atomic environments, giv-
ing rise to a distribution of 4f lines with different BE lo-
cations. The LEED observations show that the (7X7}

superstructure is destroyed and only a blurred (1 X 1) dia-
gram persists at this stage, indicating a rather disordered
overlayer. Yet, after annealing at 550 C, the surface
displays a p (1 X 1) LEED pattern with sharp spots and
very low background intensity.

Furthermore, it can be seen in Fig. 1(b) that the 4f
multiplet features become well resolved and shift slightly
towards the Fermi energy. A striking similarity is now
observed between the relevant spectrum and that collect-
ed on bulk ErSi& z as far as the number, the relative inten-
sities, and overall shape of the 4f multiplet components
are concerned. The same statement holds for the mixed
Er5d-Si3s3p valence states in the 0—4-eV BE range.
These observations indicate that a well-defined ordered
silicide is formed where all Er atoms have a single atomic
environment which must be very similar to the atomic ar-
rangement in bulk ErSi& 7. A possible interpretation may
be that, already by 1 ML Er, three-dimensional bulklike
epitaxial ErSi, 7 islands are grown under the present an-
nealing conditions. Yet, as shown below, this is definitely
not the case and a 2D silicide, resembling a flat single
ErSi2 layer, is formed instead. First, if bulklike ErSi& 7

were formed one should observe a (~3X &3)R30' LEED
diagram as opposed to the sharp p (1 X 1) pattern actually
observed. The latter also suggests that no bare
Si(111}(7X 7) surface is left at this stage and the whole
surface is coated with silicide. Second, the Er 4f BE in
bulk ErSi& 7 is about 0.4 eV higher than observed in the
structure obtained by annealing 1 ML Er. In fact, it is
apparent in Fig. 1 that the Er 4f levels shift progressively
toward lower BE's with increasing silicide thickness or
Er coverage. The limiting bulk value is practically ob-
served for Er coverages above 5 ML (i.e., a 20-A ErSi, 7

silicide layer). This behavior indicates that the BE
change is related to thin-film effects such as reduced
final-state screening, increased Fermi energy due to
quantization along the surface normal in ultrathin
films, ' or structural changes in the very early stages of
silicide growth. Apparently, the silicide grows in a
layer-by-layer mode and, in particular, 1 ML Er annealed
at 550'C lies flat on the substrate in the form of a 2D sili-
cide.

Actually, strong support for this mode of growth
comes from XPFS measurements. Figures 2(a) and 2(b)
illustrate the Er 4f photoemission intensity polar angle
distribution for various systems along the two symmetry
directions ([112]and [110])of the Si(111) surface. Fig-
ure 2(a), curve (a) and 2(b), curve (a) display the XPFS
patterns recorded for 1 Er ML deposited on Si(111) at
RT. They are essentially featureless and identical to the
instrumental response function, indicating an isotropic
distribution of the Er 4f photoelectron intensity. Conse-
quently, there are apparently no overlying Er or Si atoms
scattering the photoelectrons from Er emitters. This in-
dicates the presence of an essentially flat Er layer on top
of the Si(111) surface. Alternatively, a completely disor-
dered overlayer would also be compatible with the ab-
sence of FS features. Most remarkable, upon annealing
at 550 C the only change observed in the XPFS data
occurs along a specific azimuthal orientation. Indeed,
strongly enhanced emission appears at 6=40 along the
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FIG. 2. Er 4f photoemission intensity vs polar angle along
(a} the [1230]ErSi& 7 {or [112]Si), (b) the [1010]ErSi& 7 (or [110]
Si) azimuth from 1 Er ML deposited on Si(111) before RT
[curve {a)]and after annealing at 550'C [curve {b)];2 Er ML
deposited on Si(111)at RT and subsequently annealed at 550'C
[curve {c)]; 60-A-thick epitaxial ErSi, 7 layer [curve (d) ].

[112] azimuth, while the 4f photoemission intensity
remains quite isotropic along the [110] azimuth. Note
that the presence of a strong peak near 70' is mainly a
feature of the instrumental response function, charac-
teristic of a flat overlayer with a thickness in the ML
range. Actually, the lack of any FS peak along the [110]
azimuth indicates the absence of scatterers above the Er
emitters along this azimuth. Hence, after annealing all
the Er must still be close to the surface, probably below
one (or possibly two) Si planes. Note, in particular, the
absence of FS at normal emission, i.e., the absence of any
scatterer just above the Er atoms. Again, this rules out
the formation of three-dimensional silicide islands at this
stage. Thus, the XPFS data confirm that upon annealing
a specific structural change takes place where the Er are
incorporated in an ordered surface compound. In order
to gain more insight into the p (1 X 1) surface silicide
structure we have carried out XPFS measurements on
bulklike ErSi, 7. The relevant XPFS patterns [Figs. 2(a),
curve (d) and 2(b), curve (d)] are clearly dominated by
FS features at 0=0', 21.4', 38.5', and 47' along the [1230]
azimuth and 8=0', 24.8' and 42.8' along the [1010] az-
imuth. To determine their origin, we now consider the
A1B2 structure and identify a set of low-index directions,
which can contribute to the FS intensity maxima. The
bulk ErSi2 crystallographic A1B2 structure consists of two
kinds of basal planes, which are Si or Er, respectively,
piled up alternatively parallel to the Si(111) substrate
planes. The geometry of the ErSi2 structure in the two
high-symmetry (1230) and (1010) planes probed in our
experiments along the [1010] and [1230] azimuths, re-
spectively, is depicted in Fig. 3. It is apparent that for Er
core levels, FS should occur at normal emission (0=0')
and 8=47' along the [1230]azimuth, and at 8=43' along
the [1010] azimuth. Clearly the experiments show all
these peaks which correspond to scattering from nearest
Er (Si) neighbors along [1010] ([1230]). The features
shown at 21.4' along the [1230] azimuth and 10'—30'
along the [1010]azimuth are associated with next-nearest
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FIG. 3. Side views of the ideal ErSi2 (AlB2) structure corre-
sponding to (a) the [1230], (b) the [1010]azimuths. The arrows
indicate the expected FS directions. (c) Top view of the ErSi2
structure in the [0001] direction. The ErSi, , bulk structure is
the same except for the presence of ordered vacancies in the Si
planes.

neighbors or more complex diffraction features. Howev-
er, it turns out that the peak located at 38.5' along the
[1230] azimuth is not consistent with the simple A1B2
structure. In this respect, our XPFS results can be
directly compared to a study of thick YSi17 films on
Si(111)carried out by Baptist et al. ' YSi& 7 also crystal-
lizes in the A1B2 structure and grows epitaxially on
Si(111). From their detailed analysis based on scattering
calculations they conclude that the data are consistent
with the A1B2 structure of bulk YSi, ~ but the (0001) sur-
face exhibits a buckled Si top layer characterized by the
presence of an additional FS peak at 8=39' in the Y 3d
intensity versus polar angle curve along the [1230] az-
imuth. This surface geometry, similar to the double layer
on the ideal Si(111) (1 X 1) surface, is obtained by a dis-
placement upward (0.7 A} of one out of two Si atoms
within the top (0001} Si termination of bulk YSiz [Fig.
3(c)]. Since our XPFS curves for ErSi& z are quite identi-
cal to those for YSi, 7 we conclude that bulk ErSi, 7 sili-
cide with A1B2 structure is indeed formed in our experi-
ment but with a top layer that is reconstructed with
respect to the ideal A1B2 structure according to the rnod-
el proposed in Ref. 13.

Now, coming back to the structure of the surface sili-
cide formed at 1 ML Er coverage, we show that a model
made of a single ErSiz layer [Fig. 3(c)] similar to the
reconstructed top layer on bulk ErSi& 7(0001) explains our
XPFS data. Obviously, such a model readily accounts
for the absence of any FS features along [110]since there
is no scatterer above the Er in the relevant plane. On the
other hand, the characteristic feature observed at 40
along [112]is attributed to scattering by Si in the top lay-
er. This layer must be reconstructed since the FS peak is
located at 40' rather than 47' in the ideal A1B2 structure.
Apparently this reconstruction is very similar to that ob-
served on bulk ErSi, 7 since for the latter the FS feature
associated with the reconstructed Si top layer is located
at 0=39 . This peak reflects scattering from Si atoms
displaced upwards with respect to their bulk position. In
principle the surface Si atoms remaining in their bulk po-
sition also induce a specific FS feature at 0=47 along the
opposite [112]azimuth. On bulk ErSi& 7 this feature can-
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not be distinguished from the relevant peak due to emis-
sion from Er located in deeper layers with a bulklike Si
environment. The absence of this peak in XPFS curves
of the surface silicide indicates that either the two
features associated with the two types of Si atoms are
note-resolved in our data (note that the angular width of
the 40' peak is about 14, as opposed to —10 for a typical
FS feature on bulk ErSi, 7) or that only one domain out
of the two possible orientations of the surface silicide is
actually formed. The p(1X1) LEED pattern indicates
that the reconstructed surface Si(0001) plane does not in-

volve Si vacancies. This is not surprising since the
compression of the Si atoms in the bulk ErSi& 7(0001)
plane (Si-Si distance of 2.2 A) favoring the formation of
vacancies is removed in a buckled Si double layer similar
to bulk Si (Si-Si distance of 2.35 A).

Strong support for this interpretation of the XPFS
curves for the surface silicide comes from the relevant
data measured for 2 ML of Er annealed at 550'C. More-
over, in the monolayer range the data nicely demonstrate
the layer-by-layer growth mode of ErSi& 7 on Si(111).
Indeed, Fig. 2 shows a sharp transition between the
XPFS curves for 1 and 2 ML of Er annealed at 550'C.
For 2 ML, prominent features at 8=0' and 45.7' along
[1010]are now visible, clearly indicating the formation of
a second ErSi2 layer. At this stage the XPFS curve al-

ready closely resembles those measured on a bulklike
ErSi& 7-thick film. Moreover LEED now shows a definite
(&3X~3)R30' pattern characteristic of the ordered Si
vacancies in bulk ErSi, 7 ~ This suggests that a bulklike

(0001}Si plane sandwiched between the two Er planes is
actually formed at this stage. A major point here is that
this 2-ML film also exhibits the characteristic feature at
40' along [1230]. This is just the expected behavior if this
peak indeed reflects the reconstructed Si top layer, as in-
ferred from the discussion of the surface silicide data. Fi-
nally, a systematic shift of the FS features from their po-
sitions on thick films is observed. For instance, at 2 ML
the Er-Er FS peak occurs at 45.7', as opposed to 43 ob-
served on thick layers. This suggests a contraction of the
interlayer spacing in ultrathin films, possibly related to
the expansion of pseudomorphic ErSi, 7 in the (0001)
plane because of the 1.5% lattice mismatch with Si(111).

In summary, we have investigated the initial stages of
Er silicide formation on Si(111) by LEED, ARUPS, and
XPFS techniques. Our data clearly establish that deposi-
tion of one Er ML on Si(111)at RT, followed by anneal-
ing at 550'C, leads to the formation of a p (1 X 1}2D sili-
cide. This silicide adopts a structure resembling a single
ErSi2 layer (A1Bz structure) with a reconstructed Si top
layer. The reconstruction is very similar to the one pro-
posed on the YSi, 7(0001) surface, i.e., a buckled Si dou-
ble layer as in bulk Si. Finally we find that bulk
ErSi& 7(0001) is terminated in the same way as bulk
YSi& 7(0001), as one might expect from their similar elec-
tronic and crystallographic structures.
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