RAPID COMMUNICATIONS

PHYSICAL REVIEW B 74, 121404(R) (2006)

Subsurface structure of epitaxial rare-earth silicides imaged by STM
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We combine scanning tunneling microscopy (STM) images, density functional theory total energy calcula-
tions, and STM simulations to conclusively determine the surface structure of the Y3Si5(0001) silicide epi-
taxially grown on Si(111). We observe, for the same sample, two different types of atomic resolution images
exhibiting either p3m or p6 symmetry, in analogy with previous works on similar rare-earth silicide surfaces.
We elucidate the long-standing controversy regarding the interpretation of these images by showing that they
are mainly related to the registry of the surfacemost Si bilayer with respect to the Si vacancy network located
two layers below the surface and, therefore, to the existence of two different buried structural domains. Our
results demonstrate an unsual STM depth sensitivity—up to 5 A—for metallic systems.
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The scanning tunneling microscope (STM) depth
sensitivity—i.e., its ability to image buried defects—strongly
depends on the system under study. For semiconductor sur-
faces, and due to the weak screening, impurities located even
down to the third layer are well resolved in the images.' In
the case of metallic surfaces, where the screening is more
efficient, one would expect a strong decay of the defect sig-
nal with its normal distance to the surface. Nonetheless, there
exist several works reporting STM images where defects
buried under a metallic surface could be imaged, such as
interstitial impurity light atoms at the Pd(111) surface? or
transition metal atoms buried under noble metal surfaces.’ A
deeply buried two-dimensional (2D) ordered material may
also be imaged via the development of stationary waves be-
tween the surface and the material.>* Furthermore, the as-
cription of a specific feature in the STM image to a buried
defect is not generally a trivial task and has led to many
controversies when trying to determine structural models.> In
this paper we apply the combination of experimental with
simulated atomic resolution STM images for solving a struc-
tural problem open in the last decade and not addressable by
other techniques: understanding the atomic termination of
rare-earth silicides epitaxially grown on Si(111). We will
take advantage of the depth sensitivity of a STM image to
detect buried vacancies below the third layer and show how
they determine the final aspect of the STM images.

The family of metallic thin films of heavy rare-earth (RE)
silicides (R=Er,Gd,Dy,Y,etc.) epitaxially grown on
Si(111) substrates present very similar atomic and electronic
structures.®’ They have been broadly studied in recent years
because of their appealing properties: unusually low values
of the Schottky barrier height [0.3 eV for n-type Si (Ref. 8)],
a small lattice mismatch (e.g., 0.0% for Y, —1.2% for Er, and
0.83% for Gd silicides),® and an abrupt interface. The bulk
structure of the RE silicides has been well described from the
beginning of the 1990s;’ they exhibit an AlB,-type atomic
structure, consisting of a hexagonal layered arrangement in
which Si and RE planes alternate with each other. In this
configuration the Si-Si nearest-neighbor distance is smaller
than in the diamond bulk structure (2.2 and 2.35 A, respec-
tively), leading to a compressive strain. To release the strain,
an ordered network of Si vacancies is formed in the Si
planes. These Si vacancies induce a relaxation of the sur-
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rounding atoms, leading to a ThsPds structure and to a RSi, ;
stoichiometry.'®'! As a result of the periodic arrangement of
the vacancies, a (v3 X \3)R30" pattern appears in low- and
high-energy electron diffraction (LEED and HEED).”-1%13

However, and in spite of their technological relevance, the
surface structure of the RE silicides is still an open issue.
Although it is well accepted that these surfaces are termi-
nated in a bulklike Si bilayer without vacancies,'* two dif-
ferent structural models have been proposed based on two
independent STM studies on the ErSi,; surface epitaxially
grown on Si(111). Roge ef al. found a hexagonal arrange-
ment of protrusions (p6 symmetry) in their STM images,”
whereas Martin-Gago et al. observed a triangular grouping
of the protrusions with a p3m symmetry.!® Both groups in-
terpreted the protrusions in their images as arising from the
upper Si atoms (Si,,) in the bilayer but, in order to explain
the observed symmetries, they arrived at different registries
for the bilayer with respect to the Si vacancies at the third
layer. Boge_et al. concluded that one of the three Si,, within
the (V3 X V3)R30° cell was located on top of a vacancy (Siflp)
with an outward relaxation rendering this atom brighter than
the other two Si,, (p6 model in Fig. 1)."> On the other hand,
Martin-Gago et al. assumed it was a lower Si atom in the
bilayer, (Si9,,,,). the one in registry with the vacancies, and
invoked lateral relaxations of the three Si,, atoms toward the
SiY,,,, in order to account for the threefold symmetry'® (p3m
model in Fig. 1).

Subsequent work on these surfaces pointed toward the
p3m model. The ab initio calculations of Magaud et al.
found it more stable than the p6 model although the total
energies for both were very similar.!! In a LEED study Rog-
ero et al. attained a good agreement with experiment for the
p3m case.'? On the other hand, Duverger et al.'” were able to
reproduce theoretically the p6-type images, although hardly
any reference was made to the p3m phase.

In this Rapid Communication we reconcile the two mod-
els by presenting STM images where both the p3m and p6
phases coexist. We have additionally performed ab initio
density functional theory (DFT) calculations and STM simu-
lations in order to confirm the correspondence between the
experimental images and the two structural phases. It turns
out that the symmetry apparent in the images is solely deter-
mined by the relative registry of the Si,, atoms with respect
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FIG. 1. Left: Top view for the p6 and p3m models. Large open
white circles correspond to the top Si bilayer. Atoms corresponding
to the Y;3Sis layers are indicated by small symbols following the
legend at the bottom of the figure. Thick solid line, the (\3
XQS)RSO" cell; thin dotted lines, the buried Si network; thick
dashed lines, the observed symmetries in the STM images, hexa-
gons (triangles) for the p6 (p3m) model. The displacement of the
buried Si atoms toward the vacancy is not drawn to scale. Right:
side view of the slabs used for the DFT calculations of the (V3
X 3)R30° yttrium silicide epitaxially grown on Si(111).

to the buried Si vacancy network located two layers below.
Surprisingly, we find that atomic relaxations hardly have any
impact on the final aspect of the images. Instead, the two
symmetries arise from the propagation of the electronic
structure at the third (vacancy) layer toward the surfacemost
Si bilayer.

Growth and characterization experiments were carried out
in situ, in an ultrahigh-vacuum system at room temperature.
Our experimental chamber is equipped with a LEED optics,
a cylindrical mirror analyzer for Auger electron spectros-
copy, and a room-temperature STM. The base pressure was
in the low 1079 mbar range, rising to 2 X 10~ mbar during
the evaporation. Y silicides were grown on n-type Si(111)
wafers. Their preparation procedure is explained
elsewhere.!® Basically, Y films deposited on Si(111) were
annealed at 420 °C for 5 min, resulting in an epitaxially
grown silicide, characterized by a sharp (\s“EX \"§)R30°
LEED pattern. The film thickness ranged from 5 to 10 mono-
layers, thus ensuring bulklike behavior for the silicide film."?

Figures 2(a) and 2(b) show two types of experimental
atomic resolution STM images acquired for the yttrium sili-
cide surface. Figure 2(a) shows a slightly less bright spot
surrounded by six brighter features in a hexagonal arrange-
ment with an overall p6 symmetry, while Fig. 2(b) exhibits a
p3m symmetry due to the triangular grouping of the bright
features. These images are in close correspondence with the
results that Martin-Gago et al. and Roge et al. observed,
independently, for erbium silicide. The striking point is that
both images were acquired on the same sample, in contrast
with the aforementioned works, where only one type of im-
age was observed for a given sample. After a detailed analy-
sis of the STM data we have been even able to find areas
where both symmetries are simultaneously imaged, as shown
in Figs. 4(a) and 4(b) below. Stripes exhibiting p3m or p6
patterns can be clearly seen in the image, with boundaries

running along the [121] direction. A topographic line scan
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FIG. 2. 2X2 nm?> STM images for the surface of the yttrium
silicide. (a), (b) Experimental topographic images exhibiting p6 and
p3m symmetries, respectively. Tunneling conditions: /=1 nA, V=
—-50 mV. (c), (d) Tersoff-Hamann images evaluated 3 A above the
surface for the p6 and p3m models, respectively. (e), (f) theoretical
topographic images (/=1 nA) calculated with a tip (GREEN calcula-
tion). All theoretical images (c)—(f) are calculated for a bias V=
—200 mV (occupied states).

(not shown) reveals that the surface presents an atomically
flat Si bilayer termination even across the domain bound-
aries, so that there is no step edge separating each domain.
This image readily excludes any tip changes as the reason for
the existence of the two symmetries but, rather, it is a clear
indication that each type of symmetry can be ascribed to a
different structural phase.

In order to confirm this picture, we have carried out total
energy DFT calculations to deduce the atomic arrangement
of both proposed models and compare their energetics. The
calculations where performed with the SIESTA code?” within
the local density approximation.?' The pseudopotentials and
the SIESTA specific parameters were tested for several bulk
phases: Si diamond, YSi, (AIB, phase),?? and YSis (Th;Pds
phase), obtaining in all cases good agreement with previous
theoretical work.!!

To simulate the silicide thin film grown on a Si(111) sur-
face we considered the (\3 X 3)R30° 2D slab depicted in
Fig. 1. All Si vacancies in the Y;Sis film are assumed to be
in registry whereas, following all previous works, the top-
most Si bilayer is rotated 180° about the normal with respect
to the bulk Si(111). The two possible registries for this bi-
layer are Si,, on top of the vacancy (or p6 model) and Si,,,,
on top of the vacancy (or p3 model). Recall, however, that
the overall symmetry for both cases is p3m.

Our total energy calculations are basically coincident with
the results of Magaud.!! The p3m model turns out to be
marginally more stable than the p6 model by just 37 meV.
The optimized geometry for the former model shows close
agreement with that deduced from a recent LEED analysis.'?
Basically, the Sij,,, atom presents a vertical relaxation
(=0.15 A), while no lateral relaxations were found for any
of the surface Si atoms; all of them occupy the ideal hexago-
nal positions forming, in a top view, a nondistorted hexagon.
For the p6 model we also found no substantial lateral or
vertical relaxations of the Si atoms at the surface bilayer.
Therefore, neither the small vertical relaxation in the p6
model nor the lateral relaxation in the p3m phase previously
proposed from the STM images can be identified in the op-
timized structures.!>:10
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The fact that the two models essentially share the same
unrelaxed structure for the top Si bilayer and the next Y
plane is striking. It discards any topographic effects as the
source of the observed patterns but, instead, it is a clear
indication that the registry of the vacancy network with re-
spect to the top bilayer must play a crucial role. However,
how can the STM detect such deep vacancies, given the me-
tallicity of the film?

STM images simulated under the Tersoff-Haman?® (TH)
approximation are displayed in Figs. 2(c) and 2(d) for the p6
and p3m models, respectively. Both images exhibit a sixfold
symmetry, with protrusions centered on top of the Si,, at-
oms. Figure 2(c) shows close resemblance with the experi-
mental p6 image [Fig. 2(a)] with the Sij , appearing dimmer
than the surrounding Si,, atoms. In accordance with the ex-
periment and previous theoretical calculations for Er;Sis,!”
the contrast at the Si,, site was found to vary with the energy
window (bias), appearing either brighter or dimmer than at
the rest of Si,, sites. In the image for the p3m model [Fig.
2(d)] all Si,, sites are equally bright, but no triangular group-
ing among them is visible. These results demonstrate that the
symmetry of the electronic structure at the Si,, atoms is dic-
tated by their relative registry with respect to the vacancy
array at the third layer or, in other words, the vacancy is not
fully screened. However, the failure in reproducing the p3m
images points out the need to include tip effects in the simu-
lations in order to ensure a correct understanding of the ex-
periments.

To address this issue we have performed more elaborate
STM image simulations beyond the TH approach employing
the GREEN code.”*?* The sample is modeled as a semi-
infinite stack of 2D layers after replacing the hydrogenated
Si bilayer at the bottom of Fig. 1 by bulk Si(111). The tip is
also described as a semi-infinite W block [111] oriented, with
an isolated—nonperiodic—four-atom tetrahedron stacked at
its bottom in order to mimic the tip apex. We have consid-
ered two different tip terminations: a W apex (clean tip) and
a Si apex (contaminated tip), which could be a standard situ-
ation when scanning this type of material. The Hamiltonian
of the entire system is described by the extended Hiickel
theory?® (EHT) level, with the associated parameters opti-
mized after fitting the EHT electronic structure to the DFT-
derived one. The fits were carried out independently for the
tip and the sample surface. The elastic tunneling current is
then obtained from the Landauer formula via Green’s func-
tion matching techniques.?

We calculated sets of topographic maps for both models
and both tips covering a wide range of bias voltages. All
simulated images for the p6 model are similar to the TH
results, displaying a sixfold symmetry with protrusions cen-
tered at the positions of the Si,,, atoms. The brightness of the
signal at the Sizp sites, with respect to the other Siu,, atoms,
was also found to vary with the applied bias.!” Figure 2(e) is
an example calculated with a Si4 tip apex. On the other hand,
the images corresponding to the p3m model hardly changed
with bias and always displayed a p3m symmetry. The W4 tip
provides this time excellent agreement with the experiment,
as shown in Fig. 2(f). The Si4 tip , on the other hand, leads to
somewhat different images (not shown), but which have also
been found experimentally. In all cases, the calculated corru-
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FIG. 3. Charge density differe
tween the total CD and the superposition of the atomic densities, for
the p3m model. Right (left) panel corresponds to a plane perpen-
dicular to the surface containing (not containing) the vacancy. Both

planes contain a Si,, and a Siy,,, atom per cell. Solid white line
indicates the CDD zero level, while darker (lighter) gray areas cor-
respond to charge accumulation (loss) regions. Atomic labeling is
X, Si atoms; +, Y atoms.

gations (=0.2 A) are within the range of the measured ones.

An atomic orbital decomposition of the tunneling current
when the tip is on top of each of the maxima in Figs. 2(e)
and 2(f) reveals that the dominant contribution comes in all
cases from the Si,, p, orbitals—and to a lesser extent the
ds,2_»—located below the apex. For the p6 model the den-
sity of states projected (PDOS) onto the Si;, p_ orbital dif-
fers from the rest of the Si,, atoms, thus yielding different
tunneling currents and, hence, the sixfold pattern centered at
the Si;.'” The picture for the p3m model is somewhat dif-
ferent; here, all Si,, atoms are symmetry equivalent and
show up in the images equally brightly. This time, the differ-
ences in the PDOS between the Si),,,, and the rest of the
Sigpwn atoms are small and cannot be resolved either in the
TH image [Fig. 2(d)] or if the Si4 tip is employed, mainly
due to the exponential wave function decay. The W4 tip, on
the other hand, is capable of detecting this difference due to
the larger extent of its s and p orbitals, yielding an enhanced
current when the apex is on top of the SiY,,,(center of the
triangles) which leads to the triangular grouping. We have
checked that such an enhancement results from a subtle bal-
ance between the contribution arising from the Sig,,,, under
the apex (smaller for the Sij,,,, case) and that arising from
the surrounding Si,, atoms (larger for the Siy,,, case). We
may conclude that the STM is able to detect the buried va-
cancies by probing changes induced in the PDOS at the sur-
face Si bilayer. The unexpected fact that the vacancies are
not fully screened can be rationalized by recalling the cova-
lent bonding between the Si p and the localized Y d states,
which can be clearly appreciated in the charge density dif-
ference (CDD) maps displayed in Fig. 3. The presence of the
vacancy clearly alters the bonding between the Sig,,,, atoms
and the first Y plane. Therefore, it is the nature of the bond-
ing at the surface, and not its metallicity, that determines the
STM depth sensitivity.

Finally, we address the imaging of buried domain bound-
aries such as those detected experimentally in Fig. 4(a). To
this end we have considered the model depicted in Fig. 4(c);
starting from the p3m phase we introduce one defect out of
every three in the vacancy array with an overall ¢(5X?2)

periodicity, so that the phase boundaries run along the [121]
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FIG. 4. (a) 10X 10 nm?> STM image where the p3m and p6
patterns are simultaneously imaged. Tunneling parameters: V=
—900 mV and 7=0.8 nA. (b) Same as (a) but with the hexagons and
triangles drawn on top corresponding to the p6 and p3m patterns,
respectively. (c) Top view of the defect model described in the text.
The ¢(5X2) cell is indicated by the thick solid line, while the
expected triangles and hexagons are highlighted by the thick dashed
lines. Symbols for atoms are the same as in Fig. 1. The displaced Si
atom at the Y3Sis layer is indicated by a small arrow. (d) Calculated
STM topographic image for the geometry depicted in (c) employing
a W4 tip apex (I=1 nA, V=-300 mV).

direction. The defects are created by filling a vacancy with

an adjacent Si atom located under a Si,,, thus creating a new
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vacancy below this Si,, atom. As a result, the new cell con-
tains two vacancies located below Sig,,,, atoms (p3m phase)
and a third vacancy below a Si,, atom (p6 phase). Given the
large cell size we did not attempt a DFT calculation for this
model, but simply used a guessed geometry for the underly-
ing yttrium silicide film. The STM simulation for this cell,
shown in Fig. 4(d), retrieves the most salient experimental
features of Fig. 4(a): coexistence of triangles and hexagons
with the Si,, at its center appearing dimmer. This result fully
corroborates one of the main conclusions of this work: the
aspect of the STM images is determined by the registry of
the Si,, atoms with respect to the Si vacancies in the buried
yttrium silicide film.

Summarizing, via the combination of STM images and ab
initio calculations we have been able to identify buried va-
cancies and domain boundaries at the yttrium silicide sur-
face. Indeed, it is the registry of these vacancies with respect
to the almost ideal topmost Si bilayer that determines the
symmetry of the STM images, thus allowing us to reconcile
the two structural models previously proposed for the RE
silicides. Our results show that the STM depth sensitivity
may reach down to the third layer at a metallic surface,
something hardly accesible by other experimental tech-
niques.
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