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p„1Ã1… to c„4Ã8… periodicity change in ultrathin iron silicide on Si„111…
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Iron silicide layers grown by solid phase epitaxy on Si~111! are investigated using scanning tunnel micro-
scope~STM!, low-energy electron diffraction and low-energy ion spectroscopy. These layers, which are flat
and homogeneous for a selected Fe thickness range, exhibit ap(232) surface superstructure whatever the
annealing temperature above 600 K. Voltage-dependent STM images reveal a modification of the silicide
symmetry, from ap(131) towards ac(438) in-plane periodicity, above 800 K. This transition is associated
with an organization of chemical species under two Si atomic planes.
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The growth of iron silicides on silicon has been wide
studied in the last decade. This interest was mainly driven
the formation of a semiconducting phaseb-FeSi2 in epitaxy
on Si~111! or Si~100!. A more recent interest is explained b
the possible formation of magnetic layers, lines, or dots
Si. These magnetic materials could be integrated in mic
electronic devices. Nevertheless, one major obstacle to o
come is the uncontrolled reaction at the Fe/Si interface.
formation of a perfectly flat and defect-free disilicide layer
the Fe/Si interface is a possible way to control the chemi
at the Fe/Si interface. This could reduce the Si diffus
within the Fe layer, and also promote epitaxy. Numero
studies have been devoted to the growth of FeSi2 on Si~111!.
FeSi2 crystallizes in different phases, depending on
growth conditions. Their formation has been mainly stud
using experimental techniques such as photoemission1–3

x-ray diffraction,4–7 low-energy electron diffraction
~LEED!,8–11 x-ray photoelectron diffraction11–15 and x-ray
absorption.14,16 Nevertheless, thin iron silicide films gene
ally present a mixture of phases. This makes their identifi
tion very difficult with the previous experimental tools. Th
FeSi2 /Si(111) interface has also been investigated by sc
ning tunneling microscopy~STM! measurements.10,17–22

These measurements have shown that the silicide surfa
rather rough due to the formation of several concomit
phases.

In this Brief Report, we show that thin FeSi2 layers can be
formed by solid phase epitaxy, in either a CsCl-derived str
ture or a more ordered one, depending on the growth co
tions. In particular, a flat and perfectly ordered phase, with
in-planec(438) periodic structure, is formed above 800
Both phases are studied by STM, LEED, and low-energy
spectroscopy~LEIS!.

The experimental setup is composed of three conne
ultrahigh vacuum chambers equipped with LEIS, ST
LEED techniques and deposition facilities. The Si~111!
samples (p type with a resistivity of about 0.1V cm) were
cleaned by repeated flashes at 1500 K at a pressure b
1310210 mbar. The silicide layers were grown by the dep
sition of an Fe layer, with a thickness between 1.6 and
ML ~monolayer! onto the Si substrate maintained at roo
temperature from a homemade evaporator and postanne
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at a temperature in the 700–900 K range. The Fe depos
rate was about 0.3 ML per minute at a pressure of abou
310210 mbar. One Fe monolayer is defined as the atom
density of a Si~111! plane, i.e., 7.831014 atoms/cm2. STM
measurements were made in a room-temperature-oper
microscope~commercial Omicron STM-AFM microscope!,
in the constant-current mode. Electrochemically etchedin
situ cleaned tungsten tips were used. The LEIS meas
ments were performed with an incident beam of 1-keV H1

ions. The ions were analyzed using a hemispherical ene
analyzer~150 mm in radius! and a 7 Channeltron multide
tection system. The scattering angle of the ions was 130°
the acceptance angle of the analyzer was set to68°.

Figure 1~a! shows a large scale STM image of 1.7-ML F
deposit postannealed at 700 K for 10 min. The silicide la
completely covers the Si~111! terraces and forms on two suc
cessive Si bilayers on a given Si~111! terrace. A detailed
description of the silicide growth on Si~111! will be given in
a forthcoming paper.23 So, all features visible in Fig. 1~a!
~terraces and islands! are composed of the same silicide.
exhibits ap(232) LEED pattern~inset!, as usually observed
for thicker epitaxial FeSi11x silicide layers. Thep(232)
surface periodicity has been associated with the segrega
of 1/4 Si monolayer.12,17 Figure 1~b! shows an image, with
atomic resolution, taken at a sample voltage ofV
511.2 V. The adatoms form ap(232) network of protru-
sions, with a lattice parameter twice that of the unreco
structed Si~111! surface, in line with the LEED pattern. Th
most striking feature is that protrusions with different brigh
ness levels are observed. Note that at a given sample vol
the image contrast strongly depends on the tip quality.
some cases, this additional contrast is very hard to obse
Nevertheless, these intensity variations can be seen ov
very large sample voltage range for most tips we have us
Similar STM contrasts have already been observed for o
Si-based systems.24–27 In the present work, the surface ne
work is made of ap(232) array of adatoms and the differ
ence in the protrusion brightness is not due to miss
adatoms.

Annealing the silicide layer above 800 K induces dras
modifications in the silicide crystallographic structure. Fi
ure 2~a! shows a large scale STM image after annealing
silicide at 900 K for 1 h. The silicide layer is still perfectl
©2003 The American Physical Society02-1
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flat, for an annealing temperature at which thicker lay
exhibit three-dimensional islands. The silicide surface exh
its several domains, separated by white lines in Fig. 2~a! and
visualized thanks to spectroscopic effects at the dom
boundaries. A detail of the atomic surface structure, collec
at a positive sample voltageV511.2 V, is displayed in Fig.
2~b!. The surface periodicity is stillp(232) but mainly two
types of protrusion are observed, called bright and dark.
bright and dark protrusions are now ordered in ac(438)
network. As for the low-temperature annealed layers,
contrast is hard to detect in some cases, showing that
silicide surface is still completely covered by ap(232) ar-
ray of adatoms. Thec(438) domain are oriented in thre
equivalent orientations, rotated each other by 120°, wh
reflect in thec(438) LEED pattern shown as inset in Fig
2~a!. Furthermore, the image in Fig. 2~b! reveals the forma-
tion of out-of-phase domains whose boundary limit is in
cated by an arrow. These out-of-phase domains are as
ated with the accommodation of adatoms in equival
surface sites, since similar domains are observed in Fig. 1~b!.

The most interesting feature here is the ordering of
bright and dark protrusions upon annealing at 900 K, wh
could be associated with a radical change in the silic
structure symmetry, from ap(131) to ac(438). The dif-
ferent contrasts in Figs. 1 and 2 could originate from top
graphic effects—atoms with different vertical position, fro

FIG. 1. Empty-state (Vs511.2 V, I t50.1 nA) STM images
measured after the reaction of 1.7 Fe monolayers on Si~111! by
annealing at 700 K.~a! (400 nm3240 nm) image,~b! high-
resolution image (19 nm313 nm) showing protrusions with differ
ent brightness. The parallelogram in~b! indicates thep(232) unit
cell of atoms in the topmost layer. Inset: LEED pattern taken a
primary electron energyE553 eV.
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spectroscopic effects—local density of states, or even fro
mixture of both effects. The spectroscopic origin of the d
ferent site brightness is clearly evidenced by the dra
change in the image contrast upon changing the amplitud
the sign of the sample voltage. Figure 3 shows STM ima
taken on a silicide layer annealed at 700 K@~a! and~b!# and
900 K @~c! and ~d!# for V511.9 V @~a! and ~c!# and V
521.9 V @~b! and ~d!#, respectively. In this figure, the
brightest spot at a given voltage becomes the darkest a

a

FIG. 2. Empty-state (Vs511.2 V, I t50.1 nA) STM images
measured after the reaction of 1.7 Fe monolayers on Si~111! by
annealing at 900 K.~a! (100 nm370 nm) image, ~b! high-
resolution image (28 nm38 nm) showing protrusions with differ-
ent brightness. The parallelogram in~b! indicates thec(438) pe-
riodicity. Insert: LEED pattern taken at a primary electron ene
E553 eV.

FIG. 3. Empty-state (Vs511.9 V) ~a,c! and filled-state (Vs

521.9 V) ~b,d! STM images collected after the reaction of 1.7 F
monolayers on Si~111! by annealing at 700 K~a,b! and 900 K~c,d!.
The open circles are located on the same atomic sites for e
sample.
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opposite one. Note that it is very difficult to see the contr
for the negative sample polarities.

Thin Fe silicides grown by solid phase epitaxy below 8
K are known to crystallize in a defect-CsCl FeSi11x
structure.1 This structure is derived from a metastable Cs
FeSi one by the formation of randomly distributed Fe vac
cies, as first proposed by von Ka¨nel et al.1 These vacancies
should modify the local density of states above some sur
adatoms and thus reflect in the atomically resolved imag
spots with different brightness, as suggested by Sirringh
et al.20 Nevertheless, the difference in protrusion brightne
could alternatively be attributed to Si atoms in substitut
on Fe sites, as proposed by Jedrecyet al.6 and/or to Fe and S
sites in the topmost layer, as observed for other metal/Si~111!
systems.24,25,27 In that respect, we have performed LEI
which gives the chemical composition of the outermost l
ers. Figure 4 shows LEIS spectra recorded on silicide lay
for a 1.7-ML Fe deposit postannealed at 700 K and 900
This figure also includes LEIS spectra recorded on cl
Si~111! 737 and on a pure Fe~111! layer, which are used a
reference compounds. The Fe peak, located at 776 eV, is
small compared to that of pure Fe while the Si one, locate
600 eV, is as high as that of clean Si. A comparison of the
to Si peak intensity ratio with the Co to Si one obtained
CoSi2(111) ~Ref. 28! indicates that the Fe silicide layers a
terminated by more than one Si-rich layer. Note that
LEIS spectra include the contribution of the inner Si and
layers, which could be more or less visible, depending on
surface crystallography. The Fe plane that mainly contribu
to the LEIS spectra is obtained from the angular depende
of the LEIS spectra.

Figure 5 shows the Fe and Si yields versus polar angu
along the@10-1# direction of the silicon crystal. Both Fe an
Si yields are corrected for sample area effects. The Si yie

FIG. 4. ~a! Yield of scattered He1 ions versus kinetic energy
collected from clean Fe~111!, clean Si~111! 737, 1.7 Fe monolay-
ers annealed at 700 K and 900 K. The primary energy of the ion
1000 eV.
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found to be constant versus polar angle, showing that
contribution arises mainly from the topmost silicide layer.
contrast, the Fe contribution to LEIS spectra shows a p
nounced maximum atu50° and strongly decreases for bo
positive~increasing the angle of incidence of He1 ions! and
negative~increasing the angle of detection of backscatte
He1 ions! polar angles. Almost the same bell-shaped cur
are measured along the$1-21% directions of the Si crystal.
This clearly shows that He1 ions impinge Fe sites atu50.
For both azimuthal directions, the Fe signal is shadow
upon increasinguuu, showing that the Fe atoms which con
tribute to the LEIS signal are below one or more Si t
layers. In that respect, the comparison of these spectra
that measured on CoSi2(111) ~Ref. 28! is helpful. Indeed, a
similar behavior of Fe yield versus polar angle is observ
on CoSi2(111), which is known to be terminated by on
one Si top layer. The main difference resides in a metal to
ratio lower in the present experiments. This is probably d
to the presence of additional Si atoms, named adato
These Si adatoms could lie in different surface sites but t
are expected to reduce the Fe contribution to the LEIS sig
in both cases. The Si amount is estimated from that meas
on CoSi2(111). LEIS measurements are thus consistent w
a silicide surface terminated by a first adatom plane@1/4 of a
monolayer which induces thep(232) surface superstruc
ture# on top of a complete Si plane. These measureme
show that the difference in STM protrusion intensity c
safely be associated with a local change in density of st
close to the Fermi level, i.e., spectroscopic effects, aris
from the formation of Fe vacancies and/or Si substitution
the Fe sites.

Therefore, the contrast modification in STM images v
sus annealing temperature could be relevant to a struc
transformation. The silicide achieved at 700 K has a cu
structure, of Fe-defected CsCl-FeSi type, as already obse
for a low-temperature anneal.20 The STM images taken on
the silicide layer annealed at 900 K exhibit an addition
c(438) surface modulation. This suggests that the silic
structure could be of a tetragonal symmetry, with a vaca

is

FIG. 5. Plot of Fe and Si yield versus polar angleu for a 1.7 Fe
monolayer deposit annealed at 700 K and 900 K. These polar
files were measured along the@10-1# crystallographic direction of
the Si~111! substrate.
2-3
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arrangement close to that found in thicker Fe silici
layers.4–6 This thin silicide layer, formed upon annealin
1.6–2.2 Fe monolayers above 800 K, could be a precu
layer of the thickera-type FeSi2 layers. This is in line with
the observation of suchc(438) contrast in STM images fo
very low Fe deposits only. The STM images are quite diff
ent for a higher Fe coverage, whatever the annea
temperature.23

In conclusion, perfectly flat Fe-silicide layers are form
at very low Fe deposits~between 1.6 and 2.2 ML! on
Si~111!, with either ap(131) or ac(438) lattice periodic-
ity. A silicide with a p(131) periodicity is achieved at low
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