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Homogeneous surface iron silicide formation on Si„111…: The c„8Ã4… phase
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The early stages of iron silicide formation on Si~111! were studied by scanning tunneling microscopy
~STM!, low-energy electron diffraction, and Auger electron spectroscopy. While the initial iron interaction with
Si~111! in the submonolayer regime gives rise to inhomogeneous island nucleation, deposition of 1.5 mono-
layers~ML ! iron at room temperature and subsequent annealing at 550–600 °C leads to a flat and homoge-
neous film withc(834) surface periodicity. Thisc(834) surface reconstruction is linked to a definite film
thickness and thus seems to be stabilized directly through the interface. The film is terminated by a layer of
adatoms whose lateral positions form a (232) periodic lattice. At negative tip bias voltages, STM images
show an alternating arrangement of darker and brighter adatoms corresponding to thec(834) supercell. While
the (232)-periodic adatom arrangement develops in a wide temperature regime~450–600 °C) and also for
thicker films, the long range orderedc(834) structure can be observed only for 1–2 ML Fe coverage and after
high temperature annealing at about 600 °C. Then singlec(834) domains can extend to diameters of several
hundred nanometers. The atomic structure of the new phase can be derived from a CsCl (B2) structure, and a
number of structural details are elucidated on the course towards the development of a complete structural
model.

DOI: 10.1103/PhysRevB.68.125306 PACS number~s!: 68.35.Bs, 68.37.Ef, 68.55.2a
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I. INTRODUCTION

Thin epitaxial iron silicide films on semiconductor mat
rial have attracted much attention in view of the poten
applications in different technological areas.1 The interest in
these compounds arises, for example, from the hope
b-FeSi2 might be suitable for optoelectronic devices,2 since
the direct band gap of this orthorhombic phase of 0.85
~Refs. 3,4! fits into the window of maximum transmission o
optical fibers. Other possible applications are Ohm
contacts,5 Schottky barriers,5,6 or nonvolatile memory cells
incorporated into the silicon technology.7 Unfortunately, the
most serious problem encountered on the road towards t
applications is the growth of films of sufficient homogene
and crystallinity. Therefore, a better knowledge of the grow
mechanism of iron silicide compounds could help to impro
the material quality for device applications. Several silici
structures are noted in the bulk phase diagram of iron
silicon,8 namely, Fe3Si, e-FeSi, a-FeSi2, and b-FeSi2. On
the iron rich side Fe3Si is electrically conducting as well a
ferromagnetic and crystallizes in cubicD03 structure,9 while
e-FeSi is a semimetal with the cubicB20 structure.10FeSi2
exists in two modifications: the orthorhombicb-FeSi2,11

which is semiconducting and stable around room temp
ture ~RT! and the tetragonala-FeSi2.12 The latter is metallic
and stable at high temperatures only, but can be retaine
quenching to RT.

For thin films the energetic balance of certain structu
phases is modified compared to the bulk since interface,
face and strain energies come into play. Thus, phases
stable in the bulk can be stabilized by epitaxial growth.13,14

On silicon surfaces for example, distinct metastable thin fi
0163-1829/2003/68~12!/125306~11!/$20.00 68 1253
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structures of different Fe:Si stoichiometries can
prepared.15–19 Two well ordered silicide film phase
have been found so far for iron films below 10 monolay
~ML ! thickness on Si~111! resulting upon annealing at differ
ent temperatures. They are shown in Figs. 1~a!–1~d! by
low-energy electron diffraction~LEED! patterns and scan
ning tunneling microscopy~STM! images. Between 100 an
300 °C a (131) phase develops with 1:1 composition@Figs.
1~a!, 1~b!#. It crystallizes in a silicon terminated cubic CsC
(B2) structure20,21 ~so-calledc-FeSi). A further increase o
the annealing temperature to 450–600 °C converts
(131) phase into a (232)-periodic structure characterize
by FeSi2 stoichiometry @Figs. 1~c!, 1~d!#. For this latter
phase, three different structural models have been discus
namely, the abovementioneda-FeSi2,22 the so-called
g-FeSi2, which has CaF2 (C1) structure,23,24 and a defect
modification of the CsCl structure,25 where half of the
iron atoms are removed statistically.b-FeSi2 evolves only
when iron films with coverages exceeding 10 ML are a
nealed at temperatures of about 600 °C.19 In LEED it shows
a c(432) structure in three rotational domains.19,26

There is a clear influence of preparation techniques on
structural and morphological development of the metasta
ironsilicide phases.19 Most commonly a mixture of differen
phases with heterogeneous morphology develops. This
be understood from the delicate energy balance16 of the sev-
eral different phases. Accordingly, not only the energetics
film and interface but also the growth kinetics play an im
portant role for the stabilization of epitaxially grown iro
silicide. One key issue for the preparation of uniform a
single phase films will certainly be a homogeneous interfa
Its preparation as found for other materials may be facilita
©2003 The American Physical Society06-1
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by the use of a template.27,28 The growth of such a thin
template layer requires a detailed control of the early sta
of deposition and reaction in particular in the case of iron
Si~111!, since it is well known that atomic intermixing take
place even when cooling the sample. A number of investi
tions have been directed towards the early stages of the
interaction with Si~111!,29–32however, it appears that no we
defined initial layer could be prepared so far. Only at larg
film thicknesses, the above mentioned well ordered (131)
and (232) phases were obtained.

In the current paper we present a new silicide phase
exists only in the ultrathin film regime. This iron silicide film
shows ac(834) surface periodicity as demonstrated in Fig
1~e!, 1~f! by LEED patterns and STM images.33 It develops
as a homogeneous layer with atomically flat terraces exte
ing to several hundred nm, and might be a suitable temp
for uniform and homogeneous further film growth. Usin
STM and LEED we determine the preparation conditio
and details of the atomic structure of this phase. LEED p
terns are used to determine the surface symmetry. F
atomically resolved STM images of thec(834) phase—in
particular in comparison with the well known Si~111!-

FIG. 1. LEED pattern and STM images of~a!, ~b! (131);
~c!,~d! (232); and~e!, ~f! c(834) phases. All LEED pattern are
taken at 90 eV. The STM images are measured with tip bias va
of 21.0 V ~b! and21.9 V ~d!, ~f!, the area scanned is indicated b
the length scale bars. The corresponding surface unit meshe
added schematically.
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(737) reconstruction—we determine adatom registry a
step heights between different terraces for structural analy
After a brief outline of the experiment~Sec. II!, the paper
describes the morphological development of the flat fi
~Sec. III! followed by the analysis of thickness, compositio
and atomic structure of this two-dimensional silicide pha
~Sec. IV!. A discussion of the results and a summary co
clude the paper.

II. EXPERIMENT

The experiments were carried out using Si~111! substrates
taken from p-doped wafers~Bor 101521016/cm3). They
were oriented within 0.2° with respect to the@111# direction
to facilitate the development of large, atomically flat terrac
As judged from terrace widths measured by STM, the ori
tation in fact must be better than 0.1°. The surfaces w
treatedex situ in acetone and methanol to remove organ
contamination followed by etching with NH4F to remove the
native oxide. Then the samples were introduced throug
fast-entry airlock into a home-built ultrahigh vacuum~UHV!
apparatus with a base pressure of 2310211 mbar equipped
with an over-head beetle-type STM and a back-view fo
grid LEED optics. The same optics was used as retard
field analyzer for Auger electron spectroscopy~AES!. The
samples could be heated by electron bombardment with
sample holder cooled by liquid nitrogen. After a prolong
outgassing procedure applied to new samples, a c
(737)-reconstructed Si~111! substrate was obtained by re
peated flashes to 1200 °C in UHV, subsequent quenchin
900 °C, and a further slow cooling at a rate of 0.2 K/s un
800 °C and a rate of 2–4 K/s to RT.34 Temperatures were
measured using an infrared pyrometer. Temperatures be
400 °C were extrapolated based on the heating power.
electron beam evaporators allowed the simultaneous ev
ration of iron and silicon, which could be deposited at va
able sample temperatures (.2170 °C). However, if not no-
ticed otherwise all presented data will be iron films that ha
been evaporated at RT or2170 °C and annealed afterward
to prepare the silicide phases. Deposition rates were m
tored by a quartz microbalance with an error estimated to
about 10%. The pressure during preparation of the (737)
reconstruction was in the low 10210 mbar range and during
Fe deposition about 3310211 mbar. The films were charac
terized by STM, LEED, and AES using a sample trans
system so that always the very same phase was subject t
different experimental methods. STM images were acqui
at RT at a constant tunneling current of typically 0.5 nA
observe the arrangement of the adatoms of the topmost l
and the morphology of the film. Tungsten tips obtained
electrochemical etching were used. All STM images sho
are raw data with no filtering applied except where explici
noted. For contrast enhancement a slope subtraction a
rithm was used. LEEDI (E) spectra acquired by a vide
LEED system35 were employed as fingerprints to identif
identical structures. AES was used to monitor the cleanlin
of the sample, as well as the stoichiometry and thicknes
the silicide layers.
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III. FROM ISLANDS TO A UNIFORM LAYER

A. Island nucleation

Initial deposition and reaction of iron on Si~111! leads to
heterogeneous island nucleation as reported by Ko¨hler and
co-workers.36 At substrate temperatures of about 550
which are characteristic for the development of the (232)
phase, very mobile iron atoms were observed. In our inv
tigations, which agree with these findings, at coverages
low as 0.05 ML three types of islands were found whi
were denoted as A, B, and C type.18,36Figure 2~a! shows this
heterogeneous island nucleation after deposition of 0.2
Fe. In this particular experiment the substrate was heate

FIG. 2. STM images of the initial iron silicide morphology de
velopment showing reacted films between 0.2 and 2.1 ML as i
cated in the bottom left of each panel:~a! 0.2 ML with three differ-
ent types of islands between remains of the Si~111!-(737)
reconstruction indicated A, B, and C~see text for details, 1500 Å
31500 Å, Utip521.7 V); ~b! 1.2 ML with c(834) islands and
disordered holes (310 Å3310 Å, Utip521.7 V); ~c! 1.5 ML with
flat c(834) film (310 Å3310 Å, Utip521.2 V); ~d! 1.6 ML with
B-type island on c(834) phase (310 Å3310 Å, Utip

522.0 V); ~e! 1.8 ML with B-type island changing to A-type with
(232) termination on top of thec(834) film @330 Å3330 Å,
Utip520.9 V, in the inset on the right hand side the contrast
amplified for better visibility of thec(834) structure#; ~f! 2.1 ML,
(232) displacing more and morec(834) areas (230 Å3230 Å,
Utip521.9 V).
12530
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550 °C during deposition. Upon that, the (737) reconstruc-
tion of the substrate remains visible in high resolution ST
images in the region between the islands, even though
diffusion leads to a high local defect density in the adat
layer @see Figs. 3~a!, 3~b!#. These (737) patches can be
used for a comparative evaluation of the island structu
The bright islands in Fig. 2~a!, type A, have the shape o
equilateral triangles with baselines of typically a few hu

dred Å length oriented along the@ 1̄10# directions. These
islands tend to grow immediately in multilayers~multiples of
1.6 Å!, i.e., three-dimensionally~white areas in the figure!.
Many of them, especially the expanded ones, are enclose
depressions with a depth of around 2.8 Å which apparen
are etched parts of the silicon layer that serve as Si source
the reaction. A second kind of island, type B, varies fro
small circular shaped islands with a diameter of about 50
to larger triangular shaped islands with rounded edges
lateral dimensions of several 100 Å similar to that of type
Their height, however, is uniform around 1.6 Å, and—
contrast to type A—they appear not to be connected to
pressions. The third type of islands~type C! also shows a
strictly two-dimensional growth and normally is sexangul
Type C islands grow 1.5 Å below the adatom height of t
(737) reconstruction, and can reach diameters between
and 500 Å. Island types A and C are terminated by w
ordered (232) adatom structures as observed in high re
lution STM images. The atomic arrangement on B-type
lands can only be well resolved at positive tip bias voltag
and appears of limited long range order. However, each
land consists of three parts, with boundary stipes runn
along the@112̄# substrate directions.

i-

s

FIG. 3. ~a!, ~b! STM images of a type-C island lying 1.5 Å
below the Si(111)-(737) reconstruction~coverage: 0.2 ML Fe!.
~a! At 20.6 V tip bias voltage thec(834) periodicity can be ob-
served,~b! at a tip bias of10.6 V all adatoms look similar and seem
to form a (232)-structure.~c!, ~d! STM images of a hole betwee
c(834)-reconstructed areas of the film~coverage: 1.1 ML Fe!
taken at~c! 21.4 V and~d! 11.4 V tip bias voltage.
6-3
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B. Iron coverage dependent morphology

The presence of the three island types~after annealing to
500–600 °C) proves to be largely independent on the sam
temperature during iron evaporation. However, their relat
weight changes with increasing iron coverage, as show
Figs. 2~b!–2~f! for deposition at room temperature and su
sequent annealing. The amount of B-type islands decrea
but also three-dimensional growth~A type! seems to be sup
pressed. As displayed in panel~b!, the flat silicide patches~C
type! start to spread over the surface and eventually form
closed layer@panel~c!#. While these silicide patches are st
terminated by adatoms in (232) periodicity as seen in STM
variation of the tunneling bias reveals the presence of
types of adatom configurations which are characterized
brighter and darker protrusions in empty state images@nega-
tive tip bias, see Fig. 1~f!#. These adatoms form a well o
dered arrangement corresponding to ac(834) superstruc-
ture on the Si~111! substrate which is also observed b
LEED @see Fig. 1~e!#. Detailed inspection of the C-type is
lands in the initial heterogeneous growth regime also d
closes this bias dependentc(834) periodicity as shown in
Figs. 3~a! and 3~b!, and corroborates the interpretation tha
is indeed this island type that eventually covers the wh
surface. Below 1.5 ML thec(834) patches are interrupte
by shallow holes@see Fig. 2~b! at 1.2 ML#. Figures 3~c! and
3~d! depict one of these holes to contain two different kin
of atoms which are poorly ordered. Atoms of the one ki
have next neighbors at similar distances as the adatom
the orderedc(834) areas and appear to lie 1.2 Å to 1.4
below those~depending on tip bias voltage!. Atoms of the
other kind have a next neighbor distance of about 10 Å
appear to cover a larger area each. The appearance o
second kind of atoms shows a strong bias dependence w
causes a contrast reversal between both atomic types
reversing the tunneling direction. The apparent height of
second type ranges from 1.8 Å~at 21.4 V tip bias voltage!
to 0.4 Å ~at 11.4 V! below thec(834) adatoms@see Figs.
3~c! and 3~d!#. This bias dependence is most likely due
chemical contrast, which suggests that the holes contain
Si and Fe atoms, but the amount of iron seems to be in
ficient to form a c(834) structure. Eventually, at abou
1.5 ML, the holes have almost completely disappeared
shown in Fig. 2~c!. The c(834) patches form a continuou
layer with three rotational domains on a typical length sc
of 100 to 300 Å. At higher initial iron coverage, th
c(834) patches are accompanied by a new kind of silic
island with atomic disorder on the surface similar to B-ty
ones@see Figs. 2~d! and 2~e!#, until at 2 ML and above large
(232) areas are formed without this distinct bias dep
dence of their adatom appearance which correlates thos
A-type islands@see Fig. 2~f!#.

C. Thermal stability of the c„8Ã4… phase

The c(834) ordering and the development o
(232)-periodic adatoms on the surface obviously procee
different temperatures indicative of different activation en
gies for these two aspects of this large scale reconstruc
Figure 4 displays STM images recorded after annealing
12530
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500, 550, and 600 °C. The adatoms are already visible
500 °C ~a!, even dark and bright atoms can be observed
this temperature. An onset of a short-range correlation
tween dark and bright atoms occurs around 550 °C~b! with
local c(834) units already visible in the STM image. How
ever, the long-range ordering in largec(834) domains re-
quires a temperature of about 600 °C~c! and only then a
LEED pattern develops exhibiting the 1/4- and 1/8-ord
spots. An interesting observation is that thec(834) struc-
ture appears to be thermally more stable than the (232)
phase observed for thicker films. From Fe/Si peak-to-p
ratios of the AES intensities monitored for increasing te
perature~not displayed! for an initial iron coverage of 1.5
ML @at which thec(834) phase develops# and 4 ML Fe18
ML Si coevaporated@for which the (232) film is found#, we
determine that the plateau characteristic for the stable h
temperature film extends to only 550 °C in the (232) case
and up to 650 °C for thec(834) structure.

IV. FILM COMPOSITION AND ATOMIC STRUCTURE

As shown in the previous paragraph, the amount
c(834)-reconstructed areas in the submonolayer regime
creases with the initial iron coverage until a clos
c(834) layer is reached at about 1.5 ML. Exceeding th
critical coverage, type A and type B islands grow on t
expense of the flat layer. This suggests, that thec(834)
reconstructed film or the type C island, respectively, hav
definite thickness. However, even at 1.5 ML Fe the silici
film is not completely flat on a large scale. In contrast, ori
nal terraces of the clean Si~111! surface, which are delimited
by more or less straight step edges in a distance of 300–1
nm ~on this particular area of the sample!, are split up into a
two levels percolation structure. The structures formed h
characteristic lengths of the order of 100 nm, and their ed
are strongly meandering@see Figs. 5~a!, 5~b!#.

A. Film height and composition

The detailed inspection of an atomically resolved ima
of the boundary between two adjacentc(834) terraces of
different height provides further insight into the atomic pro
erties of thec(834) phase. The terrace boundaries betwe
two such levels often contain small (737)-Si~111! remnants
as shown in Fig. 5~c! and later in Fig. 7. The difference
between the twoc(834) terrace heights is determined fro

FIG. 4. STM images (115 Å3115 Å each! of films containing
1.5 ML of Fe annealed at different temperatures,~a! 500 °C, ~b!
550 °C, ~c! 600 °C. Circles in~a! and ~b! indicate thec(834)
ordered areas. Long range ordering of thec(834) structure is ob-
tained only at 600 °C.
6-4
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HOMOGENEOUS SURFACE IRON SILICIDE FORMATION . . . PHYSICAL REVIEW B68, 125306 ~2003!
STM image histograms@see Fig. 5~d!# to be 3.1 Å. Similarly,
we can measure the step height between thec(834) terraces
and the (737) adatom level. Of course, the values va
slightly with the tunneling voltage, since here electronic
fects play a certain role. From the lowerc(834) patch to the
(737) patch we find a step height in the range of 1.2 to
Å, which is the same as found for C-type islands embed
in the Si substrate at submonolayer coverages. Corresp
ingly, from the (737) band to the nextc(834) level the
vertical distance is 1.4–1.9 Å.

As noted, the high temperature film phase@in (232) pe-
riodicity for thicker films# represents FeSi2 resulting from
50% iron depletion of 1:1 stoichiometric FeSi in Cs
structure.19 Transferring this model to thec(834) structure
which ideally contains 1.5 ML iron would correspond
three layers of such an FeSi2 as depicted by the sketch in Fig
6~a!.37 ~An additional Si layer is included at the interface.! In
this model a Si-Fe-Si surface termination was chosen in a
ogy to the (131)-FeSi film and covered by additional S
adatoms~0.25 ML!. This (131) phase has a true CsCl stru
ture and is terminated by a Si layer.20,21 Yet, already in the
regime of optimum preparation of the (131) phase, the ap
pearance of isolated adatoms was observed on top of th
layer @see Fig. 1~b!# which eventually leads to the (232)
periodic adatom arrangement, and thus suggests a sim
terminating layer sequence for the two phases. Additio
support for the layer sequence of our model is drawn from
quantitative evaluation of the AES data with the intensit
calculated according to the composition for each layer
their respective escape depths considered angular depe
since an RFA was used for data collection. The inela
mean free path values were taken as 4 Å for 47 eV and 5 Å

FIG. 5. ~a! STM image of ac(834) film on adjacent substrat
terraces,~b! meandering iron silicide films with two different level
of c(834) reconstruction~coverage 1.5 ML Fe!. White: upper
level ~58%!, gray: lower level~42%! (Utip521.9 V). ~c! Details of
step between upper and lower terrace.~d! Corresponding image
histogram (Utip51.4 V).
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for 92 eV.38 A normalization to the known structure of th
(131) phase accounts for matrix factors and the spectro
eter function. The experimental39 intensity ratio Fe/Si of the
c(834) phase fits within 15% to our model~a satisfactory
agreement in view of the assumptions! while other feasible
termination scenarios such as an Fe termination or an a
tional Si monolayer or bilayer deviate by more than 50
Nevertheless, for the model chosen neither the restrictio
1.5 ML nor the nature of the adatom corrugation differen
within the c(834) unit cell are immediately apparent. Ye
since it is not a priori evident, that thec(834) structure
represents FeSi2 stoichiometry as the (232) phase does for
thicker films at comparable temperatures, a deviating stoi
ometry with a two or four layer silicide is also conceivabl
Comparison of the experimental step heights with the co
sponding distances for different possible film models c
roborates the idea of a two silicide layer model as we will s
below. The interplay of coverage and thickness for t
model makes the presence of different adatom coordinat
appear more feasible, which will also be discussed in de
in the following section.

For a theoretical estimate of the height change upon
cide formation we need to evaluate the thickness differe
between the silicide layer and the Si substrate slab which
been replaced. For the Si substrate, we have to conside
thickness of the Si layers used for silicide formation plus
additional value contributed by the (737) reconstruction.
The available ingredients concerning the silicide film are
interface spacing, the thickness of the silicide itself and
additional contribution by the adatom layer. The vertic

FIG. 6. Side view models of two layer and three layer silici
interfaces,~a! 3B8, ~b! 2B8, and~c! 2B7. ~d! displays a part of the

(737)-Si~111! unit cell. Bonds within the$1̄10% projection plane
are drawn as single lines, double lines indicate two bonds dire
by 60° into and out of the plane. Large open spheres correspon
Fe atoms, small dark spheres to Si atoms.
6-5
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KRAUSE, BLOBNER, HAMMER, HEINZ, AND STARKE PHYSICAL REVIEW B68, 125306 ~2003!
spacing at the interface depends on the type of interface
coordination. For a cubic silicide based on the CsCl str
tural type on a Si~111! substrate, three coordination config
rations are commonly considered and solely feasible.
pending on the silicide bonding to the topmost substr
bilayer one may find eightfold or sevenfold iron coordinati
as shown in Figs. 6~b!, 6~c!. In the case where the lowest S
layer of the silicide is missing, the eightfold type@see Fig.
6~b!# converts into a fivefold coordination~not shown!.
However, the Si-Fe interface bond length would not be
fected, so that the fivefold type can be represented by
eightfold type in the present consideration of just verti
spacings. Also, the in-plane orientation of the silicide w
respect to the substrate, which can be realized in two w
for each coordination type~so-called A and B interface type!,
can be neglected. It should be noted, however, that fr
theoretical21 and experimental40 work a B8 coordination is
preferred for CsCl and CaF2 film structures. Accordingly
B-type interfaces are displayed in Fig. 6. Thus, by assum
an unrelaxed Si-Fe bond length of 2.34 Å at the very int
face ~which is the theoretical bulk value for CaF2 type
silicide41! one obtains two possible spacings between the
Si layers, namely, of 1.56 Å at the A8- or B8-type interfac
whereas at the A7- or B7-type interface they should have
spacing of a Si-Si bond of about 2.35 Å~bulk value of Si!.
Of course, the bond lengths and layer spacings at the in
face can be relaxed considerably. However, one knows
from the CoSi2 /Si(111) interface42,43 that oscillatory con-
tractions and expansions to a large extent cancel each o
so that the average layer spacing approximately corresp
to the respective bulk values. For the case of iron silicide
has been shown to hold also forc-FeSi~0.04 Å deviation!.21

Since the lattice mismatch between the different silic
models is very small, the thickness of the silicide film its
can also be evaluated using the theoretical values for
CaF2-type silicide.41 This yields a layer spacing of 0.78 Å i
a potential CsCl defect-type silicide. An iron/silicon lay
stack~our previous definition of a CsCl type layer! accord-
ingly corresponds to a vertical height of 1.56 Å.

Information on the surface termination of the silicide c
be inferred from the gradual development of the (232) ad-
layer on top of (131)-FeSi. The latter has been determin
to be of CsCl-type crystal structure with a Si-layer surfa
termination.20,21As already visible in the STM image of thi
(131) phase@Fig. 1~b!#, singular adatoms appear on top
this layer which eventually form a (232) pattern with in-
creasing temperature. Therefore, it seems very likely that
adlayers of the (232) or c(834) phases reside on top of
terminating Si layer, corresponding to a general trend
silicide surfaces.16 For the thickness of the (232) adatom
layer on the silicide we have no safe value as its exact na
is not known. However, the low reactivity and sensitivity
residual gas point towards Si atoms, which apparently
threefold coordinated as shown in the next paragraph. T
one would expect values not much different from those in
(737) reconstruction on Si~111! which are 1.19–1.30 Å for
the different adatoms in the (737) unit cell.44 For the
(A33A3)R30°-B/Si~111! phase with Si adatoms above b
ron ~which in turn is incorporated into the first Si bilaye!
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values of 1.15 and 1.34 Å as adatom heights have b
reported.45,46 With a more accurate account lacking it seem
appropriate to assume the same adatom layer thicknes
the two compared phases and—on account of the scatte
the values for these other systems—to note an estim
error of about 60.2 Å. The reconstructed layers of th
(737)-Si~111! surface consist of the just discussed adat
layer and one additional reconstructed bilayer defining
faulted and unfaulted halves of the unit cell@see Fig. 6~d! for
a sketch of part of a faulted half#. The latter obviously is
thicker than a Si bilayer in the bulk of 3.13 Å. The LEE
analysis reported values of 3.39–3.49 Å for the differe
positions in the (737) unit cell.44 However, the subsequen
bilayer is compressed to 0.37–0.40 Å, which approximat
compensates the expansion. So an effective value fora single
~topmost! reconstructed bilayer results as 3.05 Å. The lay
spacings as discussed above for the evaluation of the
height betweenc(834) and (737) terraces are summarize
in Table I.

A judgement of the electronically caused differences
tween the apparent height of the adatom layers on the sili
and on the (737)-Si~111! surface is difficult. A conservative
estimate can be drawn from the variation in STM of t
experimental step heights with tunneling bias. Combin
with the unknown true height of the silicide adatoms~see
above! we estimate an uncertainty of about60.35 Å. It

TABLE I. Estimated values for layer spacings in silicide laye
interface, and Si substrate.

(737)-Si~111! eight-type
silicide

seven-type
silicide

Si bilayer ~BL! 3.13 Åa

‘‘eff.’’ recon. BL 3.05 Åb

adatom layer 1.19–1.30 Åb 1.15–1.34 Åc 1.15–1.34 Åc

silicide layer 1.56 Åd 1.56 Åd

interface~Si-Si! 1.56 Åd 2.35 Åa

aSi bulk values.
bFrom LEED analysis~Ref. 44!.
cValues for (A33A3)R30°-B/Si~111! ~Refs. 45,46!.
dTheoretical bulk values for FeSi2 (CaF2 structure! ~Ref. 41!.

TABLE II. Theoretical heights for steps (positive5rising) from
(737) to c(834) terraces for different silicide model
(nB7, nB8) and thicknesses (n52 –4) assuming rigid layer spac
ings as function of number of silicon bilayers~BL! used up. Good
agreement to the experimental values is indicated by the boldfa
of vertical pairs.

Si con- step heights estimated for different interface mode
sumption and film thicknesses~all numbers given in Å!

2B8 2B7 3B8 3B7 4B8 4B7
1BL 11.63 12.42 13.19 13.98 14.75 15.54
2BL 21.50 20.71 10.06 10.85 11.62 12.41
3BL 24.63 23.84 23.07 22.28 21.51 20.72
6-6
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should be kept in mind that this estimate is not based o
quantitative error evaluation but rather on plausibility co
siderations.

Step heights estimated from these elementary values
listed in Table II for two-, three- and four-layer silicide mod
els in seven- and eight-type coordination for differe
amounts of Si consumption~1, 2, and 3 bilayers!. Clearly, the
only combinations compatible with the experimental valu
of 21.2 to21.7 Å and11.4 to11.9 Å are eightfold coor-
dinated interfaces and film thicknesses of two or four silic
layers. For three silicide layers as well as sevenfold ty
interface coordination the deviations are significantly beyo
the error estimate. This result immediately indicates that
c(834) silicide is of a different stoichiometry than propos
for the (232) phase in thicker films, since at 1.5 ML iro
such a 1:2 composition, or 50% occupation of iron sites
the CsCl lattice, would require three silicide layers. To t
contrary, in two and four silicide layers 1.5 ML iron atom
would occupy 75 or 37.5 % of the iron sites, respectively. F
several reasons the two-layer model appears more likely
the four-layer one. Firstly, type C islands, or equally t
lower c(834) patches, are formed below the (737) level.
For a four-layer silicide that would imply that the reactio
immediately reaches down to the third substrate bilaye
and is stopped there abruptly. One would expect to obse
thickness deviations and find three- or five-layer th
patches, which is not the case. Secondly, for an iron de
tion down to 37.5% one might expect the CsCl structure
become instable, since there is no stable silicide phase
ported below FeSi2 stoichiometry~corresponding to an iron
depletion of 50% on average! and the solubility of iron in the
fcc Si lattice is extremely low. Thirdly, since the ne
c(834) phase develops only at an iron content of 1.5 ML
stability seems to be mediated by the interface itself. Such
effect is unlikely when the respective film is more than 6
thick, as also indicated by recent theoretical studies for
(131) phase.21 Finally, we want to mention that derive
from adatom positions an additional argument in favor of
two layer silicide model will be given in the next subsectio

Last but not least, the large scale morphology of the fil
corroborates the two layer model: the generation of a tw
layer silicide with its 3 ML of Si should consume 1.5 bilay
ers of the Si substrate, since the adatom density is practic
the same in thec(834) phase and the (737) reconstruction
~only a slight deficit arises from the cornerholes!. Conse-
quently, we have to expect a half-and-half mixture of o
and two bilayer consumption, which is exactly represen
by the up and down terraces in equal ratio displayed in F
5~b!. The average size of the percolation structure indica
that large mass transport over distances of about 1000
involved in the silicide reaction process.

B. Registry, adatom position, and ordering

In the last paragraph we have assigned thec(834) film
to be a two-layer silicide derived from the CsCl structu
with an average occupancy of only 3/4 for Fe sites. On
course towards a complete structural model for the film
need to determine the local position of the (232) arranged
12530
a
-

re

t

s

e
e
d
e

n

r
an

ve

e-
o
re-

n

e

e
.
s
-

lly

e
d
.
s
is

e
e

adatoms. Also we have to find a suitable film structure giv
rise to their different appearance in STM, which eventua
leads to the development of thec(834) superperiodicity. In
a first attempt one can try to derive the adatom position
the c(834) silicide film from direct STM imaging of de-
fects, i.e., where adatoms are locally missing. Indeed, at s
isolated positions STM can resolve the layer below the
layer, which has (131)-symmetry with the adatoms seem
ingly positioned in threefold coordinated hollow sites. How
ever, since these holes are small, influences of the tip sh
might invalidate such an assignment. On the other ha
single adatoms are also observed already on top of
(131) CsCl film, which evolves with annealing temper
tures below 300 °C@see Fig. 1~b!#. In that case the adatom
clearly occupy threefold hollow sites of the underlyin
atomically resolved (131) lattice. Due to the gradual for
mation of thec(834) phase at higher annealing temper
tures, its local adatom configuration is expected to be
same. Nevertheless it would be preferable to have a di
proof for the threefold hollow site derived from the undi
turbed c(834) structure. Additionally, one needs to di
criminate between two alternatives. In threefold coordin
tion, the adatoms could reside either above the Fe atom
the first Fe layer or above the Si atoms in the second Si la
(T4 or H3 sites, respectively,47 Fig. 6 showsT4 site ada-
toms!. This information can be derived from a triangulatio
method using as a reference the known adatom structure
registry to the substrate of the clean Si~111!-(737) patches,
which are found at step edges as noted earlier. The ada
of the (737) reconstruction are known to reside inT4 co-
ordination and the lateral registry of the adatoms is well
fined by the underlying substrate. From bias dependent S
images of the (737) patch the faulted and unfaulted halv
of the unit cell can be identified as shown in Figs. 7~a!, 7~b!.
The faulted half appears brighter in images showing
filled states.48 Thus we know the orientation of the substra
layers and in turn the lateral registry shift between differe
layers. By projecting a (131) grid on the adatom position
of the (737) area we find the adatoms of the upp
c(834) terrace to be shifted by (21/3,21/3) in @ 1̄1̄2# di-
rection or a third of the unit cell diagonalD/3 as displayed in
Figs. 7~c!–7~e!. From a side view model in the respectiv
orientation, i.e. parallel to the (11̄0) plane as shown in Fig
7~g! we can now determine the adatom position in the s
cide. However, as a crucial point of this analysis, we need
assume a certain interface stacking. As already outlined,
perimental as well as theoretical results21,40 clearly point to-
wards a B-type stacking, which therefore is taken over in
following. In Fig. 7~g! a part of the faulted half of the
(737) unit cell is displayed in the middle section of th
model. There, the adatoms reside directly above the atom
the lowest atomic plane displayed. The respective grid p
tions in the upperc(834) island are represented by the to
most Si layer of the silicide. Thus it can be concluded th
the registry shift of the adatoms in@ 1̄1̄2# direction by
2D/3 corresponds to aT4 site, which is also visualized in a
top view @see Fig. 7~e!#.
6-7
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The same triangulation procedure can be done betw
both the elevated and the depressedc(834) regions as
shown in Fig. 7~f!. In that case the overlayed grid depicts
registry shift of~11/3,11/3! between the two. This assign
the adatoms of the lowerc(834) patch to the same pos
tions as in the (737) band which further corroborates th
model drawn in Fig. 7~g! @the lowerc(834) patch is dis-
played at the left edge of the side view#. It should be noted
that theT4 adatom site determination would remain va
even if the topmost full Si layer would be again stacked w
a 180° rotation~B type!. Finally we mention that the sam
registry analysis, when applied to a 4B8 silicide model@see
Fig. 7~g!, right side#, would result inT1 adatom positions
i.e., they would reside on top of the topmost Si layer ato
of the film, which is very unlikely and consequently aga
rules out the four-layer silicide model.

Since the adatoms reside above the Fe positions, t
local electronic density of states and probably their verti
positions as well should be noticeably influenced by vac
cies underneath, i.e., missing atoms~defects! in the Fe layer.
So it is tempting to assign the different appearance of a
toms within thec(834) unit cell to an ordering of vacancie
within the topmost iron layer. Of course, adatoms situated
top of an iron atom would exhibit a different geometric
height and even more a deviating electronic structure
compared to those situated above a defect site. However
a model raises some problems since the number of de
within the unit cell is much higher than the number of co
responding adatoms. The primitive unit cell designated
the matrix (0 4

4 2) contains 32 Fe positions in the whole film
and correspondingly 8 vacancies, while it includes only o
dark and three bright adatoms. Since the energetics o
adatom site above an Fe atom should be very different f
that above a defect site, a strong driving force would
required for the respective arrangement of vacancies be
particular~dark or bright! adatoms. Such an enforcement c
only be envisioned by a rather complex defect struct
within the silicide film. Though this cannot bea priori
dismissed there is at least no equivalence in silicide b
structures.

Further insight in the local configuration of adatoms c
be gained from preliminary density functional theory~DFT!
calculations performed in our group.49 In these calculations
Si adatoms in a (232) periodic arrangement were put on to
of a Si-terminated surface of FeSi with CsCl structure a
fully relaxed. Note, that such adatoms are indeed obse
experimentally in the lower temperature regime, though th
are not ordered as assumed in the calculation. As a result
most favorable adsorption site for the adatoms turns out to
the H3 hollow site with about 0.5 eV lower in energy tha
the T4 site right above the Fe atoms.~Note, that the top site
configuration of adatoms results in more than 2 eV hig
binding energy, again ruling out the four-layer silicid
model.! Moreover, even the most favorable adatom site tu
out to be higher in energy than the uncovered surface i
spective of the choice of the chemical potential, which ne
to be introduced as a further parameter in order to acco
for the different stoichiometries of the systems compar
Following this evaluation no adatoms at all should be fou
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on a FeSi film, which is in clear contrast to experimen
observations. The only solution is that even in the (131)
phase some singular vacancies within the topmost Fe la
exist which are decorated by adatoms. Their local configu
tion on a defectT4 site to a large extent resembles that o
H3 site and might be even more favorable. Transferring
results to thec(834) structure it hardly seems probable th
any of the adatoms would reside on top of an Fe atom, si

FIG. 7. STM image of upper and lowerc(834) levels with an
area of residual (737) reconstruction@250 Å3250 Å, ~a! Utip

520.6 V, ~b! Utip510.6 V]. ~c! Two overlayed grids depict the
registry shift between adatoms of the~d! (737) and upper
c(834) structures and~e! upperc(834) and lowerc(834) struc-
tures.~f! Top view of the three topmost silicide layers and regis
shift of adatom according to STM images.~g! Side view model of
two c(834) levels with (737) band in between. Bonds within th

$1̄10% projection plane are drawn as single lines, double lines in
cate two bonds directed by 60° into and out of the plane. La
open spheres correspond to Fe atoms, small dark spheres
atoms.
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the energy cost of more than half an eV appears to be by
too high to become overcompensated by the energy
from mere ordering of defects within the silicide film. Thu
we have to assume that all of the adatoms within
c(834) structure indeed reside above defect sites, wh
consumes about half of the vacancies available in the wh
film. The other half, however, must then be responsible
the observed STM contrast of adatoms via indirect, latti
mediated interactions. The same argument holds of cours
all cases, where adatoms of different STM appearance
observed, i.e. for the disordered stage preceding
c(834) ordering @see Fig. 4~a!# as well as for thicker
(232)FeSi2 films @see Fig. 2~f!#. The problem now is to
arrange the four remaining vacancies within the primit
unit cell of thec(834) structure~or 3–5 vacancies, taking
the experimental uncertainty in the determination of the
content into account! in a certain way among the two F
layers so that the observed periodicity is reproduced. If t
would all be in the upper Fe layer in between the alrea
present (232) ordered defects below the adatoms, t
would hardly lead to the required decoration of one of
adatoms, since all Fe sites available are situated right in
middle of two neighboring adatoms. Only an extreme disp
portion in their distribution would account for that which h
no obvious physical reason, since in such a model both
underlying (131) periodic interface and the (232) surface
structure would not enforce such a highly symmet
breaking arrangement. Therefore, it is by far more reason
to place at least part of the defects also right at the interfa
Unfortunately, the local configuration of a defect at the int
face is hardly predictable. So, it is not clear whether th
lower coordinated Si atoms around the B8-coordinated
fect site remain stable at all. As a consequence, severe
restructuring may arise involving even substitution or pla
exchange of Fe and Si atoms. This, in combination with lo
lattice strain induced correspondingly, might lead to a co
plex reconstruction network at the interface. However, n
ther the structure nor the energetics of such an interface
construction can be sufficiently modeled at the present s
and further experimental as well as theoretical work is
quired for a detailed understanding.

V. DISCUSSION

In the previous paragraphs, it was shown that a sta
c(834) reconstruction exists in the regime of ultrathin iro
silicide films. The most striking observation is the speci
iron content required for a homogeneous development of
phase. A well orderedc(834) phase is formed only upo
deposition of just 1.5 ML Fe. The films described in t
previous paragraphs were prepared from an iron film initia
deposited at RT or2170 °C followed by annealing at ap
proximately 600 °C. It should be noted, however, that
c(834) phase can also be prepared by simultane
~co!deposition of 1.5 ML Fe and 3 ML Si. The silicide rea
tion resulting in thec(834) structure is obviously limited to
a certain depth. But it also immediately proceeds to this d
nite depth, i.e., the thickness of thec(834) phase, and only
at 1.5 ML iron the full surface reacts. At lower Fe exposu
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the c(834) silicide film is interrupted by holes with a dis
ordered atomic arrangement due to an incomplete silic
reaction and quite rarely also small patches of the clean
con (737) phase occur. Above 1.5 ML, a different type
silicide, namely, the (232) phase grows in islands ontop o
the c(834) film. The silicide reaction then requires add
tional silicon that has to diffuse through the already reac
film. This diffusion presumably is concentrated to domain
grain boundaries in the film or to substrate steps, thus lead
to the observed island formation@see Figs. 2~d!, 2~e!#.

Based on well resolved step height measurements in S
images, composition and film thickness of thec(834) phase
could be determined unambiguously. Even though the la
spacings used for this evaluation were bulk values, theor
cal distances or values taken from similar systems, our re
is clearly significant based on the error estimate. It is a c
figuration of two incompletely filled Fe layers and three
layers. A comparison of the film composition, e.g., to bu
silicides, is difficult, since the interface and adlayer Si infl
ences its evaluation. Nonetheless, we obtain thedifferential
stoichiometry of the film, if we only consider an inner film
double layer~defect CsCl structure!. That would correspond
to Fe1.5Si2 or Fe3Si4 which is not a stable composition in th
bulk phase diagram. The reason why thec(834) phase pre-
fers this particular configuration is not yet clear, but it mu
be due to a direct interaction of surface and interface str
ture, which appears quite likely for such a thin film.

The adatom position assignment is based on a few
sumptions, which, however, are convincingly reasonab
First, of course, we rely on the correctness of the two-la
silicide model. Secondly, the assumption of a B8 interfa
configuration is based on theoretical investigations for
(131) low-temperature FeSi phase and on experime
findings for thick (232) FeSi2 films, it has not been deter
mined independently for thec(834) phase itself. The film
structure being a CsCl-type cubic structure is also nota pri-
ori clear, but intuitively suggestive since all other ultrath
film phases have been proven to be cubic. Last but not le
the correct orientation of the substrate can safely be fixed
the identification of faulted halves in the (737) unit cell.
The resultingT4 site is in good agreement with a variety
adatom systems on Si~111!, as well as on silicide films. How-
ever, DFT calculations do not favor such a site in the pres
case leading to the model of associated Fe vacancies b
the adatoms.

Long before the two types of adatoms develop the w
ordered mutual arrangement leading to thec(834) phase,
the (232) periodic corrugation caused by the adatoms
present at the surface. Even at that early stage bright
dark adatoms can be identified in STM, which, however,
randomly disordered within the (232) lattice. In fact, a
(232)-type short range correlation is already visible in t
disordered adlayer on the low temperature (131) phase~not
shown! indicating the presence of Fe vacancies even at
stage. Obviously the (232) adatom configuration is thermo
dynamically stable and kinetically easily accessible, sin
the Si atoms required are readily available from substr
steps via surface diffusion. The development of t
c(834) phase, to the contrary, requires an ordered arran
6-9
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ment of the remaining defects below the surface and m
probably at the very interface. As we can deduce from S
measurements, that proceeds in two steps: first, the de
need to be created, which takes place already below 450
That seems to proceed easily and is possibly caused by
particular thinness of the film. The second step, ordering
the defects, requires Fe interdiffusion within the film or ev
a complete long-range interface reconstruction, which is
viously hindered by a large activation barrier. However, on
established, the structure is very stable as seen by the h
disintegration temperature. STM images show that o
above 650 °C the film morphology changes and again isla
are formed with a (232) adatom termination. In that pro
cess thec(834) periodicity is lost. Possibly this conversio
requires the availability of additional Si from the substra
which due to the homogeneity of thec(834) phase can only
diffuse via domain or grain boundaries. This causes
higher conversion temperature on the one hand, and
the other hand leads to a rough morphology and isl
formation.

Finally we speculate that the homogeneous film phas
the FeSi2 stoichiometry regime on Si~111! as discovered
with thec(834) film structure could serve as a template f
further homogeneous growth and eventually lead to g
b-FeSi2 films. The latter displaying ac(432) periodicity on
the Si~111! surface would directly fit on thec(834) phase.
If it is possible to isolate single orientation domains of t
c(834) phase, e.g., by way of pinning to substrate terra
of appropriate width, the anisotropy of both film phas
might help to generate single domainb-FeSi2 material for
optoelectronic applications. Still at isolated steps of the
sample used in the present investigation such an orienta
preference could not be observed.
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VI. SUMMARY

The high temperature phase~450–600 °C) of ultrathin
iron silicide films on Si~111! turns out to be more compli
cated than previously believed. The structural and morp
logical development displays a delicate coverage dep
dence. While in the submonolayer regime immediat
islands of three different structural types develop, at 1.5 M
initial iron coverage only one of the structures takes over
forms a flat film containing a well orderedc(834) recon-
struction in large domains. The surface loses its homogen
again at higher iron coverages and develops (232) domains
of different height. A noticeably higher temperature stabil
of the c(834) phase is observed. Taking into account t
pronounced coverage dependence for a perfect develop
of the c(834) silicide a structural model can be deduc
from STM height measurements. In addition to the adato
visible in STM the film contains three Si and two incom
pletely filled Fe layers forming a structure based on the C
type. Atomically resolved images of thec(834) phase and
adjacent (737) reconstructed patches of the Si~111! surface
allow to assign the adatom position toT4 sites, i.e., directly
above the iron positions of the second film layer. Energe
arguments point towards Fe vacancies below every ada
while their dark and bright appearance in STM images
assigned to an ordering of the remaining vacancies m
likely at the interface.
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29H. Moritz, B. Rösen, S. Popovic, A. Rizzi, and H. Lu¨th, J. Vac.
Sci. Technol. B10, 1704~1992!.

30J. Alvarez, A.L. Vazquez de Parga, J.J. Hinarejos, J. de la Figu
E.G. Michel, C. Ocal, and R. Miranda, Phys. Rev. B47, 16 048
~1993!.

31W. Raunau, H. Niehus, T. Schilling, and G. Comsa, Surf. S
286, 203 ~1993!.

32A. Mascaraque, J. Avila, C. Teodorescu, M.C. Asensio, and E
Michel, Phys. Rev. B55, R7315~1997!.

33The designationc(834) represents a nonprimitive surface un
cell. The corresponding primitive cell is described by the mat
( 0 4

4 2).
34B.S. Swartzentruber, Y.-W. Mo, M.B. Webb, and M.B Lagally,

Vac. Sci. Technol. A7, 2901~1989!.
35K. Heinz, Rep. Prog. Phys.58, 637 ~1995!.
36M. Mozzafari, K. Restho¨ft, and U. Köhler, Verh. Dtsch. Phys

Ges.31, 1805~1996!.
37We define one silicide layer in CsCl structure as the stack of

Si and one Fe layer—the latter also containing iron vacanci
38S. Tanuma, C.J. Powell, and D.R. Penn, J. Vac. Sci. Technol.8,

2213 ~1990!.
39U. Starke, S. Walter, M. Krause, F. Blobner, R. Bandorf, W. We
12530
ra,

i.

.

e
.

,

S. Müller, L. Hammer, and K. Heinz, inAtomic Structure of
Ultrathin Iron Silicide Films on Si(111): Metastable Phases a
a New Template Structure, edited by M. J. Azizet al., MRS
Symposia Proceedings No. 749~Materials Research Society
Warrendale, PA, 2002!, W5.3.

40E. Müller, D.P. Grindatto, H.-U. Nissen, N. Onda, and H. vo
Känel, Appl. Phys. Lett.64, 1938~1994!.

41E.G. Moroni, R. Podloucky, and J. Hafner, Phys. Rev. Lett.81,
1969 ~1998!.

42A. Seubert, J. Schardt, W. Weiß, U. Starke, K. Heinz, and
Fauster, Appl. Phys. Lett.76, 727 ~2000!.

43R. Stadler, D. Vogtenhuber, and R. Podloucky, Phys. Rev. B60,
17 112~1999!.

44S.Y. Tong, H. Huang, C.M. Wei, W.E. Packard, F.K. Men, G
Glander, and M.B. Webb, J. Vac. Sci. Technol. A6, 615 ~1988!.

45P. Baumga¨rtel, J.J. Paggel, M. Hasselblatt, K. Horn, V. Fernand
O. Schaff, J.H. Weaver, A.M. Bradshaw, D.P. Woodruff, E. R
tenberg, and J. Denlinger, Phys. Rev. B59, 13 014~1999!.

46H. Huang, S.Y. Tong, J. Quinn, and F. Jona, Phys. Rev. B41,
3276 ~1990!.

47Threefold hollow adatom positions are commonly denotedT4 for
on top of a second layer atom, thus effectively fourfold coor
nated, andH3 for true hollow site and threefold coordinated.

48R.J. Hamers, R.M. Tromp, and J.E. Demuth, Surf. Sci.181, 346
~1987!.

49S. Walter, Ph.D. thesis, University Erlangen-Nu¨rnberg, 2003.
6-11


