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The structural evolution of a vicinal silicon surface, developing upon low coverage deposition @f3Be
and 2 monolayerg¢ML)], has been carefully studied as a function of annealing temperature by means of
scanning tunneling microscopy. The reaction between the deposited material and the substrate, which occurs at
room temperature, leads to surface amorphization. Successive annealing induces substantial changes of the
surface structure. The onset 0kK2 reconstruction expansion of the Si surface, covered with 0.33 ML Fe, is
observed after annealing at 400 °C. Complete reconstruction of the whole surface is found at the same tem-
perature for a coverage of 2 ML. Upon annealing at 700 °C three-dimensional iron silicide islands grow
epitaxially on the Si substrate. Their size, shape, and location depend on the amount of the deposited material.
For 0.33 ML coverage elongated crystallites are distributed randomly on the vicinal substrate surface. Larger
crystallites, grown upon deposition of 2 ML of Fe, take the shape of truncated pyramids and show a tendency
to nucleate along vicinal surface terrace edges, forming a self-organized array of nanometer size dots. For both
Fe coverages studied they are found to grow in a CsCl-type structure, containing an increasing amount of
vacancies with increasing crystallite size. The electronic properties of iron silicide surface are probed with a
spatial atomic resolution by means of tunneling spectroscopy. The interface between iron silicide crystallite and
silicon substrate displays features characteristic of Schottky barriers.
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I. INTRODUCTION lattice. Therefore the multidomain growth mode ori1%1)
(Refs. 21,31-3p usually takes place as a result of stress
The thin film Fe-Si system is the most intensively studiedaccommodation at the interface. This disadvantage makes
transition metal silicide due to the complexity of the formedthe implementation of the3 phase difficult for practical
compounds and an increasing interest in practicalsage in electronic devices. Stable in the bulk, but strained
applications:™® Among a number of existing iron silicide as a thin film,e-FeSi phase exhibits a perfe@x2) recon-
phases particular attention is paid to the semiconductingtruction!®?13°-3"Also a high-temperaturer-FeSj, phase,
B-FeSp. This phase has a narrow band gap of 0.87 eVgrown in nonequilibrium conditions, has been detected
which corresponds to the maximum transmission of the opat room temperatur&.®?#232938-42 phases  Fegi. ),
tical fibers. ThereforeB-FeS} is expected to be a suitable where 0<x<1, which have no counterpart in the bulk,
material, compatible with Si technology, for optoelectronicdisplay a pseudomorphic epitaxially stabilized CsCl-type
devices such as light detectors or near infrared sources. Howtructure’81322:25.284Radyced lattice mismatch lowers the
ever, due to the variety of existing compounds and the comstrain energy at the interface, which plays the role of a basic
plexity of process kinetics, a reliable recipe for the demandedtabilizing factor. With an increasing number of statistically
structure of iron silicide thin films has not been unambigu-distributed vacancies in Fe atom sites the phase composition
ously described yet. The reported results strongly depenédvolves towards a higher Si content, approaching 1:2 stoichi-
on the growth conditions, affected by the applied depositiorometry. A metallicy-FeSj phase with a Caftype structure
methods: codeposition by molecular beam epitaxyis a result of such evolutioh®20:21:23-25.283LR though this
(MBE),” **reactive deposition epitaxfRDE),***8and solid  compound is expected to be unstable in the bulk, because of
phase epitaxySPB.16-% the high density of states at the Fermi leffthe presence of
In accordance with the Fe-Si phase diagram four equilibthe substrate is a driving force, which stabilizes it on the
rium bulk compounds are stable: ferromagnetig$tecrys-  Si(111) surface. This phase might exhibit a behavior typical
tallizing in the DG, structure, metallic simple cubieFeSi,  of a Stoner ferromagnet.
high-temperature metallic tetragonal-FeSp, and low- Iron silicide phase transition upon annealing has been a
temperature semiconducting orthorhomifieFeS,. How-  subject of intense controversy. Such a process is very sensi-
ever in thin iron silicide films epitaxially grown on Si tive to kinetic factors such as slight variations in the stoichi-
substrate, strains induced at the interface, a consequence arhetry of the initial deposit and the substrate quality, its
the lattice mismatch, may substantially modify their crystal-crystalline orientation, growth, and annealing rates. The tran-
line structure. The semiconducting-FeSj phase, due to sition temperature depends on the film thickness because the
its orthorhombic structure, does not match well with the Sidriving forces, which stabilize epitaxial phases, are affected
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by the interface structure. Ultrathin films gfphasé?° and
CsCl-type phase!’ seem to be stable even at high tempera-
ture. A direct transition to the3 phasé 17212329 ¢
phasé®34€as well as a double stage transition via e
phase to3 phasé® occur in the case of thicker films. Lately
the existence of a new metastable pha&has also been
found!® Moreover a reversible phase transition between the
DOs- and the CsCl-type structures has been discovered very
recently?’ A diagram of phases and surface reconstructions,
developed under various conditions, is shown in Ref. 24.
The composition of the topmost atomic layer of thin iron
silicide films is another contradictory issue. Generally the Si
termination layer®2:2748=51or Si enrichment of the surface
ared®*?4"has been inferred. The proposed mothAof the
surface structure suggest that the double Si termination layer
with Fe atoms located in the third and fourth atomic layer
beneath the surface is formed. However, some experimentE
works as well as theoretical considerations reveal that the
topmost surface layer consists mainly of Fe atgins. o _ _ -
The investigation of the early stage formation of iron sil- the sample is biased relatively to the tip—for positive volt-
icide is the aim of this paper. By means of scanning tunnel29€ the empty states are imaged, whereas for negative bias—
ing microscopy(STM) we thoroughly study with atomic the filled ones are probed. All STM topographic images were
resolution the reactions which occur on a Si vicinal surfacd€corded in the constant current mode.
upon low-coverage Fe deposition, activated by subsequent

| FIG. 1. Disordered $111) surface after deposition of 0.33 ML
e. The size of the STM image is 200200 A.

succ_e_ssive annealing. Attention is also pgid to the influence IIl. RESULTS AND DISCUSSION
of vicinal surface structure on surface diffusion and—as a _
consequence—the growth of iron silicide crystallites. The A. Reactions at low-temperature range

iron silicide surface is studied by scanning tunneling spec- Deposition of 0.33 ML Fe on $111) substrate at room
troscopy(STS with lateral atomic resolution. Also the prop- temperature substantially deteriorates the surface structure.
erties of the interface between iron silicide crystallite a”dOnIy small remaining fragments ofx77 reconstruction are
silicon substrate are investigated by spectroscopic techspseryable, as shown in Fig. 1. About 10 A in diameter and
niques. one atomic monolayer in height clusters are randomly lo-
cated on the disordered surface with well distinguished at-
Il EXPERIMENTAL oms, mos.t p_robably S| However, on the ba_si_s of_ merely
topographic images it is not possible to distinguish un-
Iron deposition and STMOmicron measurements were equivocally between disordered Fe and Si atoms. Most prob-
performed at room temperature in an UHV system at basebly, as has been suggested eaffidfe atoms adsorb pref-
pressure in the low range of 18 Torr. Commercialn-  erentially on three central adatoms o7 unit cell and two
type Si(111) wafers(Sb doped,~1 Ohm cm), misoriented by or three Si atoms are expelled by the iron atom, which re-
1.2° in the[—1—12] direction were used as the sample sub-sides at the reaction site. Such observation is contrary to the
strates. They were cut in the shape of bars with dimensionsase of the similar coverage of Au, deposited in the same
1x9 mn?. In order to get a clean @i11) 7X7 surface, the conditions on the same type of silicon surface. Small Au
substrates were heated up to 700 °C for several hours, flashetlisters were located mainly in the center of both halves of a
at 1250 °C up to five times and cooled down at a rate lowenondestroyed, very clearly distinguishablg 7 unit mest?
than 1°C/s. Such a thermal treatment resulted in the higifherefore comparing the results achieved upon Au and Fe
quality of the 77 reconstruction with a negligible amount deposition, it is reasonable to infer that the solid state reac-
of the defects and contamination on the surface. As a conséion between sublimated Fe and the substrate occurs at room
guence of misorientation the substrate surface had a terraceemperature.
like structure 8001000 A in width, separated by edge steps Upon deposition of 2 ML of Fe, the tendency to form
about 20 A in average height. The iron was sublimated ontagglomerates a few nanometers in diameter is found. Due to
substrate from a tungsten basket at a rate of 5 A/min. Tha bigger amount of the deposited Fe, such clusters cover the
deposition rates and the thickness were monitored by @&hole surface without any visible remnants ok7 recon-
quartz crystal microbalance. The atomic density of 1 ML isstruction, as seen for lower coverage. Their shapes are not
assumed to correspond to X.20'° atoms cm? as an aver- regular and they are distributed uniformly on the whole sur-
age value of the low index surfaces of bcc Fe. STM meaface.
surements were performed directly after iron deposition and Hitherto the reports on iron growth on a clean silicon
after subsequent annealing for 10 min at 250, 400, andurface at room temperature are somewhat contradictory. Ep-
700°C. Tungsten STM tips were electrochemically etchedtaxial layer by layer growth of Fe, without any evidence of
and cleaned by annealing in the vacuum system. In our setugilicide formation was revealed in Refs. 18,19,26,53, and 54.
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FIG. 2. STM topographic image00 Ax200 A) of 0.33 ML Fe FIG. 3. Ordered islands with>22 alignment of atoms wrapped
after annealing at 250 °C. Three atoms rings are in abundance dmy a “sea” of unreconstructed surface with an abundance of three
the surfacgthree exemplary rings are indicated by arrpws atoms rings, grown after annealing of 0.33 ML Fe at 400$€an

size: 375 Ax375 A).
However, in most experiments the reactivity of deposited Fe
: ; ,27,42,55-5 .
atoms with Si substrate was reportt’ for lower  opserved structures leads to the conclusion that the process

coverages, even well below room temperaftir®©n the  of surface ordering at this temperature is more advanced for
other hand, the growth of pure Fe on intermixed interfacenigher Fe coverage.

was observed*3°>5"-9n the case of higher coverages. Be-
cause in our experiment the thickness of deposited Fe did not
exceed 2 ML, only amorphization of the surface took place
upon deposition at room temperature. The annealing of a sample with a coverage of 0.33 ML Fe
The annealing at 250 °C initiates the ordering of the sur-at 400 °C results in further improvement of the surface struc-
face structure. In the sample with lower Fe coverage, threture. Three different areas of various arrangements of atoms
atoms rings are frequently encountered objects, as shown &re clearly distinguished at this stage of thermal treatment
Fig. 2. Each of these atoms is imaged in the same way dFig. 3). The islands of long-range ordered atoms, exhibiting
various biases, therefore they can be expected to be elebexagonal close packed structure, occupy the lowest and
tronically equivalent. In this range of temperature @11 highest levels. Their shape is not regular and their position
surface reconstruction, inferred from diffraction techniquespon the substrate terraces is random. The same azimuthal pla-
has often been reporté@?”2842606However, the distance nar crystallographic orientation of all islands is evidence of
between ring member atoms, equal to 6.6 A, is much biggethe epitaxial growth, determined by the silicon substrate. The
than for Si-Si bonding in a bulk3.86 A) rather fitting to that  STM imaging of the topmost atoms is identical and does not
of the e-FeSi phasé! Because this phase is not observed atdepend on the applied bias, suggesting the same type of at-
higher temperature, we suppose that formation of the rings iems. These well ordered islands, wrapped by the “sea” of
the initial stage of reconstruction 6€sC) FeSi ory-FeS,  the unreconstructed remaining part of the surface, cover
phases, unequivocally identified after annealing at higheabout 10% of the observed area. The surface of the upper
temperature. The distances between rings and their locatioglands is 1.1 A above the level of the unreconstructed area,
on the surface are random. The azimuthal planar orientatiowhereas that of the bottom one 2 A below. The in-plane
of all rings is the same, independent of the position on thalistance between nearest neighbor atoms, equal to 7.6 A, is
surface, suggesting the influence of Si substrate symmetry atompatible with reconstructionX2 both ofy-FeS} (Cak)
their formation process. These rings are the only ordere@Refs. 19,35and(CsC) FeSi(Ref. 7) structure grown in the
structures found on the surface. Between them, single atonid11] direction. The discernment between them merely on
randomly located, occupy the remaining part of the surfacethe basis of surface atom arrangement is not possible. Due to
Also a certain amount of protrusions, one monolayer inthe vacancy-type structure of thephase, the distance be-
height, consisting of few atoms, occasionally appears . Néween atomic layers in thel11] direction is twice as large as
traces of long-range order are observed for this coverage. the CsCl-type structure, being equal to 3.1 and 1.6 A,
For the coverage of 2 ML of Fe the onset of long-rangerespectively.*® The measured vertical distance between
ordering appears after annealing at 250 °C. The surface isvo surface levels of closely packed islands is quantized with
smoother than for the case of lower Fe coverage—the ampl8.1 A, which favors they-FeSj phase. However, further
tude of cross-section profile does not exceed one monolay@bservations performed after annealing at higher temperature
distance. Nonregular in shape areas of close packed arrang#e not supporty phase existence, suggesting rather a CsCl-
ment of atoms are distributed uniformly on the vicinal sub-type structure of developing iron silicide. The presence of
strate terraces. The islands of ordered atoms cover approxiiree member rings, appearing in the unreconstructed part of
mately 20% of the whole surface. The comparison of thethe substrate, the same as observed for this coverage upon

B. Annealing at 400 °C
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FIG. 4. Flat growth of iron silicide on Si vicinal surface. The
STM image(2000 Ax2000 A) was recorded after deposition of 2 | T - .
ML annealed at 400 °C.

distance [nm]

annealing at 250 °C, is another striking property. All previ-
ously found characteristic features: the distance of 6.6 A be- c)
tween ring constituting atoms, similar azimuthal orientation
for all rings, and their random position on the surface are
also encountered after thermal treatment at 400°C. The
amount of rings is substantially larger than after annealing at
250 °C. Our observation supports the earlier suggestions that
the occurrence of such rings is a characteristic feature of low
coverage, being a very initial formation stage of2recon-
struction.

The reconstruction process at 400°C depends substan-
tially on the iron coverage. For 2 ML of Fe the whole sample 0 2 4 6 8 10
surface is uniformly terminated in thex2 alignment of at- distance [nm]
oms with the distance in plane between nearest neighbors
equal to 7.6 A. Almost no vacancies are encountered, al- giG. 5. (a) High resolution image(225 Ax105 A) of 2x2
though linear defects such as borders of structural domaifeconstructed surface after deposition of 2 ML Fe annealed at
appear. The fluctuation of the surface height within the sameoo0 °C, recorded at a bias voltage .9 V. Corrugation profiles
terrace of the vicinal substrate does not exceed one monef the same row of atoms taken @ upper terracébetween black
layer. The very regular edges of atomically flat areas, ori-arrows and(c) bottom terracebetween white arrows The upper
ented every 60°, are determined by the atomic r@iig. 4).  profile in each set is recorded &t1.9 V and the bottom one at
The monoatomic terrace step height of 1.5 A corresponds te-1.9 V.
a value typical of the CsCl-type structure of iron silicide.

. : . oms, which are imaged as “lower” for negative bias are
At higher resolutions two types of atoms in the tODmOSt.slightly “higher” for positive bias. For further consideration

!ayer are easi!y recp_gnized. Figure 5 shows the topc_)grap_hl&]is type of atom is assumed to Betype and the others are
image of the iron silicide surface recorded at negative bia type.

voltage and two pairs of corrugation profiles of the same  Ag mentioned earlier, the mean fluctuation of the surface
rows of atoms at the middle and the upper terminating layetyejght does not exceed one monolayer at the same terrace of
recorded at negative-1.9 V) and positive(+1.9 V) bias.  the vicinal substrate. Therefore the surface of the sample is
The upper profiles correspond to empty states whereas thgrminated by atomically flat terraces at three levels with
bottom ones correspond to occupied states. The surface ajuantized distance in the perpendicular direction typical of
oms are imaged with different apparent heights under thesCl-type iron silicide structure, i.e., 1.5 A. The concentra-
same tunneling conditions. This feature is found to be theion of A-type atoms substantially depends on the level of
same for the middle and upper terminating layers. The obatomic layer. At the lowest one all atoms are imaged in the
served difference indicates that the electronic structures afame way. They are expected to be identical arltype, as

two types of atoms are not equivalent. Because various imdeduced from the surface profile consideration. In the middle
aging is reproducibly achieved in the same scan, one malayer a contribution of about 12% d-type atoms is esti-
exclude the influence of the tip structure and associate amated. They are distributed rather uniformly without any
apparent topographic difference with a purely spectroscopitendency to agglomerate in clusters. The concentration of the
effect. Depending on the sign of the applied bias, the surfacé&-type atoms is the highest in the topmost plane. A rough
atoms are visible in the opposite way. It means that the atestimation reveals a similar contribution 8f and B-type

height
0.1 nm
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atoms. Although they are again distributed randomly on the
surface, it frequently happens that two or more atoms of the
same typgboth A andB) neighbor each other. The position
of the atoms of both types does not shift while changing the
sign of the bias—they are only imaged with significantly
different apparent heights. The absence of lateral shift sug-
gests the lack of spatial separation of empty and occupied
states.

At negative biasA-type atoms are imaged with lower ap-
parent height by approximately 0.4 A relatively Btype
atoms[bottom profiles in Figs. ®), 5(c)]. The positive bias
inverts a way of imaging—the apparent height Atype
atoms is larger by 0.2 A in comparison wiBrtype ones
[upper profiles in Figs. ®), 5(c)]. The apparent height of
atoms adjacent to atoms of different types seems to be unaf-

fected by their neighborhood. For example in Figc)5 FIG. 6. Iron silicide nanocrystallites grown on the barél$i)

B-type atoms adjacent té type are of the same apparent 7.7 after annealing of 0.33 ML Fe at 700 °C. The scan size of the
height at both positive and negative bias Bxitype atoms  sTM image is 500 A500 A.

located in a uniform row. Also at the topmost terminating

layer, where majority of atoms have neighbors of differentgistribution of Fe atoms in the subsurface layer can be
type, their apparent height remains unaffected. This may be geated as an initial stage of islands formation of iron silicide

proof of a strong localization of electronic states and weaky the bare $111) 7x7 surface, as observed after annealing
interaction in the direction of the plane. Weak interactiongt 700 °C.

between atoms may results from the relatively large separa-
tion distance of 7.6 A between nearest neighbors. , .
Unequivocal chemical identification of the surface atoms, C. Annealing at 700 °C
inferred from the STM measurements, is questionable. How- A further increase of annealing temperature drastically
ever, on the basis of available information, the conclusion ormodifies the growth mode of iron silicide. Up to 400 °C iron
the nature of surface atoms, imaged by STM in differentsilicide covers the entire surface uniformly, ordered in a vari-
ways, might be drawn. A prevailing number of investigationsous degree depending on the thickness of the deposited ma-
reveals that the topmost layer of iron silicide is Siterial. At 700 °C a strong tendency to three-dimensional is-
terminated-’:21:2224.2547515he presence of Si atoms de- land growth is evident.
creases the surface enefg\several models of the double Si  Figure 6 shows the STM topographic image of 0.33 ML
termination layer, with embedded Fe atoms on the third andFe after annealing at 700 °C. Iron silicide crystallites mostly
fourth atomic planes underneath, have been proptsed. take an elongated shape, but also nonregular islands are en-
Sparse contrary statements that Fe atoms might occupy tleuntered. Between them there is a well reconstructed 7
sites in the topmost layer or even iron silicide phase is Fesurface of bare $111) with a very low amount of defects.
terminated3*%?can also be found. Various imaging of the Such growth, deduced from low energy electron diffraction
topmost atoms, while occupied states are probed, was réLEED) and Auger electron spectroscopy studies, has been
ported in Ref. 19. reported earlief® Evolution of a LEED pattern typical of
The Fe-Si bonding has a homopolar nature, however, i2X2 reconstruction towards that of<# alignment, reported
the FeSiCsC) phase the transfer of approximately 0.5 elec-in Refs. 60,61, is associated with the dominating contribution
tronic charge per unit cell td orbitals of Fe leads to a partial of a bare Si surface in comparison with the area occupied by
ionic character of this materidlSuch a charge transfer en- iron silicide crystallites, which still exhibit 22 reconstruc-
hances the stability of CsCl-type phase. Therefore taking intéion of the topmost layefsee the discussion in Sec. IJ.E
account the abovementioned features, i.e., the Si terminatiobhe temperature of 700 °C is therefore high enough to acti-
layer and a charge transfer from Si to Fe as well as the betterate a surface diffusion resulting iin agglomeration of Fe
imaging ofsp orbitals thand orbitals;® nonuniform distribu-  atoms,(ii) epitaxial growth of iron silicide crystallites on an
tion of A-type atoms exhibiting the trend of higher concen-Si surface, andiii) complete reconstruction>77 of a bare
tration on a higher terrace and three-dimensional growth oilicon surface. One can expect that all deposited iron atoms
iron silicide crystallites upon annealing at 700 °C, discussedre gathered in the volume of formed crystallites, because the
in the next section, the conclusion may be drawn that alennealing temperature is too low for re-evaporation from the
surface atoms are Si, however, their STM imaging dependsample surface. There is also clear evidence of the silicon
on their neighbors in the subsurface layer. If the adjacensurface etching process, which is necessary to supply atoms
atom is Fe, the topmost Si atom at negative bias is imaged der the growth of iron silicide islands. On the terraces of
the “lower” one (described as thé-type atom. The neigh-  vicinal silicon substrate numerous rounded terrace edges 3.2
borhood of the Si atom in the subsurface layer give rise td in height, i.e., a double Si monolayer, are visible. They are
the “normal” imaging of the Si topmost atoifidentified as a not observed in such abundance and shape on the well re-
B-type atom. Therefore, we deduced that the nonuniformconstructed surface prior to Fe evaporation. The elongated
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FIG. 8. STM imagg5000 Ax5000 A) of an iron silicide nanoc-
rystallite array formed after annealing of 2 ML Fe at 700 °C.

also found to be present on the facets of the crystallites.
Excellent resolution of the image reveals that such a crystal-
lite consist of five monolayers. Thus, in combination with its

_FIG. 7. STM derivative imag&200 Ax400 A) of single iron  pejght of 7.9 A, there is unambiguous evidence that such a
silicide nanocrystallite after annealing of 0.33 ML Fe at 700°C crystallite is of CsCl-type structure.

recorded at a bias 0f2.27 V. Two types of surface atoms on the
topmost layer and the facet are visible. Five atomic monolayers arﬁ,]i
very well distinguished on the bottom left-hand side facet.

The crystallization process proceeds in a different way for
cker Fe coverage after annealing at 700 °C. The growth of
three-dimensional iron silicide islands takes place a¢fiig.
crystallites of iron silicide are oriented along three directions8). However, in this case the truncated pyramids are the
determined by the edges of thgBil) 7X7 unit mesh. Their dominating shape of the protrusions, although a certain
position with respect to the vicinal substrate terraces is ranamount of elongated crystallites is also encountered. Simi-
dom: they grow on the edges of vicinal surface terraces agrly to the lower coverage, a very well reconstructed surface
well as in the center and even across the double Si monaf sjlicon showing %7 structure appears between them. The
layer step. Such abundance of the elongated crystallitegcation of clusters varies with increased coverage. For 2 ML
might be evidence that they are an initial stage of iron sili-of Fe they only decorate the upper edge of terraces of vicinal
cide growth induced by annealing at 700 °C. These structuregrface. None of them are located in the center of the terrace
take a rather uniform shape. Their length oscillates about 25, ;1055 a step as in the case of lower coverages. This is

A, -Lhz topmost atomifc layer d?shpliys a hexago_nerlllbclo(? robably due to the fact that for growth of such a structure
packed arrangement of atoms with the nearest neighbor di ipon deposition of a higher amount of Fe, the etching of the

;ﬁgg%gggﬁ);g ;t'(laoév\’evrv?elzcr:: l:r;ytﬂlr%? %ﬁ% frae\fgrgsgggl'_c:n’ e Sri substrate is substantially more likely to form bigger crys-
. I P ' . YP€ OLlites and the edges of the terraces are energetically favored
v phase of iron silicide. However, on the basis of detailed

cluster height analysis calibrated against the step height of $?r S.UCh a SOI'd. state reaction. Such a mechamsm .Of cry_s.tal-
substrate terrace, a quantization of about 1.5 A is found,'_Zatlon gives rise to th'e growth of se.If-orgam;ed_lror.l sili-
which favors CsCl rather than a Cafype of structure. The cide dots, which may find some practical application in na-

width of the elongated crystallites seems to be almost uninoelectronics. The investigated phases of iron silicide are

form and equal in most cases to three atomic rows on th&XPected to be metallic and therefore might be a way to
crystallite surface. obtain a regular array of Schottky barriers. The periodicity of
The STM imaging of the topmost atoms is also bias desuch structures in a direction perpendicular to the Si steps is
pendent. For positive voltage, when the empty states of théetermined by the width of vicinal surface terraces, resulting
sample are probed, no distinct difference between atoms #&om the miscut of the silicon wafer, and in a direction par-
found. However at negative voltage some of th@escribed allel to the terrace edges it is determined by the Fe coverage.
earlier asB-type atoms appear brighter. Figure 7 shows an  The high-resolution image of a single iron silicide dot is
atomically resolved STM image of elongated crystallite ofshown in Fig. 9. The shape of a truncated pyramid positioned
iron silicide, taken at a bias 6f2.27 V. On the upper surface on the edge of the upper terrace of the vicinal surface with
atoms with a larger apparent height by 0.6 A are very welwell defined facets 0f100) and (111) type is very regular.
distinguished. The variation of the apparent height of atomJhe edges of the pyramid base are determined by the edges
when the bias voltage is changed indicates that they are nof the S{111) unit mesh. The upper plane of the dot exhibits
equivalent electronically. They exhibit a tendency to agglom-a 2X2 reconstruction—the same as observed earlier for the
erate in chains of several atoms. The same type of atoms lewer coverage after annealing at 400 and 700 °C as well as
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Wi s SR atom imaging is observed both for positive and negative
' bias. Therefore one can infer that all atoms in the subsurface
layer are of the same type, most probably Si. It seems that in
this case the size of iron silicide crystallites is large enough
to meet the conditions for the mod&$’ of a double Si
layer, which terminates the surface.

D. Spectroscopy

The various topographic imaging of the surface atoms of
iron silicide crystallites grown at 700 °C, discussed in the
previous section, is clearly illustrated by the spectroscopic
measurements. Figure 10 shows the topography image and

i g‘}j;\ i % K. _ Kl two current maps$CITS), recorded at various biases, as well
{ f(f},(»ﬁﬁﬁ ) i '\.if,:’g asl-V anddl/dV curves measured on two types of atoms of
N o R iron silicide dot and on the bare silicon surface for compari-

FIG. 9. High resolution STM derivative imadé25 Ax625 A) son. A part of the elongated crystallite is imaged as a bright
of a single iron silicide nanocrystallite grown after annealing of 2vertically oriented area on the left hand side of the topogra-
ML of Fe at 700 °C. phy image[Fig. 10a]. A well reconstructed bare surface of

Si substrate is visible in the background. In Fig(H)0the
for 2 ML at 400 °C. Therefore we can again consider CsCl orcurrent image of the same area, recorded at a bias of 0.39 V,
CaF, types of structures. On one of the side walls of theis shown. The atoms of silicon bare surface arranged in the
pyramid it is possible to distinguish its atomic structure. Tak-7Xx7 pattern are imaged as bright spots. The current image of
ing into account the height of this cluster, equal to 68 A, andron silicide, visible as a dark stripe, reveals that the intensity
a numbermore than 3Dof atomic monolayers visible on the of current flowing through the crystallite is much lowgor
crystallite facet, the conclusion may be drawn that CsCl-typepositive bias higher current corresponds to a brighter ¢olor
structure is expected rather than Gaype. No difference in  An entirely different CITS is achieved at a bias ofL..1 eV

FIG. 10. (a) 150 Ax150 A
. STM topography image recorded
at +2.27 V of the iron silicide
> nanocrystallite (left side grown
on the bare $111) substrateright
' side after annealing of 0.33 ML
: Fe at 700 °C. Current maiCITS)
of the same area achieved (@b
+0.39 V and(c) —1.14 V.(d) Av-
erageddl/dV (in the insertl-V)
curves recorded on a bare(Bil)
surface(dashed ling and on the
iron silicide nanocrystal topmost
layer: A-type atomsg(dot line) and
B-type atomd(full line).

current [nA]
N =2 © =

2 1 0 1

voltage [V]

dl/dV (arb. un.)

voltage [V]
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[Fig. 10c)]. The surface of bare silicon is imaged ratherinterface between iron silicide crystallite and silicon sub-
uniformly; only weak contours of unit meshes are distin-strate. The FeSICsC) structure displays a metallic charac-
guishable. Individual atoms on the iron silicide crystallite ter, whereas the Si substrate is aftype semiconductor.
surface are imaged in significantly different ways. These atTherefore the depletion region and the band bending occurs
oms, which are brighter in topograpkiyig. 7), are observed in the semiconducting substrate in the vicinity of the inter-
in black in the current maffor negative bias higher current face. As a consequence an additional potential barrier is
corresponds to darker cojorbout one fourth of the atoms built-in at the junction. The appearance of such a barrier
which constitute the surface of the cluster exhibit such £xPlains the lower current flowing through the iron silicide
property. crystallite in comparison to bare silicon substrate for positive

It is worth emphasizing that the observed difference involtage [Fig. 10b)]. For polarization, when the electrons
surface atom imaging is a purely spectroscopic effect. Thdunnel from the tlp_ t_hrough th_e cluster to the sub_str_ate, they
stabilizing voltage while recording topography and spectro£ncounter an additional barr_ler gnd the transmission prob-
scopic curves was positive. Because all atoms show a simil&0ility is reduced. The opposite bias decreases the efficiency
corrugation for positive bias and the spatial distribution of0f the additional barrier and the tunneling probability in-
the tunneling barrier height is expected to be uniform oveiCreases. The evidence of Schottky barrier formation is well
the surface, because of small differences in the work funcllustrated byd1/dV curves measured for both types of atoms
tions for bulk Fe and Si, the parameters of the tunnelingOf iron_ silicide crystallite. The extende_q flat region around
barrier are similar for both types of surface atoms. Thus variZ€ro bias, much larger than for bare silicon, reveals the oc-
ous imaging at negative bias in the current map arises onl§urrence of an additional poten_t|al barrier. Also the asymmet-
from a different density of states of the two types of atoms.i¢c shape of thd-V curve, particularly recorded fds-type

Also darker imaging of the atoms along the bottom edgedtoms, resembles the diode-type character with the forward
of the crystallite{Fig. 10(c)] reveals the higher current flow- direction at the negative bias. _ _
ing through them. This phenomenon might be associated The existence of the Schqttky barrier also explal_ns the
with the edge effect of the cluster, discussed below. higher tunneling current flowing across edge atoffig.

Thel-V andd1/dV characteristics, typical of three differ- 10(C)]. Near the edge of the interface the field intensity
ent places, are shown in Fig. . Each curve has been shc_)uld be substantially Iarger t_han in the center of the crys-
averaged over at least ten runs obtained on various atoms Etlite. Thus the band bending is expected to be larger there
the same type. At positive bias above 1V the shapes of all tNd, as a consequence, the barrier width is expected to be
them are very similar. This is associated with the fact that thémaller, which results in a higher intensity of the flowing
topographic image of all atoms is identical in this range ofcurrent across that part of the contétct.
the bias. The differences appear at low biases and when the
occupied states are probed.

The d1/dV curve recorded on silicon substratgashed
line) displays a relatively high density of surface states. Two In order to unequivocally determine the structure of iron
well pronounced peaks above 0.3 eV and bele®.8 eV  silicide crystallites, formed upon deposition of 2 ML and
with maximums at 0.5 and-1.0 eV, correspond to conduc- subsequent annealing at 700 °C, detailed investigations of
tion and valence bands, respectively. TheédV curves, re- their height distribution have been carried out carefully.
corded on iron silicide crystallite, differ from those for the More than 80 randomly chosen dots were tested. The quan-
silicon surface as well as from each other, depending on thézation of their height, calibrated as against to the Si double
type of atom. As foil -V curves the difference between them atomic monolayer, is close to 1.5 A, supporting the earlier
is negligible at positive bias. In the middle part, in the low presumptions that grown iron silicide is of CsCl-type struc-
bias range, they take a flat shape. Considerable differences fare. The histogram illustrating the distribution of crystallite
comparison to the silicon surface are recorded for occupietieight is shown in Fig. 11. Dots 7 nm in height dominate
states . For both types of atoms on the iron silicide crystalliteover much of the lower population of objects with smaller
surface well pronounced peaks occur-at.1 eV. They are and larger heights. Such a finding leads to the conclusion that
slightly shifted towards lower energy compared to that of Sithe process of iron silicide growth on vicinal Si substrates
The peak appearing fd-type atoms is much stronger than upon deposition of 2 ML and subsequent annealing at 700 °C
for A type. has a tendency to form an array of very regularly shaped

This spectroscopic result supports the assumption thatots.

A-type atoms correspond to Si, which are adjacent to Fe in Another rough estimation method of cluster composition
the subsurface layer, if the postulated shift of charge fronrelies on the comparison of the volume of deposited Fe and
silicon to iron atomi?® is taken into consideration. The the volume of crystallized iron silicide. Because the anneal-
A-type atoms are in majority on the cluster’s surface, whiching temperature of 700 °C is too low for Fe reevaporation
proves that in small iron silicide crystallite®nly several from the Si surface and between islands there is a bare well
monolayers in height grown upon low-coverage deposition reconstructed $111) surface, it can be assumed that all the
of Fe, the conditions to form double silicon layer deposited material is contained in the iron silicide crystal-
terminatior>?’ are not met. lites. For 0.33 ML Fe coverage the surface histogram analy-

Spectroscopic data is also consistent if the studied systesis reveals that they occupy about 11% of the surface. As-

is considered in terms of Schottky barrier formation at thesuming that their mean height equals 8 A, as obtained by

E. Statistical analysis

195401-8



THERMAL REACTION OF IRON WITH A S(11]) . . .

40 -

30

counts

10

Ozr_‘: T ey :[—L’—l: 1,
2 3456178 910111213

cluster height [nm]

FIG. 11. Histogram of the iron silicide crystallite height grown
after annealing of 2 ML Fe at 700 °C.

averaging over several tens of crystallites, their volume pe
area unit is approximately twice as large as the volume o
deposited Fe, suggesting the composition 1:1 which corr
sponds to iron silicide growth in an CsCl-type structure with
a negligible amount of vacancies in the Fe atomic site.
similar estimation was carried out for coverage of 2 ML of
Fe. Taking into account the 13% coverage of sample surfa
and 66 A as a mean height of iron silicide crystallites, on
can deduce the presence of vacancies in the CsCl-type str
ture. The expectation that the structure of small crystallites
compact, whereas in bigger objects the vacancies may oc
seems to be acceptable.

The structure estimation of iron silicide crystallites given

e-

e
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trary, in bigger crystallites, formed upon annealing of 2 ML

Fe at 700 °C, the amount of Si atoms is relatively higher and
also the fraction of surface atoms is lower. Therefore it is
more plausible that Fe atoms are distributed in the interior of
iron silicide crystallite and on its surface there is only a

double Si layer, as the mentioned modef predicted.

IV. CONCLUSIONS

The evolution of the silicon surface structure, covered
with iron, substantially depends on the annealing tempera-
ture and the amount of deposited material. The solid state
reaction already takes place at room temperature. The suc-
cessive increase of annealing temperature results in the im-
provement of the surface structure ordering. Up to 400 °C
iron silicide has a tendency to grow in the two-dimensional
mode. Surfaces with higher coverage ML of Fe) are en-
tirely reconstructed in a 22 pattern typical of CsCl-type
structures. In the case of lower coverage the well recon-
structed areas coexist with disordered parts of the surface.
Qualitatively different growth modes develop after annealing
at 700°C. The intensive diffusion processes give rise to
three-dimensional growth modes of monocrystalline iron sil-
icide dots in a CsCl-type structure. Their shape and position
n the vicinal surface depend on the coverage. For the lower
ne (0.33 ML of Fe iron silicide crystallites take an elon-
gated shape and their position on the substrate surface is
random. A truncated pyramid shape prevails for higher cov-
rages(2 ML of Fe). The vicinal structure of the surface
determines the growth position of dots on the edge of the

CSpper terraces, giving rise to a self-organized array pattern.
SThe spectroscopic analysis shows that on the surface of
USraller iron silicide dots, Fe atoms in the subsurface layer
e present. Si enrichment of surface composition increases
“With the size of iron silicide crystallites leading to the double
Si termination layer in the case of the biggest crystallites.

he shape of spectroscopic curves suggests the existence of
e Schottky barrier at the interface between the iron silicide
ot and the semiconducting substrate.

above explains the observed composition of the topmo
layer. In the case of small crystallites the fraction of surfaced
atoms is relatively high. Therefore it is hard to expect that Fe
atoms would be distributed very nonuniformly only in the
inner part of the crystallite. As a consequence they should
occupy a substantial number of sites in the subsurface layer, This work was partially supported by the State Committee
as observed for 0.33 ML Fe annealed at 700 °C. On the corfor Scientific ResearckPoland under the project R-34.
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