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Th e evol ut ion of i ron silici de structure gro w n by solid state epita xy on

Si(111) vicinal surf ace was investigated by scanning tunnelli ng microscopy .
T he reactions , w hich occur on the surf ace, are compared for tw o various Fe
coverages : 0.33 and 2 monolayers. T he annealing at 2 5 0 £ C does not enable

substantial recovery of the surf ace ordering, deteriorated by Fe depositi on at
ro om temp erature. T he onset of 2 È 2 surf ace reconstruction is observed upon
anneali ng at 400 £ C . A three -dimensi onal grow th tendency of iron silicid e
crystalli tes on a bare Si(111) 7 È 7 surf ace w as found at 700 £ C . In the case

of 2 monolayer coverage crystalli tes nucleate along the edges of substrate
terraces forming a regular array of nanometer size dots. Basing on atomicall y
resolved spectroscopic e˜ects and statistical considerati ons, structure of iron

silici de nano crystall ites as w ell as Schott ky- like character of the barrier at
the interf ace betw een metallic crystallite and semiconducti ng substrate is
deduced.

PACS numb ers: 61.46.+ w , 68.35.{p, 68.37.Ef , 81.10.J t

1. I n t rod uct io n

Iro n silici de has attra cted much attenti on because of the com plexi ty of nu-
m erous compounds and serious expectati ons for practi cal appl icati ons [1]. D e-
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pending on the crysta l l ine structure i t reveals various properti es: semiconducti ng
(Ù -FeSi2 ), m etal l ic ( ˜ -FeSi2 ; " -FeSi) or ferrom agneti c (F e3 Si). Parti cul arly the
semiconducti ng phase is a very prom ising materi al for Si-based opto electroni c de-
vi ces, because i t has a narrow energy gap of 0.87 eV, whi ch corresponds to the
m axi mum tra nsmission of the opti cal glassÙbers. Mo reover, com pounds grown in
the form of thi n Ùlm s reveal even wi der group of structures, som eof whi ch have no
counterpa rt in the bul k. The phases, whi ch do not appear in a bul k m ateri al , are
stabi l ized by the stra ins, generated by the latti ce m ismatch at the interf ace wi th
the Si substra te. The grown structure s are very sensiti ve to the vari ous deposi-
ti on m etho ds: co-depositi on by molecular beam epi taxy [2{ 7], reacti ve depositi on
epi ta xy [8{ 10], sol id state epi ta xy [11{ 16] as wel l as to param eters whi ch a˜ect
ki neti c factors. Theref ore, appa rentl y the sam e growth condi ti ons may result in
substa nti al ly di ˜erent pha sesdi splayi ng undesi rable properti es.

Iro n sil icide phase tra nsi ti on upon anneal ing is another contra di ctory is-
sue. The phase tra nsiti on tem perature is a˜ected by the Ùlm thi ckness, because
the factors, whi ch stabi l ize epita xi al phases, signiÙcantl y depend on the interf ace
structure [2, 3, 7, 9, 13, 15, 17{ 19].

The com positi on of the to pm ost ato mic layer is also intensi vel y discussed
m atter. It is general ly accepted tha t the term inati on layer consi sts of Si ato ms
[11, 14, 20, 21], because they lower the surface energy of iron sil ici de. Ho wever,
sparse experim enta l works and theo reti cal considerati ons reveal the presence of Fe
ato m s on the surface [22, 23].

The earl y stage form ati on of i ron sil icide wa s the aim of our investigati ons.
The reacti ons, whi ch occur up on low coverage Fe depositi on onto Si(111) vi ci nal
surf ace, acti vated by subsequent successive anneal ing, were studi ed wi th ato m ic
resoluti on by m eans of scanni ng tunnel l ing m icroscopy (STM), supp orted by spec-
tro scopi c m easurements. Our attenti on was also focused on the inÛuenceof vi ci nal
structure of the substra te on surf ace di ˜usi on, whi ch a˜ected the growth m ode of
i ron sil ici de.

2. E x per i m en t a l

Iro n was deposited on sil icon at room tem perature in a UHV system at
the base pressure in the low range of 1 0 À 1 0 Torr. The sampl e substra tes were
cut from com merci al n -typ e Si(111) waf ers (Sb doped, ¤ 1 ¨ cm), misori ented
by 1 : 2 £ in [{ 1 { 1 2] di recti on. Cl ean surface was achi eved thro ugh heati ng at
7 0 0 £ C for several hours and Ûashing at 1 2 5 0 £ C up to 5 ti m es, fol lowed by cool ing
down at the rate lower tha n 1 £ C/ s. Such therm al trea tm ent resul ted in the high
qual i ty surface showi ng 7 È 7 reconstructi on wi th a negl igible amount of defects and
conta m inati on. As a consequence of cutti ng m isori entati on the substra te surface
had a terra ce-like structure 800{ 1000 ¡A in wi dth, separated by edge steps about
20 ¡A in average height. Iro n wa s subl imated onto the substra te f rom a tung sten
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basket typi cal ly at a rate of 5 ¡A/ min. The depositi on rates and the thi ckness were
m oni to red by a quartz crysta l m icrobalance. It was assumed tha t 1 monolayer (ML)
corresponded to 1 :2 È 1 0 1 5 ato m s/ cm 2 , i .e. average value of the low index surf aces
of bcc Fe. The scanni ng tunnel ling microscopy measurements were perform ed in
the same vacuum system at room tem perature di rectl y after iron depositi on and
subsequent anneal ing for 10 m in at: 2 5 0 £ C, 4 0 0 £ C, and 7 0 0 £ C. The STM ti ps were
electrochemical ly etched from a tung sten wi re (0.2 m m in di ameter) and cleaned
by anneal ing in the vacuum system . The sam ple was bi ased relati vel y to the ti p
in our setup. Thi s m eans tha t the empty states were im aged for positi ve vol ta ge,
wherea s the occupi ed ones were probed for negati ve bias. Al l STM to pographic
im ages were recorded in the constant current m ode.

3. R esul t s an d d iscu ssio n

The depositi on of Fe on Si substra te deteri orates, in general , the reconstruc-
ti on observed for clean surface. In the case of 0.33 ML Fe depositi on, clusters
of about one atom ic monolayer in height and 1 nm in diameter random ly ap-
pear on the surface. Single atom s, i rregul arly al igned between them , are vi sibl e,
however thei r unambi guous identi Ùcati on on the basis of the to pographi c im age
is questionable. Occasional ly, smal l fragments of non-destroyed Si substra te wi th
rem nant 7 È 7 reconstructi on are found. Up on depositi on of 2 ML Fe larger ag-
glom erates, of non-regular shape and f ew nanom eters in di ameter, are form ed.
The surface between them does not reveal the orderi ng typi cal of cl ean Si surface
anym ore. R esults achi eved for Fe are in contra st wi th an experim ent perform ed
in the sam e condi ti ons for Au deposits. Af ter depositi on of Au submonolayer on
Si(111) surf ace, smal l clusters nucl eate m ainly in the centres of both halves of the
uni t m eshes[24]. A clear 7 È 7 substra te reconstruct ion vi sibl e between clusters
suggests tha t the deposited Au does not react wi th Si. Theref ore our Ùndi ngs al -
low an inf erence tha t the sol id state reacti on between the deposited i ron and the
sil icon substra te pro ceeds intensi vely al ready at room tem perature.

A short- range orderi ng of surf ace ato m s becomes vi sibl e after anneal ing at
2 5 0 £ C. Three ato ms' ri ngs random ly di stri buted are the onl y regular objects en-
countered on the surface. Ho wever, thei r azi mutha l pl anar ori entati on is identi cal,
suggesting the inÛuence of the Si substra te symm etry on thei r form ati on pro cess.
The di stance between ato m s, being m embers of a ri ng, equals to 6.6 ¡A, whi ch is
m uch m ore tha n the bondi ng length in the bul k Si (3.86 ¡A). Theref ore the observed
orderi ng cannot be considered as 1 È 1 reconstructi on [4, 14, 25]. It rather corre-
lates wel l wi th 2 È 2 reconstruc ti on of " phase [26], however thi s phase is not found
up on anneal ing at higher tem peratures. Thus the form atio n of the ri ngs might
be associated wi th the ini ti a l stage of (CsCl )F eSi phase growth, unam biguously
identi Ùed after anneal ing at hi gher tem perature.

Up on anneal ing at 4 0 0 £ C the long-range orderi ng of the surface is acti vated.
The pro ceeding pro cessesdrasti cal ly depend on the am ount of deposited m ateri a l.
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The reconstructi on of the surface is not com pleted f or the covera ge of
0.33 ML Fe. W ell -ordered islands are separated by areas, where the ato ms di s-
pl ay m erely short- range orderi ng simi lar to tha t observed after anneal ing at 2 5 0 £ C
(Fi g. 1). Al l characteri stic features i .e. three ato ms ri ngs wi th the distance between
m ember ato ms equal to 6.6 ¡A, random positi ons of ri ngs on the surf ace and thei r
identi cal azim utha l ori entati on are found after annealing at 4 0 0 £ C. The amount
of three atom s rings is substa nti al ly higher in com pari son wi th trea tm ent at lower
tem perature. The surface of ordered islands, several nanom eters in size, is term i-
nated wi th identi cal ly imaged by STM ato m s al igned in hexa gonal , closely packed
structure. The nearest neighbour distance, equal to 7.6 ¡A, corresponds to 2 È 2

reconstruc ti on of CsCl - or CaF2 -typ e phase of i ron sil icide. The islands, whi ch
usual ly have non-regular shape, are located random ly on the substra te surface.
The same azim utha l orienta ti on of al l islands pro ves thei r epi taxi al growth on Si
surf ace.

Fig. 1. Partial 2 È 2 reconstruction upon dep osition of 0.33 M L Fe and anneali ng at

400 £ C ( 37 : 5 È 37 :5 nm 2 ).

D epositi on of 2 ML of Fe annealed subsequentl y at 4 0 0 £ C, on the contra ry
to the di scussedabove case, resul ts in com plete surface orderi ng. Large scan STM
im age (Fi g. 2) shows three enti rely reconstruc ted terra ces of Si vi cina l substra te.
The roughness of each terra ce is very low | regul ar in shapes, ato mically Ûat areas
are conÙned by borders ori ented every 6 0 £ , determ ined by the rows of ato ms. The
Ûuctua ti on of the surface proÙle wi thi n the same terra ce does not exceed one
m onolayer. Fi gure 3a shows a high resoluti on STM to pography im age of a sing le



ST M/ST S Studi es of Self-Organized Grow t h . . . 307

Fig. 2. The top ography image w ith deriv ative comp onent ( 200 È 200 nm 2 ) of entirely

reconstructed vicinal surf ace co vered w ith 2 ML Fe and annealed at 400 £ C .

terra ce. The im age wa s recorded at negati ve bi as, for whi ch the occupi ed states
were probed. Three term inati ng ato mic planes are clearly di stinguished. The STM
im age of surface ato ms di ˜ers dependi ng on the plane. In the lowest layer every
ato m seems to be identi cal . In the m iddl e plane som e ato ms are seen as the \ lower"
ones (f or further discussion they are assumed to be of A- typ e, whereas the others
| as B- typ e). As di scussed in the next part of the paper, varia ti on in apparent
height of surface ato m s im aged by STM is associated m erely wi th spectroscopic
e˜ects, whi ch suggest tha t thei r electroni c structure s di ˜er. Ato m s, imaged as
\ lower" , are in m inori t y and thei r popul ati on is estim ated on the level of 12%.
Thei r di stri buti on in pl ane is random , wi tho ut any tendency to agglomerate in
cl usters. In the highest pl ane the contri buti on of A- typ e and B-typ e ato m s is
comparable, theref ore i t frequentl y happens tha t two or m ore ato m s of the same
typ e neighbour each other. The surface proÙle (Fi g. 3b) enables una mbiguous
di ˜erenti ati on of tw o typ es of ato m s. The height of terra ce steps, equal to 1.5 ¡A,
favours CsCl -typ e structure of i ron sil icide over CaF 2 - typ e, for whi ch the terra ce
step height is expected to be equal to 3.1 ¡A [2]. On thi s basis one may inf er tha t
al l ato ms in the lowest pl ane are of B- typ e, whi ch typ e app ears also in m ajori t y
in the middl e terra ce and Ùnal ly in com parabl e am ount to A- typ e ato m s in the
hi ghest plane. The di stri buti on trend of both typ es of ato ms on the surface |
the higher terra ce the hi gher concentra ti on of A- typ e ato ms | is very clear. For
negati ve bi as A- typ e ato ms are im aged as \ lower" , as m enti oned previ ously, by
0.6 ¡A.
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Fig. 3. (a) Recorded at {1. 93 V ST M image ( 15 È 15 nm 2 ) of a single vicinal terrace

af ter dep osition of 2 ML Fe and subsequent annealin g at 400
£ C . T he content of atoms

imaged as \low er" (A -typ e) depends on the terminating atomic plane with a tendency:

higher plane{hi gher contribution, (b) the surf ace pro Ùle measured b etw een arrow s.

Fig. 4. Corrugation proÙle of the same row of atoms taken at + 1.9 V (upp er) and

{1. 9 V (b ottom).

Typi cal vari ati on of the ato m im aging by STM is quanti ta ti vely depicted in
Fi g. 4, whi ch shows two corrug ati on proÙles along the row of ato ms, conta ini ng
both A and B typ es, m easured at v arious biases. In the upp er pro Ùle, where the
empty states are probed, the apparent height of A- typ e ato m s is larger by 0.2 ¡A
relati vel y to B- typ e ones. The opposite bi as inv erts the STM im age | the A- typ e
ato m s are pro bed as \ lower" , appro xi matel y by 0.4 ¡A in com pari son to B- typ e
ones. The neighbourho od of di ˜erent in typ e ato ms does not seem to a˜ect the
wa y of imaging . As seen in the proÙle, B- typ e ato ms adj acent to A- typ e have the
sam e apparent height as these in the uni form row of B- typ e ato ms. The above lack
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of neighb ourho od inÛuence may be a consequence of weak intera cti on in plane re-
sul ti ng from the large separati on distance and/ or a strong local izati on of electro nic
states. Al so the absence of latera l shif t positi on of ato m s imaged at opp osite bi ases
suggests the lack of spati al separati on of empty and occupi ed states.

The anneal ing at higher tem perature acti vates enti rely di ˜erent growth m ode
of i ron sil icide. The growth of iron sil icide at 7 0 0 £ C is no longer two- dimensional , as
at lower tem peratures. Instea d, three- dim ensional nanom eter size crysta l l i tes are
form ed on the bare Si 7 È 7 reconstruc ted surf ace. Thei r size, shape, and locati on
on the surf ace substanti al ly depend on the am ount of the deposited materi al .

Fig. 5. T hree-dimensi onal iron silicid e crystalli tes grow n upon depositio n of 0.33 ML

Fe and annealing at 700
£ C (scan size: 1 È 1 ñ m2

) .

Crysta l l i tes form ed upon 0.33 ML coverage are hom ogeneously distri buted
| thei r positi on on the surface is not a˜ected by the edges of vi cina l structure
(Fi g. 5). They nucl eate both in the vi cini ty of the edges as well as in the centre of
terra ces. Prev ai ling numb er of crysta l l i tes have an elongated shape. The m ulti tude
of such form s may suggest tha t they are the ini ti al stage of three- dim ensional
i ron sil icide crysta l l i tes at low Fe covera ge regim e. Ho wever, a certa in am ount of
non-regular crysta l l i tes is also encountered. The long axes of crysta l l i tes clearl y
determ ine three di recti ons, oriented every 6 0 £ , reÛecting the sym metry of Si(111)
7 È 7 surface.

Fi gure 6 shows a high resoluti on STM im age of a typi cal crysta l l i te ta ken
at a bi as of { 2.27 V. The edges of the base are para llel to [{ 110] di recti ons of
the uni t m esh of the wel l reconstruct ed Si substra te. The length of the crysta l l i te
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Fig. 6. Taken at {2. 27 V , high resoluti on ( 20 È 40 nm 2 ) deriv ative image of a single iron

silici de crystalli te nucleated after dep osition of 0.33 ML Fe and subsequent anneali ng at

700 £ C.

i s about 250 ¡A. The to pm ost layer, three ato m ic rows in wi dth, shows a (2 È 2 )
reconstruc ti on wi th the distance between nearest neighb our ato ms equal to 7.6 ¡A,
whi ch is expected both for CsCl - and CaF2 -typ e structure of i ron sil icide [2, 11, 27].
Ho wever, the excellent qual i t y of the im age al lows Ùnding tha t the crysta l l i te
consists of Ùve m onolayers, whi ch in com binati on wi th its height equal to 7.9 ¡A
reveals tha t i t has a structure of CsCl -typ e. Vari ous imaging of ato ms in the
to pm ost layer and on the facets, sim i lar to tha t observed up on anneal ing at lower
tem perature (see Fi g. 3a), as well as di ˜erent apparent height of the crysta l l i te
m easured at di ˜erent biases, have a spectroscopic nature and wi l l be di scussedin
the subsequent part of thi s paper.

Sl ightl y di ˜erent m echanism of crysta ll i te growth at 7 0 0 £ C is found upon
depositi on of 2 ML of Fe (Fi g. 7). The shape of trunca ted pyra mid is dom inati ng
for thi s coverage. The elongated form s, typi cal of 0.33 ML coverage, are onl y
sporadically met. Ano ther stri ki ng feature is the strong inÛuence of the vi ci nal
structure on i ron sil ici de crysta l l i tes nucl eati on. Crysta l l i tes grow m ainly along
the edges on the upp er terra ces. Practi cal ly none of them are found in the centre
of terra ces as i t is observed for lower covera ges. Such typ e of nucl eati on gives rise
to the self -organizati on of i ron sil icide nanom eter size crysta l li tes, whi ch may Ùnd
pra cti cal im plementati on in nanoelectronics.

Hi gh-resoluti on im age of a sing le crysta l l i te grown upon depositi on of 2 ML
Fe and subsequent anneal ing at 7 0 0 £ C is depicted in Fi g. 8. The very regular
shape of a trunca ted pyra mid wi th six facets of typ e al terna ti vely: (100) and
(111) is clearl y vi sibl e. The to pm ost layer again displ ays, l ike in the case of lower
covera ge, a 2 È 2 reconstruct ion wi th the distance between nearest ato ms equal to
7.6 ¡A. The edges of the base are oriented along [{ 110] di recti ons of the very well
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Fig. 7. Large scan (1 È 1 ñ m 2 ) image of the self-organized iron silici de crystalli tes

grow n on the Si(111) vicina l surf ace upon dep osition of 2 ML Fe follow ed by annealin g

at 700
£ C .

Fig. 8. STM deriv ative image of one of the elements of the self-organized array show n

in Fig. 7.



312 A. Wawro et al .

reconstruc ted Si (111) 7 È 7 substra te. Such correl ati on between the ori enta ti on
of grown crysta l l i tes and the uni t m eshes of the substra te for both covera ges is
evi dence tha t three- dim ensional crysta ll i tes of i ron silicide grow epi ta xi al ly on the
Si substra te. Measured height of the crysta l l i te (68 ¡A) in com binati on wi th the
num ber of atom ic pl anes, estim ated on the basis of the to pography of one of the
facets (m ore tha n 30), f avours the CsCl -typ e structure.

The di ˜usi on processes pro ceeding on the surface at 7 0 0 £ C are responsible
for agglomerati on of Fe ato m s (parti al ly observed upon anneal ing at 4 0 0 £ C), epi-
ta xi al growth of i ron sil icide crysta l l ites and f ul l reconstruc ti on 7 È 7 of Si bare
substra te, whi ch is clearl y vi sible in the background. It is reasonabl e to exp ect
tha t al l deposited Fe ato m s are gathered in the volum e of crysta l l ized i ron sil icide.
The tem perature of 7 0 0 £ C is rather to o low for re-evaporati on of Fe ato ms f rom
the surface. The above assumpti on is ta ken into account in crysta ll i te structure
considerati on in the subsequent part of the paper. The evi dence of an intensive
pro cessof the Si surf ace etchi ng, whi ch suppl ies Si ato ms for i ron sil icide form atio n,
is very clear. The terra ces of vi cinal sil icon surf ace have num erous, rounded edges
correspondi ng to the height of doubl e Si monolayer, whi ch are not observed on the
cl ean Si surface pri or to the Fe depositi on. In the vi cini ty of nucl eated crysta l l i tes
the substra te surf ace is Ûat wi tho ut any dips around the crysta ll i tes. It m eans
tha t the ato m s necessary for iron sil icide form atio n do not di ˜use local ly f rom
sites in the vi ci ni ty of nucl eati ng crysta l l i tes, but hom ogeneously from the enti re
surf ace. The local izati on of the bi g crysta l l ites, grown upon depositi on of 2 ML
Fe, along the edges of the upp er terra ce m ay result from the fact tha t thi s site is
energeti cal ly favoured to suppl y high amount of substra te materi al , necessary for
crysta l l i te growth.

As m entio ned earl ier, di ˜erent im aging of surface ato ms is ascribed to spec-
tro scopi c e˜ects. Thi s is a characteri stic feature of both: Ûat reconstructed surf aces
form ed upon depositi on of 2 ML Fe and subsequent anneal ing at 4 0 0 £ C as well as
the surface and facets of i ron sil icide crysta l l i tes grown at 7 0 0 £ C. In the constant
current m ode the ti p of STM does not f ollow the geometri c proÙle of the surface,
but also probes an electronic local structure and these two contri buti ons cannot
be easily separated. However, on the basis of spectroscopic e˜ects and resul ts re-
ported in other works, i t seems tha t the di ˜erenti ati on between Fe and Si ato ms
is becoming possibl e.

A prev ai l ing numb er of studi es reveal tha t due to the decrease in surface
energy the to pm ost layer of i ron sil icide is Si term inated [11, 14, 20, 21, 28]. The
Fe{ Si bondi ng displays a homopolar nature, however in CsCl - typ e structure the
tra nsfer of appro xi m ately 0.5 electro n charge per uni t cell f rom Si ato m to d orbi ta l
of Fe atom is observed [2]. Thus, ta ki ng into account the non-uni form distri buti on
of A- typ e and B-typ e ato m s depending on the term inati ng layer (whi ch can be
trea ted as a prel im inary stage form ati on of three- dim ensional i ron sil icide crys-
ta l l i tes), the f ollowi ng expl anati on seems to be credi ble. As m enti oned earl ier, Si
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ato m s term inate the surface. They are very wel l di stinguishable, because sp or-
bi ta ls are better im aged by STM tha n d orbi ta ls of Feato m s. However these, whi ch
neighbour wi th Fe ato ms in the layer underneath are slightl y positi vely charged
because of an electron tra nsfer from Si to wards Fe ato m. W hen the occupi ed states
are pro bed at negati ve bias of the tunnel ing j uncti on, the intensi ty of the tunnel ing
current decreases. In order to m ainta in a constant tunnel ing current, the STM ti p
appro aches the surface and such typ e of surf ace ato m is im aged as a \ lower" one.
Theref ore the A- typ e ato ms imaged as " lower" at negati ve bi as are Si ato ms adj a-
cent to Fe ato ms in subsurf ace layer whereas B- typ e ones are Si, whi ch neighb our
the sam e typ e of ato m s underneath.

In order to study in deta i l the electroni c structure of iron sil ici de crysta l l i te
surf ace, shown in Fi g. 6, the measurements of the current im aging tunnel l ing spec-
tro scopy (CITS) wi th ato m ic resoluti on have been perform ed. At positi ve bias the
surf ace ato m s are im aged in the sam ewa y. It is thus highl y pro babl e tha t the STM
ti p purel y fol lows the to pographi c pro Ùle, i .e. the di stance between the ti p and the
surf ace is kept constant over al l atom s. In order to achieve the I À V characteri stics
the bi as of the tunnel ing juncti on has been swept from the positi ve to negati ve
value. W hen the feedback loop is swi tched o˜ to perform the spectro scopic mea-
surements, the STM ti p is positi oned at the sam e height over the surface in every
pro bed point. In such case the param eters of the juncti on barri er ta ke the same
values and the spati al vari atio n of measured characteri stics reÛects m erely elec-
tro nic properti es of the electrodes. Because the STM ti p is cut from tung sten wi re,
whi ch has a rather featurel ess electro nic structure, the spati al v ariati on, observed
in current maps, should be associated onl y wi th the surface pro perti es.

Co nstant current to pography , simulta neously recorded current maps of the
sam e area at vari ous bi asesand I À V as well as dI =dV characteri stics, measured
at di ˜erent sites of the surface are depi cted in Fi g. 9a{ d. In to pographi c im age
(Fi g. 9a) the bri ght verti cal stri p on the left side represents a part of the elongated
i ron sil icide crysta l l ite shown in Fi g. 6. Very well reconstructe d 7 È 7 surface of the
bare Si is clearl y seen in the background. In the current im age recorded at 0.39 V
(Fi g. 9b) the area of crysta l l i te is im aged in black (i n the current m aps larger
intensi ty of tunnel ing current is imaged bri ghter). It m eans tha t the intensi ty of the
current Ûowi ng thro ugh i ron sil icide to the sil icon substra te is lower in compari son
wi th tha t di rectl y tunnel l ing to the substra te. Substanti a lly di ˜erent m ap was
recorded at the negati ve bi as of { 1.1 V (Fi g. 9c). The enti re area of crysta l li te is
im aged bri ghter tha n the uni form background of the bare silicon. Addi ti onal ly the
im ages of several surface ato ms of crysta ll i te are m uch bri ghter tha n the others.
They correspond to the ato ms, whi ch are vi sible as \ higher" ones in to pography
in Fi g. 6. Appro xi m atel y 25% of surf ace atom s of i ron sil icide crysta l li te di splay
such a pro perty . In accorda nce wi th the course of expl anati on given above, it is
exp ected tha t the density of electronic states local ized on such ato ms ta kes a larger
value.
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In order to Ùnd the di ˜erences in electroni c structure, atom ical ly resolved
spectroscopic characteri stics were m easured. Fi gure 9d depicts both I À V and
d I =dV curves recorded at three vari ous sites: bare sil icon surface, bri ght and dark
ato m s of iron sil icide crysta ll i te. Each of them is avera ged over at least ten runs
obta ined in various sites of the same typ e. As expected from the m easurements of
to pography I À V characteri stics do not di ˜er substa nti al ly in the range of positi ve
bi ases. Merel y for di rect tunnel l ing to bare sil icon the slope of the curve is higher

Fig. 9. (a) Recorded at + 2.27 V STM top ography image (15 È 15 nm 2 ) of the iron

silici de nano crystall ite (bright vertical strip e on the left) grow n on the bare Si(111) sub-

strate after annealin g of 0.33 ML Fe at 700 £ C . C urrent map (C I T S) of the same area

obtained at: (b) + 0. 39 V and (c) {1. 1 V . (d) Averaged d I = dV (in the insert I À V ) charac-

teristics recorded on: bare Si(111) surf ace (dashed line) and on iron silici de nano crystal

topmost layer: A -typ e atoms (dot line) and B- typ e atoms (solid line).
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between 0.4 and 1.2 V. Much larger vari ati ons are observed below { 0.7 V. D rastic
increase in the tunnel l ing current is observed when the ato ms of i ron sil icides,
im aged in bri ght in the current m ap (Fi g. 9c), are probed. The slope of I À V

characteri sti c f or the remaini ng ato ms of i ron sil icide crysta l l i te is substa nti al ly
lower, but sti l l larger tha n tha t for pure silicon surface. Observed di ˜erences are
emphasized in dI = dV characteri stics. Sim i larly to I À V no di ˜erences are observed
above 1 V. Below thi s bias dI =dV curves measured on i ron sil icide crysta l l i te are
Ûat whereas for Si substra te there is an apparent peak at 0.6 V. The Ûat re-
gion, whi ch may be associated wi th energy gap, extends down to { 0.5 V for al l
curves. Below thi s bi as, where the occupi ed states are probed, the curve mea-
sured on B-typ e ato m s dra stical ly ari ses and two very disti nct peaks appear at
{ 1.1 and { 1.9 V. Much weaker increase is observed for A- typ e ato ms as well as
for Si surface. The shape of d I =dV characteri stic reÛects, at least qual i ta ti vely,
the dependence of density of sta tes on energy. A higher peak observed for B- typ e
ato m s in compari son wi th A- typ e is associated wi th the regular Ùll ing of electron
orbi tals in Si ato m on the surface, when i t is adjacent to the sam etyp e in the layer
undernea th. In the opposite case the tra nsfer of electron charge to wards Fe atom
depl etes the Ùll ing of orbi ta ls in the to pm ost Si ato m , whi ch results in a weaker
increase in the tunnel ing current wi th the bias and lower intensi ty of the peak in
d I =dV characteri sti c. The conducti ng and valence bands f or positi ve and negati ve
bi as, respecti vel y, are clearly hi ghl ighted. Much wi der | in com parison to Si |
Ûat region around zero bias measured for i ron silici de m ay suggest the presence
of an addi ti onal tunnel ing barri er. Co mbinatio n of the gathered data , i .e. m etal l ic
character of (CsCl )F eSi, diode-l ike dra stic increase in the current intensi ty below
{ 0.7 V ( I À V characteri sti cs in Fi g. 9d) and slightl y larger apparent height of the
sam e crysta l l i te measured at negati ve bi as in compari son wi th the height obta ined
at positi ve bias (e.g. from the pro Ùle compari son of the crysta ll i te shown in Fi g. 6),
becomes consistent i f the presence of the Schottky barri er at the interf ace between
crysta l l i tes and n -typ e Si substra te is ta ken into account. Such an addi ti onal bar-
ri er reduces the tunnel l ing pro babi li ty for the electrons Ûowi ng from the STM ti p
thro ugh the i ron sil icide crysta l l i te to the substra te in com pari son wi th the di rect
tunnel l ing to Si . The opposite bi as decreases the e£ ci ency of the barri er and tun-
nel l ing probabi l i ty increases. In the consta nt current mode, in whi ch to pography
is recorded, reduced tunnel l ing probabi l i t y imposes the appro ach of the scanni ng
ti p over the surf ace, decreasing the apparent height of studi ed obj ects.

D etai led stati stical analysis of the size of self-organi zed i ron sil icide crys-
ta l l i tes grown on vi cinal Si surf ace upon Fe depositi on and subsequent anneal ing
at 7 0 0 £ C enabl es an insight into thei r interna l structure. The m easured height,
cal ibra ted against the doubl e Si monolayer step of 3.16 ¡A in height, reveals the
quanti zati on close to 1.5 ¡A, typi cal of CsCl -typ e structure . Thi s is clearly i llus-
tra ted in Fi g. 6, whi ch shows the image of crysta l li te of 7.9 ¡A in height consi sting
of Ùve m onoatom ic layers. The height distri buti on in popul ati on of m ore tha n 80
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Fig. 10. H eight histogram of iron silicid e crystallites grow n af ter annealin g of 2 ML Fe

at 700 £ C .

random ly selected crysta ll i tes grown up on depositi on of 2 ML of Fe is shown in
Fi g. 10. Surpri singly, the obta ined distri buti on has a non-Gaussian character. In-
stead, the crysta l l ites of 7 nm in height dom inate over the others, both larger and
smal ler in height. The above resul t m ay suggest tha t the investigated sol id state
reacti on leads to the form atio n of a regul ar arra y of uni form in size i ron sil icide
crysta l l i tes.

As menti oned earl ier, the 2 È 2 reconstructi on of iron sil icide surface wi th
the nearest neighbour distance between ato ms equal to 7.6 ¡A is characteri stic of
both CsCl (F eSi) and Û-FeSi2 phases. In order to identi fy the interna l structure of
grown crysta l l i tes, the rati o of thei r estimated vo lume to the volume of deposited
i ron is considered. The latti ce parameter of CsCl -typ e phase is equal to 5.43 ¡A.
The elementary cell of thi s phase conta ins eight ato m s of Fe and Si. The latti ce
parameter of Û -FeSi2 com pound is com parable and equal to 5.39 ¡A, however the
elementa ry cell consists of eight Si ato ms and four Feato m s.The CsCl vacancy typ e
structure, in whi ch the i ron ato ms are substi tuted by vacanci es, is the interm ediate
one between the two phases described above. Under reasonable assumpti on tha t
the temperature of 7 0 0 £ C is to o low for re-evaporati on of Feato m s from the surface
i t is expected tha t al l deposited Fe ato m s are bui l t in the i ron sil icide crysta l l i tes.
Thus the rati o of com pound volume to the bul k- like vo lum e of deposited i ron is
equal to 1.7 and 3.3 for CsCl - and Û- typ e structures, respecti vel y. The vo lume of
grown crysta l l i tes m ay be appro xi m atel y estimated on the basis of thei r height
di stri buti on and the fracti on of the sampl e's area, whi ch is covered wi th iron
sil icide. The stati sti cs for both covera ges are shown in T able. Obta ined resul ts
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T ABLE

Parameters applied for estimation of iron sili cid e crystalli te structure.

C overage Fe layer thickness Occupied surf ace C rystallite mean height V F eS i =V Fe

[ML ] [nm] [%] [nm]

0.33 0.048 11 0.8 1. 83

2 0 :2 9 13 6.6 2: 9

cl earl y conÙrm tha t the grown i ron silicide crysta ll i tes for both covera ges have
CsCl - typ e structure, however the smal ler ones are more com pact wi th compositi on
cl ose to 1:1, whereas in bigger ones a certa in am ount of vacanci es is present.
Inf erred interna l structure of crysta l l ites coincides wel l wi th the STM im ages of
thei r surface. In the case of smal ler crysta l l i tes the di ˜erent STM im aging of ato ms
is frequent, whi ch is in contra st to bi gger ones, where the surf ace ato m s are imaged
in the sam e way. It suggests tha t in smal ler crysta l l i tes, where the contri buti on
of ato m s located on the surface and in subsurf ace layers is m uch higher and the
fracti on of Fe ato ms appro aches 50%, the presence of Fe ato ms in the vi cini ty
crysta l surface is hi ghly probable. The surface of big crysta l l i tes, in whi ch the
relati ve num ber of surf ace ato m s is much lower, is pro babl y term inated wi th a
doubl e Si layer, as predi cted by theoreti cal models [14, 20], and in consequence
im aged hom ogeneously.

4 . Co n cl usion s

The sol id state reacti on pro ceeding on Si vi cina l surface up on depositi on of
Fe and subsequent anneal ing results in the growth of i ron sil icide crysta l l i tes. The
ini ti al stage of nucl eati on is found al ready upon anneal ing at 4 0 0 £ C. At 7 0 0 £ C
m etal l ic, three- dim ensional i ron sil icide crysta l l i tes of CsCl -typ e structure grow in
the form of trunca ted pyra mids on bare 7 È 7 reconstructe d Si surf ace. Dependi ng of
Fe coverage they ta ke di ˜erent shape, size, and locati on. The smal ler are elongated
and nucl eate hom ogeneousl y on the surface. The bigger ones decorate the edges of
the upp er terra ces givi ng ri se to form ati on of a regular arra y of nanometer in size
m etal l ic dots on the semiconducti ng substra te. They show a tendency to grow in
uni form size of 7 nm in height. Basing on spectroscopi c e˜ects, the com positi on and
structure of the crysta l l i tes' surface is proposed. Stati stical analysis reveals tha t
in bigger crysta l l i tes the contri buti on of vacanci es in CsCl - typ e structure is higher
in com pari son wi th smal ler ones. The properti es of the interf ace between m etal l ic
crysta l l i te and semiconducti ng substra te resemble Schottky barri er behavi our.
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