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Gr ow th of th in m et al Ùlms on semiconductors has b een alw ays an im -
p ortant subj ect for extensi ve exp erimental and theoretical studies . A s the ap-

plicabi l ity of w ell- ordered nanostructures in electronic appli cati ons dep ends
stron gly on their size and distribu tion , it is necessary to understand the pro-
cesses that govern the grow th of such structures. In this pap er we present
the results of investigation of the room temp erature grow th of thin Bi Ùlm on

Si(111). In our study we clariÙed that rotationall y disordered, pseudo-cubi c
Bi f 012g island s with unif orm height of ¤ 1 3 ¡A are formed in the initial stage
of Bi Ùlm grow th. With increase in the amount of bismuth on the surf ace,

islands interconnect maintainin g how ever their unif orm height. T his pro cess
is further accompanied by the uni que and unexp ected structural phase tran-
sition of the f 012g Ùlm into a hexagonal Bi(001) Ùlm.

PACS numb ers: 68.37.Ef , 68.47.De, 68.55.A c

1. I n t rod uct io n

The study of the structure and electroni c properti es of ul tra - thi n m etal Ùlms
on semiconducto r surfaces has always attra cted signi Ùcant attenti on. Apa rt of fun-
dam ental pro blems in the physi cs of thi n m etal l ic overl ayers such as two- di men-
sional (2D) electro nic tra nsport or quantum conÙnement ẽ ects, also the possible
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appl icati ons for m odern nanoelectroni cs are a dri vi ng force for further, m ore com -
pl ete research. T o establ ish better contro l of the crysta l l ini ty and electro nic proper-
ti es of the m etal l ic overl ayers, i t is necessary to understa nd the factors governi ng
thei r hetero epi ta xi al growth, nam ely, surface free energies and stress relaxa ti on
e˜ects. I n sit u scanni ng tunnel ing m icroscopy /sp ectro scopy (STM/ STS) studi es
supp orted by the theoreti cal calcul ati ons can play an importa nt ro le in increasing
our understa nding of the pro cesses inv olved.

It is known tha t m etals grow on the semiconducto r surfaces pref erenti al ly
vi a the Stra nsky{ Kra stanov (S{ K) growth m ode. General ly, the ini ti al form ati on
of the Ûat wetti ng layer is fol lowed by a growth of three- di mensional (3D ) is-
lands [1]. Such growth mechani sm is tho ught to be a signi Ùcant drawba ck for the
realizati on of Ûat, wel l ordered m etal l ic overl ayers on semiconducto rs, suita ble
for quantum -electroni cs appl icati ons. However, other, unusua l growth m odes have
been also reported in several di ˜erent epi ta xi al systems. For exampl e, Ûat- top 2D
islands in Pb and Ag growth on sil icon [2, 3] as wel l as Ûat and connected Mg
ul tra - thi n Ùlm s on Si [4] have been recentl y real ized exp erimenta l ly by empl oy-
ing low- temperature depositi on fol lowed by the anneal ing to ro om tem perature
(R T). Currentl y accepted expl anati on of these phenom ena is based on quantum
size e˜ects, parti cul arl y the rela ti on between Ùlm thi ckness and the energy of the
conÙned electrons [5, 6].

Semimetal Bi has been wi dely investigated, mostl y because of its very in-
teresti ng electroni c pro perti es, such as high carri er m obil i ty, smal l e˜ecti ve mass,
and large Ferm i wa velength. Al so, recentl y, extrem ely high magneto resistance was
observed in electro deposited Bi thi n Ùlm and i t was attri buted to the excellent crys-
ta l l ini t y of the Ùlm [7]. Bi has m etal -l ike high packing density but i ts quasi-cubi c,
layered structure wi th bi layer stacki ng is an evi dence of covalent- like character
of the crysta l structure [8]. Im miscibi li t y wi th Si m akes the Bi / Si a conveni ent
system f or studyi ng the growth of thi n m etal l ic Ùlm s.

In the present work we discuss the results of the STM/ STS studi es of the
growth of thi n bismuth Ùlm s on Si(111) substra te. W e show tha t Bi Ùlm s wi th
nanom eter thi ckness can be grown at RT on Si(111) À 7 È 7 vi a 2D growth m ode.
Ho wever, we propose for thi s growth a di ˜erent mechanism tha n tha t reported
earl ier for other epi ta xi al systems [2{ 6]. In our experim ents we determ ined tha t
ro ta ti onal ly disordered Bi islands wi th uni form height of ¤ 1 3 ¡A are form ed in the
ini ti al stage of Bi Ùlm growth. W i th increasing the am ount of Bi on the surface,
islands interco nnect keeping thei r uni form height. Thi s is further accom pani ed by
the uni que and rapid structura l phase tra nsiti on of the quasi-cubi c f 012g Ùlm into
a hexagonal Bi (001) Ùlm.

2. Ex p er im ent

Bi depositi on exp eriments ha ve been done in the ul tra -hi gh vacuum Ùeld ion
| scanni ng tunnel ing m icroscope (UHV FIM- STM) system, wi th a base pressure
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below 1 È 1 0 À 1 0 T orr. Phosphorus- doped, n - typ e Si(111) wafers, wi th a resisti vi ty
1.4À 1 : 7 ¨ cm were used as substra tes. The 7 È 7 reconstructi on of the Si(111)
surf ace was prepared by the resistive Ûashi ng of the sampl e at appro xi matel y
1 3 0 0 £ C, fol lowed by short anneal ing at 8 3 0 £ C and slow cool ing down to the room
tem perature. W e deposited Bi from the alum ina -coated tung sten basket onto the
freshl y prepared Si(111) À 7 È 7 surf ace kept at RT . Bi Ûux wa s cal ibrated i n sit u
by observati on of the Bi

p

3 phase form ati on on Si(111) À 7 È 7 , and thi s calibra ti on
wa s subsequentl y veri Ùed by the ex sit u R utherf ord backscatteri ng m easurem ents
on the thi cker Bi layer.

W e adopt fol lowi ng conv enti on regardi ng the Bi coverage: we deÙne M L 0 1 2

as the density of Bi ato m sin a pseudo-cubi c Bi f 012g pl ane (9 : 0 6 È 1 0 1 4 atom s/ cm 2 )
and BL 0 0 1 as the densi ty in the covalently bonded Bi (001) bi layer plane
(1 : 1 4 È 1 0 1 5 ato m s/ cm2 ). For reference, the ato m ic densi ty of a sing le Si(111)
bi layer ML = 7 83 È 10 ato ms cm . The crysta l structure of Bi can be
considered as a slightl y distorted sim ple-cubi c latti ce where the latti ce pl anes tha t
consti tute thi s pseudo-cube are indexed as equiva lent (012), (1 1 2 ) and ( 1 0 2 ) (here-
after referred as f 012g ). These planes intersect each other wi th angles of 9 2 5 £ or
8 7 5 £ and the interpl ane spacing is 3.28 ¡A [9].

In the ini ti al stage of the ro om tem perature Bi growth on Si(111){
7 È 7 surface a wetti ng layer consisting of disordered Bi clusters conta ined wi thi n
7 È 7 hal f-uni t cells is f orm ed. W i th Bi coverage exceeding 0.9{ 1.1 ML , small
nanocrysta ls start to form on to p of the wetti ng layer, whi ch later leads to the f or-
m ati on of rota ti onally disordered, ta bul ar islands wi th uni form height of ¤ 1 3 ¡A, at
covera ge exceeding 2 ML . W i th further increase in the Bi covera ge the islands
m erge, keepi ng however thei r uni form height, whi ch Ùnal ly results in form atio n of
qui te Ûat, wel l ordered layer, such as one shown in Fi g. 1a. Hi gh-resoluti on STM
im age ta ken from tha t layer (Fi g. 1b) shows the periodic structure wi th rectangu-
lar, centered uni t cell , wi th appa rent size of 4 6 Ï 0 2 ¡A È 4 8 Ï 0 2 ¡A. The size of the
uni t cell is consistent wi th the bul k trunca ted Bi f 012g surf ace schemati cally shown
in Fi g. 1c. T aking thi s into account, one can easily noti ce tha t the observed ¤ 1 3 ¡A
thi ckness corresponds exactl y to 4 ML . At Bi coverage above 6{ 7 ML , the
structura l phase tra nsiti on from two fold f 012g Ùlm into the threef old Bi (001) Ùlm
ta kes place in the whole volum e of the Ùlm (Fi g. 1d). Hi gh-resoluti on STM im age
(Fi g. 1e) shows hexagonal ly ordered layer wi th the nearest-neighbor distance of
4 5 Ï 0 2 ¡A. T ogether wi th the observed in the STM im ages apparent step height
of 4 0 Ï 0 2 ¡A, these values correspond very wel l to bul k values for (001) plane:
4.54 ¡A and 3.9 ¡A, respecti vely. Schemati c arrangement of the Bi ato m s in the (001)
pl ane is shown in Fi g. 1f. Pl ease note tha t the arrows in Fi g. 1a and d mark the
positi ons of the underl yi ng Si bi layer steps.
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Fig. 1. (a) T opographic ST M image (2 00 nm È 200 nm, sample bias + 1.8 V ) show ing

merged Bi f 012g island s at nominal Bi coverage of 4.5 M L 0 1 2 ; (b) high- resoluti on ST M

image ta ken from the layer show n in part (a) | rectangular, centered unit cell w ith

size of 4 :6 Ï 0 : 2 ¡A È 4: 8 Ï 0 : 2 ¡A is marked; (c) schematic draw ing of the bulk truncated

Bi f 012g surf ace; (d) top ographic ST M image ( 200 nm È 200 nm, sample bias {2. 0 V )

taken at nominal Bi co verage of 11.5 ML 012 , when structural phase transition of the

f 012g Ùlm into the Bi(001) Ùlm is completed; (e) high- resolu tion ST M image taken

from the surf ace show n in part (d); (f ) schematic arrangement of the Bi atoms in the

(001) plane. A rrow s in parts (a) and (d) mark the positio ns of underlyin g Si steps.

In order to expl ain observed experim enta lly form ati on of ro ta ti onal ly di sor-
dered, pseudo-cubi c, Bi f 012g i slands wi th uni form height, we perform ed ab ini t io
calculati ons of the Bi f 012g Ùlm structure, described elsewhere [10]. Results of the
calculati ons strongly indi cated tha t due to the ato m ic relaxa ti on, ato ms in the
to p layer of the f 012g Ùlm form new bonds to tho se in the second layer. As a re-
sul t, al l dangl ing bonds are satura ted. Such relaxa ti on leads to the pai ri ng of the
layers, induci ng enhanced stabi l i ty of the Bi f 012g Ùlm conta ini ng even numb er of
layers ( n = 2 ; 4 6 . . .) . Thi s predi cti on has conÙrm ed in the experim ent where for
as-deposited Bi Ùlm at thi s covera ge range we observe onl y 2, 4 (pref erenti al ly)
and 6 ML thi ck Bi f 012g i slands.

Mo reover, calculati ons indi cate also tha t relaxati on of the Ùlm by layer pai r-
ing is associated wi th the buckl ing of the ato m s in the to p pai red layer and the
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corner ato ms in the f 012g uni t cell are ¤ 0 :5 ¡A hi gher tha n the center ato m s.
Thi s shoul d result in the inequivalent charge distri buti on above the center and
corner ato ms. In Fi g. 2a we show the calcul ated local density of states, integrated
from the valence bands coveri ng appro xi matel y 0.7 eV below the highest occupi ed
m olecular orbi ta l band, whi ch is cut at ¤ 1 ¡A above the outerm ost surf ace layer.
The high-resoluti on, Ùlled state STM image shown in Fi g. 2b, taken at sampl e
bi as of { 0.7 V exhi bi ts excellent matchi ng wi th the charge distri buti on shown in
Fi g. 2a. In thi s im age we can only see the corner protrusi ons in the uni t cell. Cen-
ter protrusi on is not vi sible, whi ch is reÛected by hi gh corrug ati on of 0 : 4 Ï 0 : 1 ¡A,
observed in the image. From the other side, in the Ùlled state STM image shown
in Fi g. 2c, ta ken from 4 ML 0 1 2 high Bi Ùlm at sampl ebi as of { 0.016 V (at thi s low
bi as STM ti p is much closer to the surface) we can associate observed protrusi ons
wi th the al l Bi atom s consti tuti ng the f 012g pl ane. The in-pl ane latti ce consta nts
of a = 4 : 6 Ï 0 : 2 ¡A and b = 4 : 8 Ï 0 : 2 ¡A, respecti vely, are very close to tha t of bul k
term inated f 012g plane.

Fig. 2. (a) C alculated lo cal density of states, integrated from the valence bands covering

approximately 0.7 eV below the highest occupied molecular orbital band, w hich is cut

at ¡A above the outermost surf ace layer; (b) high- resoluti on, Ùlled state STM image

( ¡A 30 ¡A ) taken at sample bias of {0. 7 V exhibiti ng excellent matching to the charge

distribu tion show n in Fig. 2a; (c) high- resoluti on Ùlled state STM image ( ¡A 30 ¡A ),

taken low at sample bias of {0. 016 V , show ing all atoms constituting Bi 012 surf ace.

I n all images the unit cells are outlined by rectangles w ith ¡A and ¡A ,

resp ectively .

W e have also com pared the calcul ated parti al density of sta tes (PD OS) for
the 4 ML high f 012g layer wi th the resul ts of our STS experim ents. The norm al ized
(d d ) ( ) curve taken wi th feedback stabi l ized at sam ple bias of { 1.2 V and
tunnel ing current of 0.5 nA is shown in Fi g. 3. One can note tha t the positi on of the
peaks at around 0.1 eV below and above Ferm i level observed in the exp erimenta l
curve (sol id l ine) qual i ta ti v ely corresp ond wel l to the calculated PD OS (dashed
l ine). However, quanti ta ti ve analysis of the STS spectra sti l l requi res Ùner tuni ng
of our structure m odel proposed for the Bi f 012g Ùlm .
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Fig. 3. N ormalized (d I =dV ) = ( I =V ) curve (solid line) measured from the 4 ML 012

Bi f 012g layer, with feedback stabili zed at sample bias of {1. 2 V and tunnelin g cur-

rent of 0.5 nA ; compared w ith the calculated PD OS for the 4 ML high f 012g layer

(dashed line).

4. Su m m ar y

W e have presented a novel RT growth of thi n Bi Ùlm s on Si(111) surface.
W e determ ined tha t pseudo-cubi c, Bi f 012g i slands wi th uni form height of about
13 ¡A are form ed in the ini ti al stage growth. W ith increasing the Bi covera ge,
islands interco nnect keeping thei r uni form height. Using ab i ni t io calcul ati ons we
cl ariÙed tha t Bi f 012g Ùlm underg oes relaxati on, whi ch leads to the pairi ng of the
layers, resulti ng in the enhanced stabi l i ty of the even-numb er-layered Bi f 012g Ùlm
at RT . Further increase in Bi am ount on the surface is accom panied by the uni que
and unexp ected structura l phase tra nsiti on of the f 012g Ùlm into a wel l-ordered,
hexagonal Bi (001) Ùlm , at nom inal coverage of about 8{ 10 ML 0 1 2 .
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