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By m ean s of scannin g t unne ling mic rosco py and spectroscopy we stud -
ied t he surf ace evolution of Si( 111)-( 7 È 7) induced with nic kel follow ed by
anneali ng at speciÙed temp eratures ( 400, 600, and 8 00 £ C) . N ickel evapora-
tion resulted w ith 0.05 M L and 0. 2 ML coverage w as carried out at room

temp erature w ith the use of solid phase epita xy . The characteristic phase
formations occurred after gradual anneali ng the sample dependi ng on the
amount of dep osited material. A t very low coverages scanning tunneli ng mi-

croscopy observation show ed two typ es of ring clusters ( 1 È 1 -RC and clusters
of the

p

1 9 È

p

19 reconstruction ) accompanied by the Si(111)- ( 7 È 7) sur-
face reconstruction. A ll above-mentioned phases app eared in that order as
the anneali ng temp erature increased. Dep ositi on of about 0. 2 ML of N i fol-

low ed by anneali ng at 600
£ C formed extended regions of 1 È 1 nickel silicid e

reconstruction. V ery clear, extended regions of
p

19 È

p

19 reconstruction
app eared w hen annealed to 800 £ C . The electronic prop erties of observed

structures ha ve been studied by the scanning tunneli ng spectroscopy . Spec-
troscopy curves measured above certain surf ace formations revealed the pres-
ence of the Si rest atom, N iSi, and N iSi2 local density of electronic states.

PACS numb ers: 68.37.Ef , 68.47.Fg, 73.20.A t

1. I n t rod uct io n

T ransiti on m etals' (T Ms) silici des are likel y the most wi dely studi ed sil i -
ci de systems due to the possibi l i ty of pra cti cal appl icati ons in to day' s electroni cs.
The abi l i ty to contro l the ato m ic structure of ul tra -thi n tra nsiti on metals' sil icides
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as well as the opp ortuni ty to create clusters and other nanostructures become
a very im porta nt and attra cti ve m atter for m any researchers. Scanni ng tunnel -
ing micro scopy (STM) techni que enables inv estigati ons of these system s wi th a
great spati al resoluti on incl udi ng determ inati on of the local density of electro nic
states (LD OS). A lot of structura l phases have been observed duri ng the form a-
ti on pro cessof the TMs on sil icon substra te. There are some reports on the ato m ic
structure and the m orpho logy of Si(111)- (7 È 7 ) induced wi th TMs [1{ 8]. Parikh
et al . [4] reported tha t coverage of about 0.08 ML of Ni f ol lowed by anneal ing at
8 6 0 £ C resul ted in tri angular dom ains of ri ng clusters, so-cal led 1 È 1 -RC phase
[10, 11], accom pani ed by clean Si(111)- (7 È 7 ) surface. The depositi on of 0.2 ML
at 5 5 0 £ C produced a well -ordered

p

1 9 È

p

1 9 structure. They also noti ced the
form ati on of Ni Si2 islands at hi gher coverages of Ni . On the other hand Porter et
al . [6] reported tha t islands of B- typ e Ni Si 2 were form ed even at 0.12 ML cover-
age. Others autho rs [2, 3, 5] also reported tha t room tem perature (RT) depositi on
of nickel pro duced Ni Si 2 , Ni Si -l ike islands, 1 È 1 -RC phase,

p

1 9 È

p

1 9 ;
p

3 È

p

3 ,
and local

p

7 È

p

7 arra ngement at various anneal ing tem peratures and depositi ons
of Ni .

D i ˜erent exp erimenta l condi ti ons seem to be a reason for discrepancy of the
reported phase's form ati on. Ni ckel deposited on the sil icon substra te is kno wn for
i ts extra ordi nary high reacti vi ty at elevated temperatures. Ni ato ms di ˜use very
easily into sil icon bul k crysta l duri ng anneal ing and surface segregati on of the
di ssolved Ni ato m s occur duri ng the quenchi ng pro cess [2{ 5, 8]. Theref ore, the
phase typ e strongly depends on amount of deposited materi al as well as anneal ing
tem perature and cool ing rate.

In thi s paper, we report our inv estigati ons of surface changes of sil icon
Si (111)- (7 È 7 ) surface reconstruc ti on induced wi th vari ous am ounts of Ni fol -
lowed by anneal ing at deÙned tem peratures. W e employed scanni ng tunnel ing m i-
cro scopy and spectroscopy (STM / STS) measurements in order to obta in pi ctures
wi th ato mic resoluti on of above-m enti oned phasesand thei rs LD OS. W ecould not
Ùnd other reports of the STS characteri zati on of these structures.

2. E x per i m en t a l

The substra te employed in exp eriment was cut from Si(111) wa fer. The sam -
pl e was n - typ e sil icon wi th resistivi ty between 0.015À 0 : 0 2 0 ¨ cm. Ni ckel deposi-
ti on (0.05 ML and 0.2 ML) was carri ed out at room tem perature by m eans of
sol id state epi ta xy (SP E) usi ng an OMICR ON EFM4 source. Ato mic force m i-
cro scopy (AFM) techni que was used to determ ine a surface covera ge of Ni . The
covera ge was deÙned by evaluatio n of the volum e of deposited m ateri al vi sible
on Si(111)- (7 È 7 ) substra te (1 ML of Ni am ount to 7 : 8 3 È 1 0 1 4 ato ms/ cm 2 ).
Post-depositi on anneal ing was perform ed at 4 0 0 C, 6 0 0 C, and 8 0 0 C for 10 m in-
utes by resistive heati ng. A cool ing rate wa s about 2 0 C/ s. Al l STM m easurem ents
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were perf orm ed at room tem peratures in an UHV system in the base pressure of
about 6 : 0 È 1 0 À 1 0 T orr usi ng an OMICR ON STM/ AFM system . W e used tung sten
electrochemical ly etched ti ps.

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

The depositi on of 0.05 ML ni ckel at RT deteri orated Si (111)- (7 È 7 ) surface
al tho ugh rem ains of 7 È 7 pattern are vi sible (Fi g . 1a). Bri ghtl y observed Ni ato ms
form clusters whi ch adsorb pref erenti al ly at rest ato m sites on the faul ted halves
of the 7 È 7 D AS structure. It is kno wn tha t faul ted part of 7 È 7 D AS uni t cell has
a larger charge density tha n unf aul ted one. Mo reover, the rest ato m s pl aced in the

Fig. 1. STM images observed for 0.05 ML of N i dep osited at RT onto Si(111)- ( 7 È 7 )

substrate ; (a) as-deposited , 20 nm È 20 nm, V T = + 0 :8 V , I = 0 5 nA , = 25 C ;

(b) af ter anneali ng at 600 C , 75 nm È 75 nm, = + 2 0 V , = 0 2 nA . T he inset:

12 nm È 12 nm, = + 1 0 V , = 0 4 nA ; (c) d(ln ) d(ln ) curves on: 1 È 1 -RC

reconstruction ( ); bare Si(111)- ( 7 È 7) ( ); atom- like dots ( ); dark areas with the

highest current Ûowing for negative bias ( ).
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faul ted hal f has the largest charge density due to charge tra nsfer from neighb oring
adato ms [3, 9].

W hen the sam ple was annealed at 4 0 0 £ C, the cl usters gradual ly coalesced
wi th a further destructi on of the 7 È 7 structure. Annea ling of the substra te at
6 0 0 £ C (Fi g. 1b wi th the inset) resul ted in a very early stagef orm ati on of

p

1 9 È

p

1 9

reconstruc ti on (dark ri ng clusters) wi thi n the dominant phase of 1 È 1 -RC placed
on the lower terra ce (bri ght ri ng cl usters). Ato m -l ike dots as well as spots of
Si (111)- (7 È 7 ) at the upp er terra ce were also vi sibl ed close to the step edges. Af ter
anneal ing at 8 0 0 £ C Si(111)- (7 È 7 ) reconstructi on di sapp eared. The

p

1 9 È

p

1 9

reconstruc ti on was devel oped local ly on the cost of 1 È 1 -RC one. In our exp eriment
sil icide islands were not vi sibl e at very low covera ges,pro babl y because the cool ing
rate of about 2 0 £ C/ s was to o fast [4, 8].

Fig. 2. ST M images observed for 0. 2 ML of N i dep osited at RT onto Si(111)- (7 È 7 )

substrate; (a) af ter annealin g at 400 £ C , 32 nm È 32 nm, V T = + 1: 5 V , = 0 4 nA .

T he inset: 14 nm È 14 nm, = + 1 0 V , = 1 1 nA . (b) af ter anneali ni ng at 600
£ C ,

8 nm È 8 nm, = + 0 5 V , = 1 6 nA . (c) af ter annealing at 800 £ C , 20 nm È 20 nm,

= + 2 3 V , = 0 5 nA .



ST M/ST S Invest igations of Sur f ace Evol uti on . . . 349

STS was employed to del iver inf orm ati on about density of electroni c states
of the observed f orm atio ns. LD OS curves (Fi g. 1c) show two characteri stic peaks
at about { 0.9 eV and +0 .3 eV on bare Si (111) surface, whi ch corresp onded to con-
ducti on and valence bands, respectivel y (B curve). The surface states induced by
1 È 1 -RC (A curve) and atom -li ke dots (C curve) were found at about { 0.7 eV and
+0 .4 eV. W e found also regions (D curve) between above-mentio ned f orm atio ns
wi th peaks at +0 .4 eV and two peaks at about { 0.3 eV and { 0.75 eV.

The depositi on of about 0.15{ 0.2 ML of Ni at RT led to a compl ete de-
compositi on of the 7 È 7 reconstruc ti on. The post-depositi on anneal ing at 4 0 0 £ C
resul ted in the creati on of three di ˜erent coexisti ng phases: 1 È 1 -RC, earl y stage
of

p

1 9 È

p

1 9 reconstruct ion, and islands of nickel silici de wi th 1 È 1 arra nge-
m ent (Fi g. 2a wi th the inset). The anneal ing at 6 0 0 £ C prom oted expansi on of
1 È 1 reconstruc ti on of ni ckel sil icide (Fi g. 2b). Extended regions of very cl ean
p

1 9 È

p

1 9 reconstructi on appeared at 8 0 0 £ C (Fi g. 2c). We observed dom ains tha t
are twi n-rela ted to each other wi th the angle of about 1 3 £ between them as i t was
pro posed by Ki noda et al. [1].

Current im aging tunnel ing spectro scopy (CITS) was perform ed for above-
-menti oned structure s (Fi g. 3a | CITS ta ken at { 2.0 V). LD OS curves are showed
in Fi g. 3b. The maxi m a found on the curve A (m easured above sing le Si ato ms)
at { 1.80 eV and +0 .75 eV may be assigned to Si rest ato m and the peak at
about { 0.65 eV to Si back-bond Ùlled state, respecti vely [5, 9]. The LD OS curves
m easured above the Y- shaped m inima (curve B ) show peaks at { 1.85 eV and at
+0 .7 eV. The peaks corresp ond also to Si ato m s states most pro babl y [5]. The
m axi mum on the curve C (m easured above ring clusters in

p

1 9 È

p

1 9 reconstruc-
ti on) at { 2.0 eV in the valence band spectrum come from Ni Si phase. The peak at
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{ 1.3 eV was assigned in [6] to the bindi ng energy of Ni 2 Si . However thi s interpre-
ta ti on seems to be inconsistent wi th the model of

p

1 9 È

p

1 9 uni t cell structure [4].
The peak at +0 .8 eV corresp onds to the bindi ng energy of the Ni Si2 .

4 . Su m m ar y

The structure change of Ni (0 .05 ML)/ Si(111) and Ni (0.2 ML)/ Si(111) by
post-annealing was observed by STM/ STS techni que. Ni ckel sil icide islands were
not observed at very low covera ges of Ni . The coexi stence of four di ˜erent phases:
1 È 1 -R C, ato m -l ike dot, early stage of

p

1 9 È

p

1 9 form atio n, and nickel sil icide
1 È 1 reconstructi on was observed for sampl es wi th 0.2 ML coverages annealed at
and above 4 0 0 £ C. The 1 È 1 reconstructi on of nickel sil icide was pro moted af ter
anneal ing at 6 0 0 £ C. Cl ear extended regions of

p

1 9 È

p

1 9 reconstructi on were
pro duced after anneal ing at 8 0 0 £ C.

Spectroscopy curve m easured above single Si ato m s placed among ri ng clus-
ters of

p

1 9 È

p

1 9 reconstructi on revealed the presence of Si rest ato m and back-
-bond Ùlled states. LD OS m axi m a f ound on the curves obta ined above Y- shaped
m inim a are also connected wi th Si ato m states. The peaks appeared on the curve
obta ined above the ri ng clusters of the

p

1 9 È

p

1 9 reconstructi on seem to ori gin
from Ni Si and Ni Si 2 LD OS states.
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