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Scann ing tunn eling mic r oscopy/sp ectroscopy as w ell as atomic force mi -
croscopy were applie d to study t he non- structural and nano electron ic prop-

erties of p erio dic nic kel nanoparticl es deposited on n -sili con substrates . Peri-
odic nickel ( N i) nanoparticl es w ere prepared by using nanosphere lithograph y
and analy zed by scanning tunnelin g microscopy/sp ectroscopy and atomic
force microscopy . By the evaporation of N i perf ectly ordered nanoparticl es

w ere pro duced and very good correlation betw een late x mask w as observed.
Finall y , tunneling spectroscopy perf ormed w ith non- magnetic tip yield inf or-
mation about local electronic prop erties of nanoscale structures at surf ace.

PACS numb ers: 68.37.Ef , 61.48.+ w

1. I n t rod uct io n

It is wel l kno wn tha t the size-dependent properti es of m etal nanoparti clesde-
pend on the atom ic arrangement and thei r electroni c structure. The scanni ng tun-
nel ing spectro scopy (STS) is com plementa ry to to pographi c im aging by scanni ng
tunnel ing m icro scope and i t is a useful techni que to obta in micro scopic inform a-
ti on on electro nic states. The Ùrst spectroscopi c inv estigati on of surf ace states over
speciÙc ato mic sites wa s m ade by Becker et al . [1], who used a lock- in techni que to
m easure the di ˜erenti al conducti vi ty of Si (111)-7 È 7 surf aces. Stro scio, Feenstra
and cowork ers [2, 3] demonstra ted the uti l i ty of presenti ng the current{ vol ta ge
( I À V ) characteri sti cs as (dl n I / dlnV ) versus V , showi ng tha t peaks in thi s quan-
ti ty , for data obta ined on the cleaved Si (111)- 2 È 1 surf ace, corresp onded to the
energy positi on at whi ch peaks in the density of sta tes (D OS) occur. In addi ti on,
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m any other system s ha ve been studi ed usi ng a techni que sim i lar to tho se intro -
duced in these ini ti al exp erim ents. Unl ike spectro scopes such as photo emission, the
STS is capabl e of obta ini ng tunnel ing spectra of both the occupi ed and unoccupi ed
electronic states.

W e report the local electroni c behavi or of the periodic thi n Ni nanoparti cles
deposited on vari ously ori ented n -silicon substra tes.

2. E x per i m ent a l d et ai ls

The Cryo SXM (OMICR ON) scanni ng tunnel ing m icroscope has been used
to study the to pography and spectroscopic properti es of the periodic thi n Ni
nanoparti cles deposited on ori ented (111) n -sil icon substra tes. The scanni ng tun-
nel ing m icroscopy/ spectro scopy (STM/ STS) experim ents are perform ed at room
tem perature in ambi ent ai r condi ti ons. Im aging was perform ed in a constant cur-
rent mode (1.0 nA) at a sampl e bias +1 .0 V, using an electro lyti c etchi ng W
ti p. The scaling of the microscope was cal ibrated on a hi ghly ori ented pyro lyti c
graphi te surface.

In spectroscopic mode I À V characteri sti cs are recorded simul taneously by
the interrupted feedback loop. At every point, in the scanni ng tunnel ing micro scope
X À Y scan, the feedback loop is turned of and wi thi n a l imi ted ti me interv al (210 ñ s
for both polari ti es), the I À V curve is recorded for 80 discrete vol ta gesin the range
from { 0.5 to +0 .5 V. The scan ta kes about 18 m inutes, because a large numb er of
data is col lected. The strength of the metho d is tha t the to pographi c im age and
spectroscopic data are correl ated. The I À V characteri sti cs obta ined in thi s way
are stored (on a com puter di sc) and thei r deri vati ve is obta ined.

The large-scale, 2D arrays of perfectl y ordered m agneti c nanoparti cl es were
prepa red usi ng nanosphere l i to graphy [4]. The preparati on m etho d is m odi Ùed
based on a self-assembly of latex parti cl es on wa ter surface. Using polystyrene
parti cl es, wi th a diam eter from 100 nm to 1000 nm , i t wa s possible to prepare
arra ys over 1 cm 2 , large areas wi tho ut any structura l defects. By the evapora-
ti on of nickel , periodi c magneti c parti cle arra ys were pro duced. The process was
perform ed in 2 È 1 0 À 8 mbar vacuum . Evaporati on rate was 0.8 nm / m in. Ni ckel
thi n Ùlms in the range of 5{ 40 nm were evaporated. The thi ckness of the growi ng
m etal layer wa s estim ated using oscil lati ng quartz plate. Af ter nickel evaporati on
pro cess, som e sam ples were covered by very thi n (5 nm ) gold Ùlm . The m ain ad-
vantag es of thi s techni que are: a short preparati on ti me, a high level of hexa gonal
structure ori enta ti on and a possibi l i ty of appl icati on of large, m onolayered m asks
di rectl y onto any ki nd of surface.

3. R esu l t an d d iscu ssio n

D uri ng the fabri cati on of periodic parti cles arra ys, we used vari ous tech-
ni ques to investigate the structure. The preparati on process wa s fol lowed by opti -



Scanni ng T unnel l ing Spect roscopy . . . 353

cal m icroscopy inv estigati on, ato m ic f orce m icroscopy (AFM) or scanni ng electron
m icroscopy (SEM) m easurements [4]. A very good correl ati on between latex m asks
and evaporated Ni structure was observed.

Fi gure 1 shows a typi cal AFM im age well -ordered.

Fig. 1. A FM image of 0: 0 15 ñ m high N i particles evaporated through 1 :0 4 ñ m

p olystyrene {la tex beads mask show n in a very w ell- ordered structure.

Fig. 2. Constant- current STM (3D) image of 0: 015 ñ m high nickel particles on the

n -silico n substrate taken at 300 K | sample bias voltage 0.4 V , tunneli ng current

I = 1 : 2 nA .

Prepa red quasi-tri angul ar nanocl usters were also inv estigated using scanni ng
tunnel ing m icroscope. The presented image (Fi g. 2) shows well -ordered ni ckel par-
ti cles exhi bi ti ng a hom ogeneous structure dicta ted by a hexagonal pattern of latex
spheres.
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Fig. 3. T he group of N i clusters (w hite triangles to arrange in rosettes) deposited on

Si substrate with pro Ùle of the surf ace corrugation measured along the line marked on

the sample.

Fi gure 3 shows a to pographi c STM im age of the quasi-two- di mensional (2D )
ni ckel clusters. A l ine proÙle is shown in Fi g. 3 and indi cates the group of Ni
cl usters-whi te tri angles of a diam eter of 0 : 2 5 ñ m and a height of 0 :0 6 ñ m.

The idea of STS is to m easure the dependence of the tunnel ing current ( I )
on the appl ied vol ta ge (V ). Then, the Ùrst derivati ve of the tunnel ing current
wi th respect to vol ta ge (d I / dV ) gives the local density of sta te (LD OS) of the
sam ple [5{ 7]. The electronic structure of the ti p is unkno wn, but i t is constant
and independent of spati al locati on. In our studi es, we focus on the di ˜erenti al
conducta nce spectra. Accordi ng to the model of STS by Terso˜ and Ham ann
[8], the di ˜erenti a l tunnel ing conducta nce is proporti onal to the local electro nic
density of sta tes of the sampl e and of the ti p at energy E = eV measured f rom
Ferm i level. The e˜ect of the vo l ta ge dependence of the tra nsmission coe£ cient is
often minim ized by the use of norm al ized Ùrst derivati ve of the tunnel ing current
versus sam ple bias, i .e. (d I / dV )/ ( I =V ).

The electronic structure of Ni clusters on Si substra te has also been stud-
ied using scanni ng tunnel ing spectroscopy . The STS spectra were acqui red duri ng
to pographi c im aging by stoppi ng the scan at selected points, sweeping the bias
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vo l tage thro ugh the regions of interest, and recordi ng the I À V characteri sti cs or
d I / dV vs. V (Fi g. 4a, b, and Fi g. 5a, b respectivel y). Som eof these tunnel ing spec-
tra (see Fi g. 4b) show the opening of the semiconducto r gap ¿ 1 : 0 eV consistent
wi th the sil icon substra te.

Fig. 4. I À V (a) and di ˜erential conductance spectra (d I /d V ) (b) for occupied and

uno ccupi ed electronic states obtained at positions taken away from the N i particles.

Fig. 5. I À V (a) and di˜erential conductance spectra (d I /d V ) (b) for occupied and

uno ccupi ed electronic states obtained at Ùve p osition s taken on the N i particles.

For Ni clusters wi th di ameter of 250 nm and a height of 6 nm we did not
observe quantum size e˜ect (QSE) at room tem perature in the current{ vol ta ge
characteri sti cs on the to p at the nickel clusters [9]. W e bel ieve tha t for smal l Ni
cl usters we wi l l be able to observe QSE and electroni c resonance peak near the
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Ferm i energy E F above the center of nanoparti cles. T unnel ing spectro scopy of the
quantum structures exhi bi ted features characteri sti c of the resonant energy level
due to the Ùnite size of the m agneti c nanostructures.

4. Co n cl usion s

Scanni ng pro be m etho ds were appl ied to study structura l and electro nic
pro perti es of Ni nanostructures prepared by nanosphere l i tho graphy . It was shown
tha t nanosphere l i tho graphy can be a suita bl e prepa rati on m etho d of large-scale,
periodi c parti cle arrays. A great periodi city contro l al lows the appl icati on of such
nanostructures for cata lyti c growth of carbon nanotub es or m agneti c storage
m edia.

Exp erim ents di scussedhere demonstra te the power of the STM/ STS in prob-
ing the local density of sta tes at an energy m easured f rom Ferm i level and surface
m orpho logy of periodic nickel nanoparti cl es. The work is under wa y to m easure
tunnel ing spectra at low temperatures down to 4.2 K wi th magneti c probe ti ps.
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