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Nonmetallic nature of In-induced nanoclusters on Si100)
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We have studied the electronic properties of the nanoclusters formed by In on (@) Siurface by
angle-resolved photoemission spectroscopy. TH&08j4 X 3-In surface, composed of Big nanoclusters,
was found insulating with an energy gap of 0.5 eV below Fermi energy. The nanocluster array on this
surface induces five different surface states with a characteristic and dominating one within the band gap. The
doping of further In onto this surface yields no significant change of the band gap in contrast to the recent
scanning tunnelling spectroscopy study reporting metallic cluster formfbgs. Rev. Lett.,91, 026104
(2003)]. The experimental result is fully supported by first-principles calculations, which reveal both the
In-doped (Sislng) and undoped Si;Ing) nanoclusters are insulating with the energy gaps of 0.42 eV and
0.53 eV, respectively.
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Nanoclusters have been shown to possess promising po- In this Brief Report, we investigate the electronic struc-
tentials as nanoscale catalystnd sensor$,and also as tures of the Sing and Silng nanoclusters by angle-resolved
functional units in nanoscale electronic devié&3ne of the  photoemission spectroscopARPES and first-principles
unsolved problems in the applications of nanoclusters is tealculations. The ARPES study found that th& @ cluster
position them into a desired arrangement. The spontaneougray is definitely insulating both before and after the doping
self-assembly is one of the most promising processes, fo§f In, in contrast to the previous STS study. This result is
such positioning and ordering especially over a macroscopig,|ly supported by the theory. We further discuss the detailed
scale?>"10 In particular, various nanoclusters have beengjactronic states of the nanoclusters.
successfully prepared on solid surfaqes by the SpoNtaneous tha ARPES measurements were performed using a high-
self-assembly sucEYas Cu on Bt ° ShG& on S(%OO),“ resolution angle-resolved electron analyz¢BES-100,

In on S(111)7X7>" Ga on S{111)y3x y3R30°-Ga; and  Gamma Datpand He | radiation(hv=21.2 eV} at a base

¥ 9,10
In (or Al) on S{(100. . ressure of & 107 Torr. The nominal energy and angular
On the silicon surfaces, while most of the nanoclusterg, .| tion is better than 13 meV and 0.2° respectively. In-

have' been found to be insulating, it is remarkable that ium was deposited by a heated carbon crucible. The evapo-
certain In nanocluster was reported very recently to be

metallized on Si100).1° The metallic nanoclusters are based rat|on_ rate was f|xeq_ at 0.1 ML/mln to m?'”ta'” the close
on the In-induced cluster array in ax4 long-range order, exper!men'{laol conditions with the previous STM/STS
which is formed on $iL00) with 0.5 ML In and a moderate expernment.

annealing[the so-called $1004 X 3-In surfacg. It is re-
ported that the pristine ¥ 3-In nanoclusters are insulating
but the further In deposition changes the atomic and elec-
tronic structures of some nanoclustdrg to 30 percent
into metallic auto-dopedhanocluster8.In more detail, three
different structural models have been suggested for the pris-
tine In nanocluster from scanning tunneling microscopy
(STM) (Refs. 11 and 1Rand X-ray diffractiont> Among
them, the quantitative structural model from X-ray diffrac-
tion is composed of a pyramidlike $ig nanoclusterfsee

Fig. (@] in each 4x 3 unit cell and have been fully sup-
ported by the subsequent experimental and theoretical
works? The indium dopants were suggested to replace two S
Si atoms i_n Fhe center of a Big cluster_ keep_ing the bond ,.‘.:';‘:“... .
network within the cluster but to result in asB8ig nanoclus-

ter [see Fig. 1b)].1° A first-principles calculation supported (b) (c)

the stability of this doped nanocluster structure and the scan-

ning tunneling spectroscopySTS indicated the metallic FIG. 1. Atomic structural models of g (a) and In-doped
density of states for the $ihg nanoclusters in contrast to Sising [(b) and(c)] nanoclusters on §i00), where gray and black
insulating Sjlng.*° circles denote Si and In, respectively.
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FIG. 2. LEED patterns with a beam energy of 98 eV of _B} ﬁ”’” — J
(@ Si(1002x1, (b) 2x2-In, (c) 4X3-In at 6,=0.5 ML, and o N
(d) 4 X 3-In after addingd,,=1.0 ML at 220°C. (=]
2]
The atomic and electronic structures were calculated E
using the Viennaab initio simulation package(vAaspP) e :
(Refs. 14 and 1p with the ultrasoft pseudopotentidis Q)
and the generalized-gradient approximati@GA) (Ref. 19 -
for the exchange-correlation energy. For the simulation of
the surface, a repeating slab is adopted, where six Si layers
plus an additional $in, cluster layer and an 8.6 A vacuum S4 — __ —
layer are included. The bottom of the slab has a bulklike B S5 S1 — [ E
structure with each Si atom saturated by two H atoms. S3
The 10-Ry cut-off energy in the plane-wave basis l ' I
and the 4x 3 k-point mesh in the surface Brillouin zone are 3 2 1 0
used. . .
Indium adsorbates on @i00) have been known to form Blndlng cnergy (eV)
various surface structures such ax 2, 2xX5, and 2x2
phases below 150°C as increasing In coverggg, which FIG. 3. ARPES spectra of @004 X 3-In with the Sjlng nano-

are basically composed of one-dimensional In dimer r8lws. clusters, which were measured along [p&1] direction. The inset
The 2Xx2 phase atf,=0.5 ML [Fig. 2b)] can be trans- shows the surface Brillouin zond. corresponds to the normal
formed into the 4< 3 phase built up with the Sz nano-  emission and the angular step between the neighboring spectra is
clusters[Fig. 2c)] after annealing above 200°€.The 4  0.25°.

o e s abserved wih anneaing at etieen 200 et The S1 stae is ocated within the bulk band gep
quently, the noninteger spots of thex8 pattern fade along and, thus, we can assign It as due_ to thgrinanoclusters
with the growth of the X 1 spots from the clean &00 ;)n the surfagg. A.s]:. SQOW; in the 4f|gur§, four .OLhE.r Zpectral
surface[Fig. 2a)]. The surface order of 4 3-In seems to be eatures are identified, 2, S3, S4, and S5, with binding en-

optimized just below the desorption temperature ofifihe ergies of 0.90, 1.15, 1.40, and 1.80 eV, respectively. These
thermal behavior of the % 3 phase is fully consistent with states have very flat dispersions, which is not expected for a

. ~ Si bulk band in this energy range. Indeed, a detailed com-
':ir(ljeng)rewous STMRef. 10 and LEED (Ref. 1§ observa parison of the band dispersions with those of the well-

Figure 3 shows the ARPES spectra of the valenc established bulk photoemission featdfdsads us to unam-

bands near Fermi energy for the<®-In surface(the Sping eDlguously assign S2-S5 as the surface states too. The origin

cluster arrayformed at 490°C. The data are taken along theof these states will be revealed by the theoretical calculation

[011] direction. Since the surface is composed of two2> explained below. On the other hand, it is uncertain

equivalent but 90°-rotated domains, this measurement prob vxéhether the dispersing feature ‘&’ observed only in a limited
q e — P ?(-space is another surface state or not, while the feature B is

the overlapped energy bands alohigd and I'-J’ (see the due to a Si bulk ban&®

inset of Fig. 3. There is obviously no photoemission |5 order to investigate the change of the electronic
intensity at Fermi energybinding energy zemand the  states by In doping of the $hg nanoclusters, we measured
highest occupied statedenoted as Slis located at &  the similar ARPES spectra at a wide range of coverages
~05eV atI' (the normal emission The S1 state and annealing temperatures for the further In deposition
shows only little dispersion. That is, the surface is clearlyonto the 4x3-In surface prepared at 490°C. In more
insulating with an energy gap of0.5 eV below a Fermi detail, In was systematically deposited up g=2.0 ML
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/-\'\/‘“‘_ However, a direct comparison of the photoemission and
I I 330 the STS data should be taken carefully sitig¢he STS data
1 4 pick up only very local density of stat¢®OS) and (ii) the
/M 280 ; ) HIE
B 85 S43 -_L_.. density of the nanoclusters changed by the In doping is not
S2 Sl'.' clear at all in the present photoemission and LEED measure-
220 ments. However, the nonmetallic nature of the In-doped
! T nanoclusters is further confirmed by our first-principles cal-
3 2 1 0 culations. Figure 5 shows the DOS of the ‘bare/l& and
Binding energy (eV) ‘doped’ Sklng nanoclusters, which are fully relaxed structur-

B ally and fully stabilized energetically. For the case of the
FIG. 4. ARPES spectra al' (the normal emission of Sising nanoclusters, a few different structure models were
Si(1004 X 3-In before and after doping In bg,,=1.0 ML at be-  tested including one proposed by the previous wnkhich

tween 230 and 460° C. The spectra near Fermi energy are magnifiéd shown in Fig. ib). However theasymmetricstructure
in the inset. shown in Fig. 1c) is found to be energetically more favor-

able. Thus, the DOS data shown in Fig. 5 are taken from the
Jiew model although the DOS for the original model is not

at between 200°C and 460°C. In the previous STM/ST Significantly different.

experiment,’ In-doped Sjing nanoclusters were observed At first, the DOS of a Sing cluster reproduces well the

at 400—45(_)°C_:._Th_e LE.ED.pattern indicated that tmm.. nonmetallic nature and tr?e gurface sta(tpSS, S2, S3, S4,
surface periodicity is maintained even after such a depositiog 4 S5 observed for the $1004 X 3-In surface. Note that

in consistency with the STM study. However, as the deposiy,e thegretical DOS is broadened by a Gaussian function
tion time increases, the LEED spot intensity ShOwSyjt g width of 0.1 eV in order to simulate the instrumental
a tendency of weakeningsee Fig. 2d)]. This may indicate yesolution and thermal broadening. At the empty states, the
the formation of the doped nanoclusters randomly on thgowest unoccupied state E1 locates at a binding energy of
surface, or at least the random adsorption of In, as the STM( .3 eV. The calculated band gap is, then, about 0.53 eV,
study observed. In the case of electronic states, at all depgvhich is fully consistent with the ARPES observation of a
sition temperatures and,’s investigated, the surface states band gap larger than 0.5 eV. At second, even after exchang-
of the SiIng nanoclusters do not show any significant changeng two Si atoms with In, the filled-state DOS is not varied
as shown in Fig. 4. The only noticeable change is the reducsubstantially[Fig. 5b)] as observed in the present experi-
tion (enhancemenf the S1 state at a lowhigh) deposition  ment(Fig. 4). Furthermore, the lowest unoccupied state E1 is
temperature. At a low temperature this is likely due to thealso almost invariant making the energy gap of 0.53 eV
adsorption of extra In onto the B nanoclusters, since roughly unchanged. The only noticeable change of the elec-
the S1 state is localized in the Si trimer on top of aligi  tronic states by the In doping is the appearance of a new
nanocluster, as explained below, which could be a prefererempty state E2 with a binding energy of -0.6 eV. In the
tial adsorption site. What is more important is that the In-previous STS experiment, a new empty state was observed at
doped surfaces are still insulating; as shown in the inset 0f0.4 eV for the doped nanoclusters although the finite DOS
Fig. 4, there is still no photoemission intensity at Fermiat a Fermi energy does not match with the calculation. One
energy and no significant change of the valence-band maxdifference between the present calculation and the STS mea-
mum. Although Fig. 4 shows the ARPES data only alongsurement is that the theory deals with an array of the clusters
the normal emission, the same behavior is observed over thehile the STS probes an isolated cluster. However, since the
whole angular range and surface Brillouin zone. Thusgdispersion of the ban@hat is, the overlap of the correspond-
we can clearly conclude that the In doping does not changsg wave function between the neighboring clusters in the
significantly the electronic structure of theXx8 Sking array) is marginal, this difference would not affect the
nanocluster array. This is in clear contrast to the STS obsepresent conclusion.
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In a simple picture, the electron counting can also explairing state between the top Si atom and its neighboring
the nonmetallic nature of the i and the Sjing nanoclus-  In atoms, respectively. In the asymmetricsIBi cluster,
ters. The number of electrons of the;I8s and the on the other hand, S1, E1, and E2 are characterized
Sising nanoclusters areven 46 (28 from Si+18 from N py the bond between the substituted In and the substrate

e oo euge e I dopet vt ae, 5 20T e ety obials o e substied In etoms,
fact, Sgin; or Siylng with odd electron numbers to explain did thg empty orbitals of the second-layer In atoms,
éespectlvely.

the metallic STS spectrum. However, even in such a cas .

the ARPES data indicate that there is no sign of the !N conclusion, we found that the (3D04 X 3-In surface
metallic cluster formation by In doping with a significant with Si;Ing nanoclusters is insulating with five different elec-
density. tronic states at 0.5—-2.0 eV below a Fermi level. There is no

The calculation further reveals that, although theevidence of the metallization of the nanoclusters by further
DOS'’s of the Sjlng and the asymmetric Sihg nanoclusters In doping in contrast to a recent STS observation. A further
happen to be very similar, their origins are quite differ®nt. study is required to identify the chemical and atomic struc-
In the Silng cluster, S1S2-S3,S4-S5, and E1 apeiginated  ture of the extra bright protrusions or clusters observed by
from the Si trimer at the top of the pyramid, the bondsSTM for In doping on Si100)4 X 3-In.
between the top-most In atoms and its neighboring Si
atoms of the Si-In dimers, the backbonds between the This work was supported by MOST through the Center
top Si atom and the second-layer Si atoms, and the antibondier Atomic Wires and Layers of the CRi program.
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