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Self-assembled nanodot arrays on Si„111…-„7Ã7… surfaces
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We report on the self-assembly of a superlattice of nanodots of different elements~Sn,In! on a
Si(111)-(737) template surface, observed with a scanning tunneling microscope. The formation of nanodots
is a feature of the Si(111)-(737) surface, and a characteristic of adsorbates of different valency. In this paper,
we examine the evolution of these nanodots with increasing coverage to understand the clustering mechanism,
their microstructure, and electronic properties. The results are discussed in the light of current theories of the
interaction mechanism~s! guiding the formation of these nanodots.

DOI: 10.1103/PhysRevB.64.085321 PACS number~s!: 68.37.Ef, 61.46.1w, 68.35.Bs, 68.35.Md
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The self-assembled formation of ordered nanodots
solid surfaces with uniform and controllable size are of
creasing interest as they offer unusual quantum prope
and potential for devices in nanotechnology.1,2 The self-
assembly of a superlattice of nanodots is a feature of
Si(111)-(737) surface, and a characteristic of adsorbates
the varying valency.3–6 Observations using scanning tunne
ing microscopy ~STM!7–11 @shows a clustering of atom
within each 737 unit cell, which is preserved during room
temperature adsorption. Based on density-functional the
DFT total energy calculations, Cho and Kaxiras4,5 have pro-
posed that the individual atoms collect within ‘‘basins
electrostatic potential’’ surrounding specific hig
coordination number lattice sites, shown schematically, F
1. The metallicity of the surface is preserved, and the in
vidual potential wells are produced by charge redistribut
between restatom and adatom states straddling the Ferm
ergy. Experimental evidence for this phenomena has b
reported for the case of thallium adsorption.7 Up to 0.2
monolayer~ML ! coverage, the Tl atoms cluster together
form nanodots while maintaining metallic electronic prop
ties at the surface. There are three potential wells around
atom sites in each half-cell,4,5 which are unresolved, the
STM images showing triangular-shaped nanodots confin
preferentially, to the faulted-half~F! of the Si(111)-(737)
unit cell, Fig. 2. This preference for theF half-cell over the
unfaulted~U! half-cell is also predicted by the theory.6

This mechanism4,5 is independent of the valence of th
adsorbate, providing the surface template structure and
tallic behavior is not disturbed. However, there exists a t
dency for the adatoms to bond with the surface dang
bonds of the silicon.3 When this happens, and dependent
the electronegativity of the adsorbate atoms,3 dangling bond
states at the Fermi energy are removed and the surface
comes nonmetallic.8,9,12The preference for adsorption on th
F-half over theU-half unit cell is no longer so obvious bu
nevertheless, the 737 lattice is preserved, and an order
array of nanodots occurs.

In this paper, we look in detail at nanodot formation
Si(111)-(737) by monitoring the evolution of these nan
structures with increasing adsorbate coverage with STM.
choose to contrast the behavior of Sn, a group IVA element
and In, a group IIIA element, in order to make a compariso
with the reported results for Tl~group IIIA!7 and Pb~Group
IVA!.6,8
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We observe nanodot formation in all of these instanc
However, in the case of the Sn, In, and Pb, the surface
comes nonmetallic.8,12 We report detailed structures of th
evolution of the Sn nanodot structures. The reduced scre
ing permits more fine structure to be resolved in the ST
than has hitherto been the case. This allows us to mode
growth of the nanodots and establish their shape. The n
odots occupy both halves of the 737 unit cell and produce a
two-dimensional ~2D! superlattice array on top of th
Si(111)-(737) substrate lattice, which is preserved. Usi
scanning tunneling spectroscopy~STS!, a gap opens up
about the Fermi surface, the size of which indicates stro
adsorbate-substrate bonding. Once formed~;0.5 ML! this
2D array of nanodots remains stable to further adsorpt
with atoms condensing into metallic islands on this 2D arr

The experiments were performed in an ultrahigh vacu
~UHV! chamber with a base pressure of 2310210Torr. The
n-type Si sample was cleaned using acetone, methanol,
alcohol, and annealed in UHV until a well-defined 737 low-
energy electron diffraction~LEED! pattern was obtained

FIG. 1. Dimer-adatom-stacking-fault~DAS! model of the
Si(111)-(737) unit cell proposed by Takayanagiet al. Corner and
center adatoms, rest atom, and the high-coordination sites
shown.
©2001 The American Physical Society21-1
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Keeping the sample at room temperature, Sn and In w
resistively evaporated from an evaporator. The metal fl
was monitored by a crystal thickness monitor. T
Si(111)-(737) surface structure was confirmed by ST
and LEED before dosing and all STM images were taken
room temperature.

Figure 2 shows a sequence of STM topographic ima
recording the evolution of the superlattice array of Sn n
odots. The images were recorded with a negative sample
voltage, reflecting a spatial distribution of occupied surfa
electronic states. The filled-state~s! image, Fig. 2~a!, shows
bright spots within each 737 unit cell corresponding to tun
neling out of ~primarily! adatom states.12 The bias voltage
was22.1 V and the tunneling current was 1 nA. Under the
conditions, theF-half of the diamond-shaped 737 unit cell
appears brighter overall than theU-half. These two
triangular-shaped half-cells are delineated by dark areas
sociated with Si dimers and corner holes.13–15At a coverage
of 0.03 ML, the ratio of the Sn atoms adsorbed on theF- and
U-halves is approximately 2.3. A STS study of this low co
erage surface, Fig. 2~a!, suggests a strong covalentlike inte

FIG. 2. Sequence of STM topographic images showing Sn
Si~111! obtained at~a! Q;0.03 ML ~;130380 Å2; Vs522.1 V,
I 51 nA;! ~b! Q;0.1 ML ~;1703110 Å2; Vs522.4 V, I
51.4 nA!; ~c! Q;0.3 ML ~;2403155 Å2; Vs522.2 V, I
51 nA!. The faulted and unfaulted halves are labeledF and U,
respectively. Some of tetramers, uncovered corner adatoms in
unit cell are marked by filled arrows in~b! and ~c!, respectively.
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action between the Sn atoms and the dangling-bond sur
states.12 The Sn atoms interact with and remove dangli
bond states at the Fermi level, opening up an energy gap,
a metal–insulator transition occurs in the Si(111)-(737)
surface electronic behavior. A preferential adsorption of a
toms on theF-halves of Si(111)-(737) unit cell, at low
coverages, has been widely reported for a large variety
metallic elements9–12,16and confirmed by DFT calculations.3

As the Sn coverage increases to 0.1 ML@Fig. 2~b!#, the
tendency of the Sn atoms to form clusters becomes appa
in bothF- andU-half cells. The statistical population ratio o
Sn atoms adsorbed onF- and U-half cells falls from 2.3 to
about 1.5, which suggests a decrease in the energy ba
separating theF- and U-half cells.6,7 ‘‘Atomic’’ structure is
resolved within the nanostructures, suggesting nonmeta
localized charge density. Comparing images in Figs. 2~a! and
2~b!, we note that the nanodots have evolved from dim
and trimers@Fig. 2~a! discussed in Ref. 12# to mainly tetram-
ers@Fig. 2~b!#. Increasing the Sn coverage still further to 0
ML @Fig. 2~c!#, produces a quasicrystalline array of na
odots, occupying both halves of the Si(111)-(737) unit cell
and reflecting the overall hexagonal symmetry of the surf
737 template underneath. At this coverage, ‘‘atomic fe
tures’’ within individual nanodots are no longer resolve
This is not due to a lack of tip resolution, as seen by co
parison of Figs. 2~b! and 2~c!. Atomic features are no longe
as clearly resolved due to a change in the electro
properties/microstructures of the nanodots. The charge d
sity appears to be more delocalized.

A closer look at the composition of the nanodots and th
registry with the 737 sublattice is shown in Fig. 3. Figur
3~a! shows the nanodots at 0.1 ML coverage@cf. Fig. 2~b!#.
Figure 3~b! is a similar STM image showing nanodo
formed at 0.3 ML coverage@cf. Fig. 2~c!#. It is apparent that
the Sn nanodots are not randomly distributed within the s
unit half-cells, but occupy specific sublattice sites. Line p
files taken along the lineA across the unit cell in Fig. 3~a!,
gives an indication of the evolving size of the nanodots. T
line profile A in Fig. 3~a! shows a topographical heights di
ference~;2.5 Å! of the nanodots relative to that across

n

b-

FIG. 3. ~a! STM image of Sn on Si~111! at Q;0.1 ML. Line
scan along A in image is shown.~b! STM image of Sn on Si~111! at
Q;0.3 ML. Line scan along B in image is presented.
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SELF-ASSEMBLED NANODOT ARRAYS ON Si~111!- . . . PHYSICAL REVIEW B 64 085321
corner hole of the Si(111)-(737) unit cell. The careful in-
vestigation of these clusters suggests that they mainly
cupy the center of a subunit cell on Si(111)-(737). This
experimental evidence implies that the first step of Sn a
condensation on Si(111)-(737) is the adsorption of single
atoms on the dangling bonds of rest atoms and center
toms. Initial adsorption on adatom sites induces reve
charge transfer from the Si rest atoms back to the Si adato
such that the rest atoms energetically now have an e
probability to bond with Sn, although they are in a differe
surface layer. A subtle change in the nature of these clus
occurs around 0.3 ML coverage, Fig. 3~b!. This is apparent
from the contrast in the images, Fig. 3. Also as we can
from the line profiles in Fig. 3, the clusters at 0.3 ML co
erage, show a more pronounced dip between theF and U
half-cells and more pronounced peaks~;3 Å! at 15 and 35
Å. We interpret the 0.5 Å height increase as being due to
adsorption of an extra Sn atom above a ring of adsor
atoms. From the STM images, Fig. 3, we can observe
effects: the adsorption occurring on adatom and rest a
sites randomly, and the condensation of adsorbate atom
top of adsorbed atoms. These results show interactions
tween Sn adsorbate atoms occurring at higher adsorbate
erage. Also, diffusion over the potential barrier betwe
F-and U-halves is distinctively decreased while the Sn a
sorbates become less mobile as the coverage is incre
Sonnetet al.6 have presented a theoretical study of the
sorption and the diffusion mechanisms of Pb on
Si(111)-(737) surface by using the empirical crystallin
extension of the extended Hu¨ckel theory. Based on thes
studies, the authors have proposed that there are two ad
tion mechanisms: the adsorption of Pb atoms on Si dang
bonds and Pb adsorption with formation of Pb atom clust
They found that although the two mechanisms maybe coe
during the adsorption process, the formation of Pb atom c
ters is favored due to a strong interaction between Pb ato
However, there are significant differences between Pb an
despite their both being group IVA elements. Unlike Pb on
Si(111)-(737),6 Si corner adatoms sites are not preferen
adsorption sites for Sn adsorption, as we can see in Fig.~b!
and is indicated by an arrow in Fig. 2~c! for uncovered cor-
ner adatoms. This experimental evidence cannot be
plained by the model by Cho and Kaxiras.5 First, the adso-
prtion of a cluster of atoms at the high-coordination sit
Fig. 1, would prevent the corner adatoms being imaged
the STM, Fig. 2.4 Second, clustering of atoms about the
high-coordination sites would not produce the line profileB,
shown in Fig. 3~b!. Incidentally, a similar line profile to Fig
3~b! is observed for Tl/Si(111)-(737).4,5,7Also, in the case
of Pb atoms, which have a size comparable to Tl, the beh
ior is different again in that there is a surface reconstructi
destroying the metallicity of the Si(111)-(737) lattice
while retaining a 737 symmetry.

The constant current topographic STM image, Fig. 4~a!,
shows a self-assembled array of nanodots of Sn atoms
posited at room temperature~0.5 ML coverage! onto a
Si(111)-(737) surface template. The surface is nonmet
lic, as is seen by the energy gap between states on either
of the Fermi energy@Fig. 4~b!#, revealed by STS. The S
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nanodots, Fig. 4~a!, occupy both theF and U triangular-
shaped half-cells of the 737 lattice, bounded by walls of S
dimers and corner holes, which remains uncovered. This s
gests a significant energy barrier containing the nanodots
was reported for thallium.7 The Sn case is different in tha
adsorption occurs in both half-cells suggesting that any
ergy barrier to diffusion betweenF-and U-halves of the 7
37 unit cell is lower than is the case with thallium. Th
such an energy barrier exists, however, is evidenced b
preference for initial adsorption within theF half-cell at
lower coverages, as discussed in Ref. 12.

We have also studied the evolution of the surface m
phology as a function of coverage for room temperature~RT!
deposition using LEED. In Fig. 5~a! we show a LEED pat-
tern for a clean Si(111)-(737) surface. Deposition onto thi
Si(111)-(737) surface at RT, reveals 1/7 order diffractio
beams from the Si substrate decreasing in their intens
Figures 5~b! and 5~c! shows LEED patterns evolving with S
coverages of 0.5 and 3 ML, respectively. Below 0.5 ML, t
LEED pattern remains relatively unchanged, with some
crease in background scattering with decreased overall in
sity, Fig. 5~b!. Above 3 ML, Fig. 5~c!, the 1/7 order spots
have almost disappeared. No diffraction pattern from the
deposit itself was observed until 3 ML. There was no e
dence of epitaxial growth of gray Sn semiconducting lay
on Si(111)-(737) substrates at these coverages, which
cords with previous LEED observations.17,18

Figure 6~a! shows three-dimensional~3D! condensate
droplets of Sn growing on top of the predeposited nano
array at 1.0 ML coverage. The height of the large parti
imaged in Fig. 6~a! is ;40 Å. We interpret this feature to b
due to a free diffusion of additional Sn atoms on top of t
2D array of nanodots and eventual nucleation into larger s
particles. Continued deposition up to 3.0 ML coverage c
ates a distorted coalescence of such particles, Fig. 6~b!. The
experimental evidence suggests that a uniform layer of
Sn nanodots first covers the whole surface before 3D isla
form with further deposition.19

FIG. 4. Constant-current topographic STM image
Si(111)-(737) covered with;0.5 ML of Sn at room temperature
~a! ;5003500 Å2, ~Vs522.3 V, I 51.5 nA!; ~b! STS spectrum
from the Sn clusters shows theI -V curve ~solid line! and differen-
tial I -V curves~dash-dotted lines!. The inset shows the magnifie
STM image of the area noted by a small rectangle in~a!.
1-3
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Based on this experimental evidence, Fig. 7 shows a p
sible model of the formation of these self-assembled Sn n
odots. Figure 7~a! shows the preferential sites for initial ad
sorption, based on the experimental result, Fig. 3~a!, which
produces a ringlike aggregation composed of six Sn ato
Similar ringlike nanostructures have been reported exp
mentally for Ag on Si(111)-(737)9 and are consistent with
theoretical studies of adsorption at preferred bonding s

FIG. 5. LEED patterns at 44 eV from Sn on a Si(111)-(737)
surface deposited at room temperature.~a! Clean Si(111)-(737)
surface.~b! ;0.5 ML Sn coverage.~c! ;3 ML Sn coverage. The
intensity and contrast were increased in~c! for better display.

FIG. 6. ~a!,~b! 3D Sn islands growing on the predeposited 2D
overlayer atQ ;1 and;3 ML, respectively.
08532
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for Pb on Si(111)-(737) surface.6

Figure 7~b! shows a further aggregation in size with in
creasing coverage up to 0.5 ML based on STM images@Figs.
2~c! and 4~a!# and analysis of the line profiles across the
nanodots@Fig. 3~b!#. Sn atoms now adsorb on corner adato
sites and condense at the center of the ringlike nanost
tures. Unlike the case of thallium nanodots,7 we see no evi-
dence for migration of individual atoms or dots between
two half-cells. The Sn nanodot array remains quite sta
against additional Sn adsorption.

The constant current topographic STM image, Figs. 8~a!
and 8~b! shows a STM image and STS, respectively, o
self-assembled array of nanodots of In~Group III! atoms
deposited at room temperature~0.5 ML coverage! onto a
Si(111)-(737) surface template. The In nanodots@arrow A
in Fig. 8~a!# occupy both the faulted~F! and unfaulted~U!
triangular-shaped half-cells of the 737 lattice, bounded by
walls of Si dimers and corner holes@arrow B in Fig. 8~a!#
which remains uncovered. This is in stark contrast to
behavior reported for thallium~Group III!,7 where clustering

FIG. 7. Top view of the DAS model for the Si(111)-(737)
reconstruction with proposed model for nanodot formation of S
~a! Preferential Sn adsorption sites due to initial condensation
adsorbate atoms.~b! Additional Sn condensation sites after initia
adsorption.

FIG. 8. Constant-current topographic STM image
Si(111)-(737) covered with;0.5 ML of In at room temperature
~a! ;85385 Å2, ~Vs522.2 V, I 51.5 nA!; ~b! STS spectrum
from the In clusters shows theI -V curve~solid line! and differential
I -V curves~dashed lines!.
1-4
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occurs within theF-half-cells exclusively and the surfac
remains metallic. This experimental evidence suggests
the mechanism of self-assembled nanodots for Sn and
very similar but very different to Tl.

Figure 9 showsI -V curves changing with coverage of S
atoms. The Si(111)-(737) clean surface is initially metallic
@Fig. 9~a!#, with a small but finite slope of theI -V curve as
the bias voltage is swept through zero.20 Depositing 0.1 ML
of Sn atoms opens a gap of 1.0 eV due to the remova

FIG. 9. Current-vs-voltage measurement over various Sn co
age on room temperature Sn/Si~111!. Curve ~a!, region of clean
Si(111)-(737); curve~b!, region of Sn adsorbate atoms at;0.1
ML @from Fig. 2~b!#; curve~c!, region of 2D Sn cluster at;0.5 ML
@from Fig. 4~a!#; curve~d!, region of 3D Sn island@from Fig. 6~a!#.
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adatom states about the Fermi energy, Fig. 9~b!. Detailed
d ln I/d ln V spectroscopy12 suggests bonding of Sn atom
primarily to adatom dangling bonds. At 0.5 ML, the surfa
consists of a 2D array of Sn nanodots and the surface b
gap has increased to 1.6 eV, Fig. 9~c!. TheseI -V measure-
ments were obtained with the feedback loop stabiliz
around62.0 V. The vertical scale is the tunneling current f
the clean Si(111)-(737) surface, theI -V curves for the
different Sn coverages displaced vertically for clarity. Po
tioning the STM tip above a Sn condensate particle at
ML coverage, Fig. 9~d! shows a return to metallic behavio
This suggests that the nanodot interfacial sublattice is
stroyed under these condensate particles and
Si(111)-(737) sublattice recovers its metallicity.

In summary, we have presented evidence for a quite
ferent mechanism for the formation of a superlattice of
nanodots on a Si(111)-(737) template surface compare
with that reported for thallium.7 As argued in the case of Sn
Tl, In, and Pb, these epitaxial layers are metastable ph
due to the template nature of the Si(111)-(737) substrate
lattice. What is amazing is that, in all cases, the 737 lattice
retains its template nature, despite the very different ads
tion and bonding characteristics of these elements. The
dency towards clustering and nanodot formation is a wi
spread tendency on this surface with a variety of differ
elements. However, whereas Tl appears to preserve the
tallicity of the surface, most other elements, including Sn,
Pb reported here, do not, despite preserving the 737 sublat-
tice. This suggests subtle differences in adsorbate-subs
interaction while preserving the diffusion barriers confini
atoms to the individual 737 half-cells.

Partial funding for this work was provided by a gra
from the Office of Naval Research, ONR Grant No. N0001
92-J-1479.
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