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Artificial nanocluster crystals of In, Ga, and Al were fabricated using a technique in which surface mediated
magic clustering is used to achieve identical cluster size while L Bi7X7 surface is used as a template
for ordering the clusters. The atomic structures, formation mechanism and stability of the nanoclusters were
studied within situ scanning tunneling microscopy combined with first-principles total energy calculations.
Our study shows that delicate control of growth kinetics is extremely important for cluster crystal fabrication,
and there is essentially no limitation to this method. The high thermal stability and unique structure make these
artificial nanocluster crystals promising for various applications.
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[. INTRODUCTION surface-mediated magic clustering” and demonstrated that
fabrication of artificial cluster crystals is possife?® In this
In the last decade, fabrication and understanding of nangdaper, we report the details of the fabrication of artificial
clusters have become exciting areas of reselr¢iThis is ~ nanocluster crystals of Al, Ga, and In and present a system-
driven by their great potential in technology applications ancgtic study on their atomic structures by usingsitu scanning
scientific importance in bridging our understanding betweerfunneling microscopySTM) combined with first-principles
molecular and condensed matter physics. The beneficidftal energy calculations. By comparing different formation
structural, electronic, optical, magnetic, and chemical propconditions, we can draw the conclusion that delicate control
erties of nanoclusters can be employed in many fields, suchf the growth kinetics is crucial for their fabrication. The
as nanocatalysis? optical and electronic devicéé single-  different stabilities and electronic states are also discussed
electronic devices ultrahigh-density magnetic recordifig8 ~ Pased on their atomic structure as established from STM

guantum Computing’ and guantum Cryptograﬁ)ﬁ'yle prop- analySiS and theoretical calculations.
erties of nanoclusters are size and composition specific, so it
is possible to design .materials with q§:sired properties by Il EXPERIMENT
choosing the correct size and composition of clusters. Their
special properties may, however, be degraded by the inhomo- The experiments were carried out with an OMICRON
geneity in nanocluster materials with broad size distributiorvariable temperature STM operated in ultrahigh vacuum
and random spatial arrangements. It therefore becomes critibase pressure-5x 10! Torr).?2-2 The system has two
cal for their practical application to fabricate stable, orderedchambers containing STM, LEED, Auger electron spectros-
and identical-sized nanocluster arrays. Further more, fronsopy (AES), and MBE facilities. The samples were intro-
the viewpoint of fundamental research, a periodic array ofluced into the vacuum chamber via a load lock and prepared
identical nanoclusters is an ideal model system for the studin the MBE chamber. A magnetically coupled feed through is
of single nanoclusters and interactions between them. Insed for sample transfer between the MBE chamber and the
many aspects, nanoclusters are artificial atdfiso, a pe- analysis chamber where the LEED/AES as well as STM in-
riodic lattice made up of the clusters with the same nanomspection can be performed. The STM can be operated at a
eter size is an artificial crystal. This form of condensed mattemperature range from 25 to 1000 K. The samples were
ter provides unprecedented opportunities for exploring théeated by electric current directly through them, and the
laws of physics. sample temperatures were monitored by an infrared pyrom-
Tremendous efforts have been made to achieve size ungter. A chemically etched tungsten tip was used as the STM
formity and spatial control in fabrication of nanoclusters us-probe.
ing various methods, such as self-organization in heteroge- The S{111) samples(As doped, 0.1 Ohm cjnwere de-
neous strained thin-film growth*lithography method$>®  gassed at about 500 °C for several hours after being intro-
focused ion beamscanning probe microscopé®and self-  duced into the vacuum chamber without any chemical treat-
assembly in chemical synthe§i&* Although nanocluster/dot ment. Preparation of the clean surface was performed by
aggregates with fairly good size uniformity and spatial dis-flashing to~1200 °C while keeping the vacuum better than
tribution have been fabricatéd!®?!it is still very difficult ~ 1x 10 ° mbar. The cleanliness and ordering of the samples
to fabricate perfectly ordered identical-sized nanocluster arwere checked by LEED, AES, and STM. Well-ordered
rays, the so-called artificial nanocluster crystals. Si(111)7X7 surfaces can normally be obtained after clean-
Recently, we explored a technique of “template anding. Three boron nitride crucibles were used to produce Al,
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Ga, and In(purity 99.9999% atomic beams. All STM im- oo

ages reported here were recorded at constant current moc Faulted Unifaited
with a tunneling current of 20 to 100 pA. Half g, *." Half
@ o 4o
Ill. RESULTS AND DISCUSSIONS ' oy \. %
@ o< b
A. Method to fabricate the artificial nanocluster crystals L 4 x
To fabricate the artificial nanocluster crystals, we have to
solve two problems. The first is to make all nanoclusters W i S A datom
identical and the second is to arrange them in perfect order ®e¢:-c +0 @ Rest atom
Since thermodynamic fluctuations and other growth uncer- Cege > 2" layer
tainties always exist during growth, it is impossible to grow " Bulk layer
identical nanqclusters or arrange them in order with usual o, ® 0.0 0, , o, o, .9,
self-organization growth methods. 71 i I 98 88 i
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In this study, in order to make all clusters identical, our
strategy is to employ some stable identical-sized entity as a
building block for assembling the nanocluster array. Surface- FIG. 1. (a) Top view and(b) side view of the dimer-adatom-
mediated magic clusters are a good candidate as such atacking faulfDAS) model of the Si111)-7X7 surface proposed by
entity?>?3 As discovered in the 1980’s for the gas ph&se, Takayanagit al. (Ref. 29. There is a stacking fault between the
certain clusters with specific numbers of atofnsagic clus- second and third layers atoms at the right half unit cell, the faulted
ters exhibit a closed electronic and/or atomic shell structurehalf unit cell (FHUC), which makes the FHUC more reactive than
and remarkable stability. Recently, several studies demoril® unfaulted HUGUFHUC, the left half in the diamond structure
strate that surface-mediated clusters of specific or “magic’Of Sl._ The sites relevant to the dl_scussmn are indicateR1asR3
sizes indeed exist with remarkable stabifty?°As the sur-  [0f Si rest atoms and1-A6 for Si adatoms.
face interacts with the clusters, the interaction may modify
the magic sizes and influence their stability. On the othemobile nuclei and smaller clusteisOn the other hand, “hot
hand, such an interaction could also provide a way to arranganding” at high temperature may make the atoms too ener-
the clusters in order automatically by selecting a proper pegetic. They may either form a strong bond to a Si atom
riodic template and optimizing growth kinetics so that a(reconstruction occuysor coalesce to large islandsgAt
trade-off between the two processes could be realized. Thugigher temperature, say, 400 °C, even the large islands col-
in order to order the clusters, the second key point is thgapse and phase transition into #&xv3 takes place.Low
periodic template substrate for site-specific nucleation of th?ieposition flux will lead to too few nuclei and large clusters

clusters if they could indeed form on such substrate. It turng, P : ; ;
X ) y Ostwald ripening. Since the number of atoms in a magic
out that S{111)7X7 is an ideal template. The @L1)-7x7 cluster takes aiscrete valueperiodic arrays for given-size

surfacé” is one of 'ghe most technlcall_y Important semicon magic clusters can be achieved by a delicate balance of the
ductor surfaces. It is very stable and its atomic structure has L . _
rowth parameters—the kinetics have to be manipulated in

been extensively investigated and is now well established. Ad .
shown in Fig. 1, one unit cell of §i11)-7X7 contains 12 Si such a way that the atom hopping rate between the two

adatoms and 6 rest atoms, which are divided into two di1°fer-ha|ves of the $1L11)-7X7 unit cell can exceed the arrival

ent half unit cells by Si dimers. There is a stacking fault'ate of atomdin order to complete orderingand the island

between the second and third layer atoms in the left half uninenlng must remain below the regime for formlng. thg next
cell (the interlayer bonding rotates §0the faulted half unit '9€" magic number cluster. The importance of kinetic pa-
cell (FHUC), which makes the FHUC more reactive than the'@meters will be further discussed later.
unfaulted half(UFHUC), (the right half of the figurg The
unit cell size(2.7 nmx2.7 nm is comparable to the Fermi
wavelength of electrons in most metals. Therefore, it is con-
ceivable to fabricate ordered arrays of identical quantum dots If the substrate is held at high temperattabove 400 °¢C
if magic clusters can be grown on this surface without breakduring In deposition, In-induced surface reconstruction will
ing the surface periodicity In this context, as long as atoms result, which bas been extensively investigated previotisly.
of the selected metal can form clusters of definite size onf the substrate is held at room temperature or lower, a fea-
such a template, there is no limitation to this strategy. tureless surface will appe#ft.dentical clusters can only be

In order to form uniform nanocluster arrays by taking obtained when the §il11)-7X7 substrate is held at
advantage of magic clustering on a(®il)7x7 template, 100-220°C! As shown in Fig. 2a), after deposition of
growth parameters must be designed very carefully. If thebout 0.05 ML of In, all the In adatoms form identical nano-
substrate temperature during deposition is too l@aom  clusters: each cluster is imaged as a hollow-centered equilat-
temperature or lowerand the deposition flux is too high, the eral triangle consisting of six white spots. It can also be
mobility of the atoms is too low to move and aggregate intonoticed that most of the clusters occupy the FHUC of
magic clusters, or they are too slow to arrive at the predeSi(111)-7X7, and even at low coverage local ordering is al-
signed destination before meeting other atoms to form imready evident. Our statistical analysisy sampling more

B. Fabrication of In, Ga, and Al artificial nanocluster crystals
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FIG. 3. STM images of Ga nanostructures oifl$l). (a) Ga
nanocluster at~0.05 ML, 20 nmx20 nm. (b) Perfectly ordered
honeycomb structure of Ga nanocluster arrays-@24 ML cover-

FIG. 2. Sca““‘“_g tunneling microsco8TM) images of In age, 32 nnx32 nm (deposition rate~0.02 ML/min and tempera-
nanostructures on @il1). (a) In nanocluster at-0.05 ML.coverage ture ~180 °Q). (c) High resolution STM image of the structure in
(1 ML=one adsorbed atom per substrate atom. The image-size (0), 10 nmMx7 nm

nmx8 nm, deposition rate~0.05 ML/min and temperature
~120°0. (b) Perfectly ordered In nanocluster arrays-&1.12 ML
In coverage(the image size~80 nmx80 nm. The image shows the clusters still take the position of FHUC and form an
high uniformity in terms of cluster sizéc) Perfectly ordered hon- ordered array. However, the appearances of all clusters are
eycomb structure of In nanocluster arrays-d1.2 ML In coverage  different from the hollow-centered equilateral triangle con-
(the image size-8 nmx6 nm). (d) In nanocluster formed at incor-  sisting of 6 white spots observed for normal In clusters. In
rect conditionsthe image size-15 nmx12 nm. the empty state STM image, only one very bright spot was
imaged at a corner of the triangle. Their structure will be
than 3000 clusters at this coveraghows that about 92% of further discussed later.
the clusters occupy the FHUC and 8% the UFHUC. The Ga nanoclusters are relatively easy to fabricate. Room-
adsorption energy difference between the two halves of theemperature deposition already results in nanoclusters even
7X7 unit cell can be estimated by applying the Boltzmannat very low coveragé Ga nanoclusters formed at a cover-
distributionNg /Ny =exp(—AE/KT) (Ref. 20, whereNg and  age of 0.05 ML are shown in Fig.(&. In the empty state
Ny are the occupation numbers on the FHUC and UFHUC aSTM image, Ga clusters also appear triangular and reside at
temperaturd, respectivelyAE is the energy difference, and the center of either half of the @il1)7X7 unit cell. Each
k is the Boltzmann constant. According to our statistical re-cluster contains six bright spots, the three on the edge are
sults from the STM images\E=0.08+0.01 eV. brighter than those at the corner, which is quite different
Increasing the In coverage to 0.12 ML, a perfectly or-from the In clusters, where the three spots on the edges of the
dered nanocluster array forms as shown in Figp).2in the  triangle appear darker than the three at the corner. In the case
image, each bright spot corresponds to an In cluster. Excepif Ga, the clusters occupy both halves of the unit cell of
for some inhomogeneities caused by defects or locally overSi(111)-7x7 even at low coverag¥.Our statistical analysis
deposited In, the ordering of the clusters is essentially pershows that the clusters occupy the FHUC and UFHUC al-
fect. Considering each cluster as an artificial atom, this perimost equally, which is totally different from the behavior of
odic lattice of identical clusters represents a new artificiathe In clusters. According to the Boltzmann distribution, the
crystal. With every cluster occupying the FHUC and a near-adsorption energy difference between the two halves of the
est neighbor distance of 2.7 nm, the geometry of this “lat-7X7 unit cell is negligible within the error.
tice” is the same as that of the (311)-7X7. With increasing Ga coverage, the numbers of clusters in
Further increasing the In coverage, In clusters will occupyboth halves of the X7 unit cell increase equally. Heating the
the UFHUC'’s of S{111)-7X7. These clusters in UFHUC's sample to a temperature of 150—250 °C during deposition
exhibit basically the same appearance as those in theould result in a more uniform nanocluster array. At a cov-
FHUC's [Fig. 2@)]. At a coverage of~0.24 ML, a charac- erage of approximately 0.24 ML, an ordered honeycomb
teristic ordered honeycomb structure develfgs shown in  structure forms as shown in Fig(i8. In artificial Ga nano-
Fig. 2(c)] due to equivalent occupation of both halves of thecluster crystals, each unit cell contains two Ga clusters. The
unit cell. In the STM image, In clusters in FHUC's appear aGa clusters in FHUC are brighter than those in UFHUC
little bit brighter than those in UFHUC's. when imaged at a positive bias. There are some abnormal
If the deposition conditions fall out the right range, differ- bright spots, as indicated by the arrows in Fi¢h)3Most of
ent clusters could result, as shown in Figd)2 In this case, them have the same appearance as the normal Ga clusters in
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ment is perfectly periodic. Similar to the Ga clusters, the Al
clusters equally occupy both halves of th€l3i)-7X7 unit

cell forming a characteristic honeycomb structure. Consider-
ing each cluster as an artificial atom, this periodic lattice of
the same-sized clusters represents a new artificial crystal.
Among the nanoclusters made by this method, the uniformity
and ordering of the Al clusters are the best.

In addition, the Al nanocluster array is stable and can
survive even at an annealing temperature up to 500 °C. After
annealing the Al nanocluster arrgghown in Figs. &) and
4(c)] at about 550 °C, small areas with t8xv3-Al and
J7x\[7-Al appear and coexist with the Al nanoclusters, as
shown in Fig. 4d). According to the atomic structure models
of the S{111)v3xv3-Al and 7 X \[7-Al, eachv3xVv3 unit
cell contains one Al atom while thg7 x \/7 unit cell three
Al atoms® Assuming that all Al atoms forming the
V3XV3-Al or \[7x+/7-Al reconstruction come from the clus-
ters in the same ard#his is true as no noticeable change in
the surrounding areas could be obsejydide number of the
total Al atoms in the reconstruction area can be easily calcu-
lated. With this simple method, each Al cluster is determined
to contain 61 Al atoms(such calibration was done also for

Si(112)-7x7 adsorbed with 0.05 ML Al. The white arrows indicate ('€ G@ and In clusters, and a similar result was obtgined

the Al atoms adsorbed on the top of Si adatoms. Sample bias volt- In the hlgh_resolutlon ST™M '_maqé:'g' 4(d)], the Al clus-
ageV.=2.0 V. (b) Perfectly ordered Al nanocluster array-a.25 ters appear trlangu_lar and reside at the cente_r of e_ach _half of
ML Al coverage. The image was obtained\at=2.0 V, the image the S{111)-7X7 unit cell. Each clustgr contains six bright
size is 100 nix100 nm(deposition rate~0.01 ML/min and tem-  SPOts, the three on the edge are brighter than those at the
perature~300 °Q. (c) Close view of the Al nanocluster array in COrner. The empty state STM image of the Al cluster is very
(b). Ve=—2.0V, the image size is 30 nwB0 nm.(d) Coexistence ~ Similar to that of the Ga cluster shown in Fig. 3 as well as
of Si(111) v3xv3-Al, J7x\7-Al, and Al nanoclusters after an- Observed by Lai and War?d.However, it is different from
nealing the sample irfb) at about 550 °C. The image size is 25 that of the In cluster shown in Fig. 2, where the three spots
nmx25 nm andvV,=1.2 V. on the edges of the triangle appear darledso see Ref. 23

FIG. 4. (8 Empty state STM imagé20 nmx20 nm of the

the atomic resolution STM images, therefore, this contrast
change has an electronic origin. However, some of the big
bright spots could be caused by excess Ga or other impurities To better understand the basic principles governing the
since no atomic resolution images could be obtained foarray formation process, we have studied systematically the
them, as shown in Fig.(8). In the very high resolution STM atomic structures of the In, Ga, and Al clusters. The atomic
image shown in Fig. &), we can see that the most notice- resolution STM images of the In clusters at different sample
able features are the three spots on the edge of the triangleiases+0.6 V, +0.2 V, and—0.3 V, respectivelyare shown
while the three at the corner are almost invisible. in Figs. §a)-5(c). In the empty state images, the In clusters
If Al is deposited at room temperature, we can see mangppear as hollow-centered six-spot equilateral triangles with
individual Al atoms adsorbed on the top of the Si adatoms as distance between the spots-¢5.0+0.5 A, which is much
indicated by the white arrows in Fig(a). Some Al clusters larger than the surface lattice constant 3.84 A of the
are also observetthe big bright spots in the imagé With  Si(111)1x1 and the In-In nearest neighbor distance 3.25 A.
increasing Al coverage, more clusters are formed, but th@he triangular pattern is quite unusual in terms of normal
sizes of the clusters are not uniform. At 0.2 ML coverage, alose-packed structures observed previotfsfy:*®An intui-
featureless structure consisting of irregular clusters developsive interpretation of the images could be that each bright
which smears out theX¥7 symmetry of the Si substrate. For spot of the triangle corresponds to an In atom, which agrees
the deposition rate given above, an ordered identical Al cluswith In coverage calibration mentioned above. However, the
ters array can be formed only when the substrate temperatugpen triangular geometry seems to be unstable in view of the
is higher than 200 °C. A large scale STM image of the Alloose packing, the low coordination number, and, in particu-
nanoclusters is shown in Fig(B), and we can clearly see lar, the strong steric strain with registry to atoms on the Si
that the cluster array is very uniform in this large area.substrate. Alternatively, one might attribute the six spots seen
Larger area scans and scans at different locations reveal that a dynamical time averaging of more than six atéfhs.
the cluster array is even uniform over the whole sample surwas recently shown that the potential energy surface of a Si
face (~2x9mn?). A zoom-in STM image(at negative adatom on $il11)-7X7 is quite shallow’ Therefore, it is
sample biasis shown in Fig. 4c), which further demon- possible that at room temperature In atoms may hop quickly
strates that all Al clusters are identical and that their arrangealong the local energy minimum sit@swithin the basin

C. Structure of In, Ga, and Al artificial nanocluster crystals
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FIG. 5. Atomically resolved STM imagés-5.5 nmx5.5 nm of
In clusters at bias voltage df) 0.6 V, (b) 0.2 V, (c) —0.3 V,
respectively.(d) and (e) Low temperaturg90 K) STM images at
bias voltage of 0.5 and-0.3 V, respectively(f) |-V curves mea-
sured on bare Si surface and on top of In clusters.

formed by one S| rest atom and three S| adat@ﬁlg 1(a):|, FIG. 6. (a) TOp view of the honeycomb atomic Str.UCture model
and the six bright spots reflect these energy minimum siteBroposed for the In/Ga/Al six-atom clusteb) Top view of the
with higher occupation probability. This possibility, however atomic structure established for the In/Ga/Al cluster in this work.
can be ruled out because our STM images-80 K [Figs. " The big hatched balls are In/Ga/Al atoms and the small solid balls
5(d) and 5e)] show exactly the same patterns as in Figa) 5 2r€ Si adatomsc) Side view of the model shown ifb).

and 5c). defined by the three Si rest atonf&l to R3 in Fig. Xa), (i)
Although the appearances of the Ga and Al clusters argjx-M-atom cluster forming a hexagonal rifiig. 6a)], and
quite different from that of the In clusters as described(jii) six-M-atom cluster forming a hollow-centered triangle
above, all three kinds of clusters are imaged as triangles ar{tfigs. @b) and Gc)]. In case(i), eachM atom is bonded to
consist of six bright spots in atomic resolution STM images.one Si rest atom, but otherwise is unable to bond to either the
For both Ga and Al clusters, the distance between two edg8i adatoms or among themselves. The coverage also dis-
spots is 5.50.5 A, while the distance between the corneragrees with experimental coverage calibration. In dége
spot and neighboring edge spot is 2@5 A. The structural each of the sixM atoms is bonded to either one of the three
model for the Ga and Al clusters cannot be obtained directhSi adatoms (AIA3) or one of the three Si rest atoms
from an analysis of the STM images. (R1-R3). TheM atoms are also bonded among themselves
To address these puzzling issues, we carried out firsforming a distorted hexagonal ring. However, the simulated
principles total energy calculations for all In, Ga, and Al STM images based on this model are inconsistent with the
clusters. A Vanderbilt ultrasoft pseudopoterifiavas used experimental images, in particular the image for the filled
with a 100 eV cutoff energy and 1 specialpoint in the states. Its energy is also 1.2 eV/cluster higher than Gage
Brilloiun zone sum. The bare>X77 unit cell (without count-  In case(iii ), six threefold-coordinate®yl atoms form a tri-
ing the Si adatomscontains six Si layers and a vacuum layer angle and three Si adatoms originally on the edge are dis-
equivalent to six Si layers. We calculated the STM image9laced towards the triangle center considerdiflig. 6(b)].
following the Tersoff and Hamann formufa:*! After optimization, it is found that the optimized structure
We consider three possibM (M denotes In, Ga, or Al for all three kinds of the clusters is the trianguMg; [case
cluster structuredi) threeM-atom cluster within the triangle (iii )] model, as demonstrated in Figgbpand &c).??
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FIG. 7. (Color The calculated
STM images for the model in
Figs. 6b) and Gc): (a) positive
bias at+0.6 V and(b) negative
bias at—0.3 V with respect to the
Fermi energy. The color code in-
dicates the height of the images:
dark blue being low and red being
high. At a typical experimental tip
height of about 1 nm above the
surface, only the most protruding
features can be seen. For compari-
son, the STM image$~4.5 nm
xX3.5 nnm of the In clusters re-
corded at sample bias voltages of
+0.6 and—0.3 V are shown iric)
and (d), respectively.

The optimized parameters for the In clusters are giverand one Si atom under it. The Si-Al bond lengths are 2.471,
below. For In atoms at the corners of the triangle, the bon@.471, and 2.435 A, and the bond angles are 115.3°, 112.8°,
lengths are 2.57, 2.64, and 2.64 A, and the bond angles asnd 112.8°, respectively. The vertical positions of the three
88°, 113°, and 113°, respectively. For In atoms on the edge&i adatoms are also changed considerably. They are 0.81 A
the bond lengths are 2.67, 2.60, and 2.60 A, and the bonkligher than the Al atoms at the corners of the triangle.
angles are 113°, 116°, and 116°, respectively, the edge atoms Bond angles larger than the 109.5°-tetrahedral angle are
are 0.30 A higher than the three In atoms at the corners. Eagtreferred as threefold group Il metals prefer planar 120°
of the three Si adatoms originally on the edge now bonds tdond angles €p* bonding. In the M6 model, most bond
three neighboring In atoms and one Si atom under it. Thengles of In, Ga, or Al atoms are larger than 109.5°, there-
Si-In bond lengths are 2.598, 2.598, and 2.577 A, and théore, they aresp?-like. Due to the considerable movements
bond angles are 124.7°, 114.6°, and 114.6°, respectively. Thef the three Si adatom®\( —A3), the three Si adatoms and
vertical positions of the three Si adatoms are also changeithe three Si rest atomsRQ —R3) become fourfold coordi-
considerably. They are 0.58 A higher than the In atoms at theated, removing six dangling bonds from each77unit cell.
corners of the triangle. The movements of Si adatom&1-A3 strengthen their

For the Ga clusters, the bond lengths of the Ga atoms donds with the substrate atoms by resuming the 109.5°-
the corners of the triangle are 2.490, 2.490, and 2.430 A, antktrahedral angles. Similar geometries have been suggested
the bond angles are 91.1°, 120.5°, and 120.5°, respectivelfor low energy defects in hydrogenated (Rief. 42 and for
For the Ga atoms on the edges, the bond lengths are 2.46he DX center in 1lI-V alloys*® Thus, displacing Si adatoms
2.467, and 2.553 A with bond angles of 115.5°, 118.9°, andhot only lets the perceived steric strain be avoided, but also
118.9°, respectively, the edge atoms are 0.30 A higher thalets the displaced Si adatoms serve as the “missing” links
the three Ga atoms at the corners. Each of the three Si adeetween the otherwise loosely packédatoms.
toms originally on the edge now bonds to three neighboring
Ga atoms and one Si atom under it. The Si-Ga bond lengths
are 2.467, 2.467, and 2.430 A, and the bond angles are
119.7°, 114.3°, and 114.3°, respectively. The vertical posi- Our calculations show that an In cluster on the UFHUC is
tions of the three Si adatoms are also changed considerab.1 eV/cluster higher in energy than that on the FHUC. This
They are 0.69 A higher than the Ga atoms at the corners aigrees with our experiment result very well. The calculated
the triangle. STM images in Figs. (&) and 7b) are in remarkable quali-

In the case of Al, the bond lengths of the Al atoms at thetative agreement with experimeffigs. 7c) and 7d)]. In-
corners of the triangle are 2.487, 2.487, and 2.435 A, and thterestingly, in the empty state imagEig. 7(c)], the three
bond angles are 92.6°, 122.7°, and 122.7°, respectively. Fdirightest spots are from the lowest In atoms, which are 0.58
the Al atoms on the edges, the bond lengths are 2.471, 2.474, lower than SiA1—A3 with an average bond angle of 105°
and 2.551 A with bond angles of 115.5°, 121.0° and 121.0°(thussp-like). The three second-brightest spots are from the
respectively, the edge atoms are 0.27 A higher than the threather In atoms, which are 0.28 A lower than/Si —A3 with
Ga atoms at the corners. Each of the three Si adatoms origan average bond angle of 118hus sp’-like). Si adatoms
nally on the edge now bonds to three neighboring Al atomsA1—-A3 are almost invisible, as they do not involve any

D. Discussions
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FIG. 8. (Color) (a) Atomically resolved STM imag&€8 nmx7
nm) of the Ga clusters recorded at1.6 V (b) Calculated empty
state STM image at a positive biasl.6 V for the atomic model in
Figs. 8b) and Gc). The color code indicates the image height: FIG. 9. (Color) (a) Atomically resolved STM imagé&l0 nmx 10
blue/green being low and red/yellow being highis color notation  nm) of the Al clusters recorded at1.1 V. (b) Calculated empty
also applies to Fig. ®)]. state STM image at a positive biasl.1 V for the atomic model in

Figs. 6b) and €c).

dangling bond. A large disparity between an STM image and

actual height of group Il atoms has been demonstrated fotop of the normal In cluster. The bright spot is due to the
an As vacancy on GaAs10) surface’® Another striking fea-  additional In atom with an unfilled dangling bond.

ture in Fig. 1d) is the disappearance of the six-In triangle  Our calculations also show that the energy difference be-
spots under small negative bias, whereas the three Si corngveen a Ga cluster on the UFHUC and FHUC is zero within
adatom spot§A4—A6) become significantly brighter. Our the error of the calculation. This agrees with our experimen-
calculation reveals that this change is not due to In diffusiortal observation very well. We have tried to grow a Ga or Al
but has an electronic origin. The calculated density of statesluster triangle lattice shown in Fig(l®, but without suc-
reveals a 0.33 eV band gap 0.2 eV below the Fermi energgess. As shown in Fig. 8, the agreement between the calcu-
(Eg). States below the gap have mainly the Si/ln bondingated and experimental STM images is also excellent. Unlike
character. States above the gap but belwhave mainly the In cluster, in the empty state image of the Ga cluster the
dangling-bond character and are predominantly on Smost notable feature is the three brightest spots from the Ga
A4-A6. The In dangling bond states are found todi®ve atoms on the edge while the three Ga atoms at the corner are
Er thus can only be seen in the empty state image. A micramaged with very weak contrast. There are two reasons for
C-V profile above In clusters should reveal semiconductinghis explanation: the three Ga atoms at the corners are 0.30 A
characteristics. Indeed, this is confirmed by our scannindower than the three Ga atoms on the edge, and with an
tunneling spectroscopy measuremdirig. 5f)] and by average bond angle of 110.7°, they ag-like while the
others® Now it is possible to discuss the structure of thethree In atoms at the corners ag-like (see above Simi-
abnormal In clusters in Fig.(8). Based on the structure of lar to the In clusters, Si adaton#sl —-A3 are almost invis-

the In clusters, we suggest that the abnormal In clusters iible, as they do not involve any dangling bond. Interestingly,
Fig. 2(d) are caused by an additional In atom adsorbed on th& the calculated STM image, the cluster in the FHUC is
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TABLE I. M represents for Al, Ga, or IM(l) is for the atom at corner, anbl(Il) at edge,dZ is the
height relative taM (1) in Z (perpendicular to the surfacdirection.

Model Al Ga In

Bond length M(1)-Si 2.487,2.487,2.435 2.490,2.490,2.430 2.649,2.649,2.557
A) M (Il)-Si 2.471,2.471,2.551 2.467,2.467,2.553 2.598,2.598,2.686

Si(A)-M 2.471,2.471,2.435 2.467,2.467,2.430 2.598,2.598,2.577
Bond angle M (l)-Si 92.6,122.7,122.7 91.1,120.5,120.5 87.2,113.3,113.3
(deg) M (I1)-Si 115.5,121.0,121.0 115.5,118.9,118.9 113.1,115.9,115.9

Si(A)-M 115.3,112.8,112.8 119.7,114.3,114.3 124.7,114.6,114.6
Z position M (1)-Si 0.0 0.0 0.0
A) M(I1)-Si 0.27 0.30 0.30

Si(A)-M 0.81 0.69 0.58

slightly brighter than in the UFHUC, which is also consistentclusters. The energy barrier for the In/Ga/Al atoms to reach
with our experiment. their optimal positions is expected to be only moderate as the

As shown in Fig. 9, the contrast of the Al clusters in the cluster formation involves only the insertion of In/Ga/Al into
FHUC is slightly sharper than in the UFHUC in the calcu- the existing & 7 surface network that is quite flexible com-
lated STM image, which agrees well with our experiment.pared to bulk. Massive rearrangement of the surface should
The STM images of the Al clusters are very similar to thosebe avoided, as it will lead t93xv3 or other structure®®
of the Ga clusters. It is reasonable to use the same reasonsIn our experiments, we found that once the clusters are
for explaining the difference between the images of the Informed, they are fairly stable. In/Ga/Al clusters can sustain
and Al clusters. temperatures of 200, 300, and 500 °C. The higher stability of

According to our calculations the Al clusters on the UF- Al clusters is due to the tighter bonding between Al and Si
HUC are 0.1 eV/cluster higher in energy than those on theatoms. According to our calculations, the binding en€itgy
FHUC's. Given such energy difference, we should expect aal energy minus atomic energef Ing, Ga;, and Ak are
preferential occupation of the FHUC'’s, as in the In case.—19.7,—22.3, and—25.6 eV/cell, respectively. The binding
However, in experiment the clusters equally occupy bothenergy differences explain their different stability. It is noted
halves of the unit cell. This is probably due to the limited Al that the binding energy of Alis 5.9 eV/cell lower than that
adatom diffusion at the temperature where these clusters atd# Ing on Si(111). Given such a high energy difference, it is
formed, as evidenced by many individual Al adatoms coexnot difficult to understand why fabrication of the ordered Al
isting with the clusters even at low coverg@gee Fig. 48)].  nanocluster array has been less successful.

Increasing the deposition temperature is expected to promote As technologically important metal/semiconductor sys-
diffusion so that the equilibrium configuration as defined bytems, group Il metals on &il1) have been intensively stud-
the energy difference is reached, but this is limited by theied for more than 30 yearé-****However, no ordered array
phase transition to the @il1)v3xv3-Al and/or \/7x \7-Al of nanoclusters has been reported before our work and a
observed in Fig. @&l). For Al, we failed to find the experi- recent report on G¥. There are several reasons. First, since
mental conditions that give rise to the triangle array with thethe cluster arrays do not change th&7 symmetry, it is
clusters merely on the FHUC's. Thus the delicate balancédlifficult to detect it without a real space high resolution tech-
between kinetics and thermodynamics for such a structure isique such as STM, even if they are formed. Second, depo-
very difficult to achieveat least the experimental window is sition of group Il metals at a substrate temperature above
very narrow, which characterizes a radical difference be-400°C or post annealing of room temperature prepared
tween In and Al. samples usually results M3Xv3 or other reconstructiors.

For better comparison, we list all the structure parametern this case, nanoclusters do not form. The growth conditions
of the calculated In, Ga, and Al clusters in Table I. From thisare very important for such nanocluster formation, and the
table, it is easy to see that the Si-In bond lengths are largexindow is very narrow, which is probably the most impor-
than the Si-Al or Si-Ga bond lengths, due to the larger covatant reason why these nanoclusters were not found in previ-
lent radius of the In atom. The average bond angle of the Ious studies. In our experiments, we found that the optimized
atoms at the corners is smaller than 109.5°, while the averagsnditions are~0.05 ML/min (the deposition rajeand 100—
bond angles of the Al and Ga atoms at the corners are larg00 °C(the substrate temperatyifer In, ~0.02 ML/min and
than 109.5°. This reveals that the Al and Ga corner atoms-150-250 °C for Ga, and 0.01 ML/min and 250—350 °C for
shows p? bonding while the In corner atoms sheg® bond-  Al, respectively. Once these parameters are established, the
ing, which accounts for the difference between the emptyrdered array can be routinely fabricated. We can see that
state STM images of the In clusters and Al/Ga clusters.  from In to Al, lower deposition rates and higher substrate

The results suggest that local optimization of the chemicatemperatures are needed for uniform clusters formation. This
bonds is essential for the exceptional stability of the magican be understood in terms of the big difference in the dif-
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fusivities of In, Ga, and Al. Due to the stronger interaction practical applications, and these artificial nanocluster crystals
between Al and Si, the Al adatoms cannot diffuse fastmay open a field to study the properties of nanostructures
enough to reach the right positions for forming clusters aand to explore new functionalities. A recent example is the

lower substrate temperature. observation of ferromagnetism in one-dimensional metal
monoatomic chain& and we expect that some similar ef-
IV. CONCLUSIONS fects might exist in the Mn nanocluster arfdy.

The technique of “template plus magic clustering” has
been successfully used to fabricate ordered arrays of In/
Ga/Al nanoclusters with identical size. There is essentially
no limitation to this strategy as long as the atoms of a spe- The work at IOP was supported by a grant from China
cific material to be grown can form clusters of definite size,NSF (Grant Nos. 69625608, 1017408Work at NREL was
and the substrate template used to accumulate and separatgported by U.S. DOE/OS/BES under Contract No. DE-
these entities can be properly selected. This is demonstratédC36-99G010337, and by DOE/NERSC for supercomputer
by fabricating more than ten different nanocluster arrays withtime, and by Oak Ridge National Laboratory, managed by
other metals and alloys, including Mn, Ag, ¥In/Mn, and  UT-Battell, LLC for the U.S. DOE under Contract No. DE-
Ag/In.?2 The high stability, perfect ordering, and identical AC05-000R22725, and by the U.S. N$Grant No. DMR-
size of the In/Ga/Al nanoclusters are important factors for0071893, respectively.
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