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Structural transition in nanosized silicon clusters
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The structural transition to bulk diamond structure in nanosized silicon clusters has been studied by tight-
binding calculations. For intermediate-size cluster?00 atomy the energetically favorable structures ob-
tained consist of small subunits like;$and Si,, qualitatively consistent with the experimental fragmentation
behavior of these clusters. For spherical silicon nanocrystals, the surface atoms reconstruct to minimize the
number of dangling bonds, forming a continuous surface. The large curvature of the continuous surface causes
lattice contraction in the nanocrystals. Present calculations predict the lattice contraction versus the particle
radius asha~0.4R, with Aa andRin A. By comparing cohesive energies of the two sorts of structures, the
structural transition is estimated to occur in the range of 300—500 atoms, or about 2.3—2.7 nm in diameter.
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[. INTRODUCTION containing 6—11 atoms. While these subunits probably have
quite stable cage structures they are bonded to each other

The study of silicon nanostructures is an active field ofrather loosely.
research because of the strong room-temperature photolumi- In experiments, the nanosized silicon clusters are pro-
nescencgPL) and the observation of quantum size effect.duced either from laser vaporization of Si wafer or laser
Recently, the studies of silicon cluster assembled films havdecomposition of Silf. The temperature in the source zone
attracted much interest. Because the size of the depositdsl as high as 1200 K.Then the silicon clusters are cooled
silicon clusters are easier to control than that of porous silidown by collisions with the helium atoms during the super-
con, the study of the PL of silicon cluster films allows a moresonic expansion after extracting from a conic noZz-
direct test of the quantum confinement model. Usually thenally, the clusters are deposited on the substrate. It has been
results can be divided into two classes. For films that arshown that the low-energy deposition procedw#®.5 eV/
composed of clusters larger than 3 nm, the PL of the silicoratom) will keep the structures of the clusters intddthough
clusters follows the quantum confinement model verythe Si clusters in a film might be different from the free Si
closely~3 While for films whose components are smaller clusters, we study in this paper the free Si clusters as the first
than 2 nm, a general failure of the confinement model basestep using tight-binding molecular dynami€EBMD). The
on the diamond lattice is fourftP It is highly probable that result on free Si clusters is able to give some insight to the Si
the smaller cluster§<2.0 nm, 200 atomscannot retain a cluster assembled films.
diamond structure. In fact, recent transmission electron mi-
croscopy(TEM) studies showed that no crystallized grains || THEORETICAL METHOD AND COMPUTATIONAL
can be revealed for films composed of silicon grains having DETAILS
a mean diameter of 2 nthGoldstein also reported experi-
mental data showing a disappearance of the crystalline con- The TBMD simulations we conducted for studying nano-
trast in the TEM images for silicon particles below 2 nm in sized Si clusters might be the most suitable method for sys-
diametef These experiments call for a reliable theoreticaltems involving hundreds of atoms. In a tight-binding
interpretation of the transition to a diamond structure enimethod, the Hamiltonian matrix generated in a quantum-
countered in larger silicon nanoparticleSHowever, previ- ~mechanical way and the matrix equation is solved as in the
ous theoretical results have been conflicting. A combinegase of first-principle calculations. However, the procedure
tight-binding density-functional theory has predicted a tran-Of generating the tight-binding Hamiltonian is simplified by
sition at 4200 atoms, based on the geometrical and electronRarametrizations. This makes the tight-binding method more
structures of Sjclusters up ta=14. This value seems too reliable than the classical potential models but computation-
large, probably due to the severe extrapolation from smal@lly more simple than first-principle approaches, applicable
clusters. Another work has yielded a critical size of about 530 large systems.
atoms? which is probably too small compared with the ex-  Following a transferrable tight-binding potential model
perimental results. proposed previously for silicotf, the Hamiltonian in the
Moreover, the recent result on the fragmentation behaviofight-binding model of N atoms can be written as
of intermediate-size silicon clusters is also interesting. The
intermediate-size giclusters (<150) fragment by fission, i
yielding Si*—Siy;", while larger crystalline clusters evapo- H= Z om En: (Wo|Hra|Wn)+ Erept EoN. (1)
rate Si and Si ions at higher fluence of the lasefThe
possible explanation of this phenomenon is that thelhe first term is the kinetic energy of the ions, while the
intermediate-size Si clusters are built from smaller subunitsecond term is the band-structure energies obtained by sum-
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ming up the eigenvalues of all the occupied states. The thirc
term is a repulsive potentiak, is a constant energy shift to
give the correct cohesive energy of the system. In the preser
tight-binding schemek; in the fourth term is set to be 8.74

eV.1° The tight-binding potentials were obtained by fitting to

the energies of various bulk crystal structures of Si. The ra-  5*® Sis () Sio (@) Siuo (b)
dial scaling functions are similar to those employed by

Goodwin, Skinner, and Pettifdt, but the cutoff distance is

fixed for all structure configurations. This tight-binding

model has been shown to be applicable in molecular dynam
ics and its transferability is found to be fairly go&t.

The molecular-dynamics simulation program is written in
FORTRAN, following the flow chart of TBMD scheme given

in Ref. 12. The program has been tested and run on bott
Pentium IV personal computers and the Sun Enterprise
10000(Starfire system. We use the Verlet algorithm for the
molecular dynamics, and choose the time step as 1.0 fs. Th
total-energy conservation is of the order £eV/atom. We
use a simulated annealing method to get the energeticall
favorable structures of the nanosized Si clusters. Typically
the clusters are equilibrated at 1200 K for several picosec-
onds, then cooled at a rate of 40 K/0.2 ps. For sma|l Si
clusters 6=<20) we have checked that the slow cooling rate
can make the system reach their energetically most favorabls
configurations. For large clusters such ag,Sit is quite Sizo (a) Sizo (b)

difficult to find its global energy minimum either by simu-

lated annealing or other optimization methods. It may pos- FIG. 1. The energetically favorable structures of small silicon
sess a large number of local minima whose energies are closkisters obtained from tight-binding calculations.

to each other. For §j, we have tested ten different cooling

rates ranging from 20 K/0.02 ps to 20 K/0.3 ps. It is foundthe DFT/LDA calculationt® For Si,, the energetically most
that the final structures and energies are quite similar if th@ayorable geometry obtained is a bicapped pentagonal anti-

Sin (a) Siy1.(b) Siy; (a) Siyz (b)

cooling rate is below 50 K/0.2 ps. prism, Si, (a). This geometry is also a candidate for the
ground-state geometry of Si in the DFT/LDA
lll. RESULTS AND DISCUSSIONS calculations® Si;, (b) is the energetically most favorable

geometry found by the DFT/LDA calculation&t is, how-
ever, 2.5 eV higher in energy than;8i{a) within the tight-

A thorough test has been performed in this work on thepinding scheme. The energetically most favorable geometry
rellablllty of this tight-binding potential model in treating for Si20 is Composed of two @é subunits, in good agreement
small silicon clusters. For very small Silusters(n less than  with the recent results of the quantum Monte CHtlo
9), it has been shown in Ref. 13 that this tight-binding po-method. The only difference is that the,Ssubunit is Sj,
tential model can yield their correct ground-state geometriesyy), while in the MC results it is S (a), since Sj (a) is the
We now check if this model works in Iarger clusters. The tWOenergetica”y most favorable geometry in the MC method.
energetically favorable geometries of some small Si clusters The above comparison of the tight-binding results with
are shown in Fig. 1. For §j the lowest energy geometries those of more accurate methods has shown that the present
are the bicapped pentagonal bipyramids, in agreement witfight-binding scheme can give a good qualitative description
the full-potential linear muffin-tin orbital molecular dynam- of small silicon clusters. The energetically most favorable
ics (FP-LMTO) results™* The total energy of Si(b) is 1.14  geometries from other accurate methods are also stable struc-
eV lower than that of $i(a), while in FP-LMTO, S} (b) is  tures in the tight-binding scheme; the lowest energy geom-
0.47 eV higher than $i(a). For Sig, Sk (a) is a very stable etries found from tight-binding calculations are at least com-
structure, which has been found to be the ground-state strugetitive stable local minima in other methods. Therefore the
ture in quantum Monte CarlgMC)," density-functional/  tight-binding method is good enough to describe some quali-
local-density approximation(DFT/LDA),*® and the FP- tative features of the intermediate-size silicon clusters, and to

LMTO methods:’ Within the present tight-binding scheme, study the structural transition to the bulk diamond structure.
Siio (@) is only 0.15 eV higher than the energetically most

favorable geometry §j (b). Siy (b) is a bicapped tetragonal
antiprism, which was also found to be a local minimunain
initio calculations'® For Si;, we get two degenerate con-  In order to get the energetically favorable structures of
figurations, which can be viewed as adding one atom {g Si intermediate-size silicon clusters, we carry out simulated an-
(b). Siy; (@) is the energetically most favorable geometry innealing studies. The starting structures are fragments of the

A. Tight-binding results on small clusters

B. Intermediate-size clusters
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tures. The small cages may be rearranged, and the total en-
ergies are found to decrease a little. For example, the cohe-
sive energy of S with a cooling rate of 20 K/0.2 ps is about
20 meV/atom lower than that with a cooling rate of 40 K/0.2
ps, and the structure is quite similar. Since we cannot use an
infinitely slow cooling rate, we can only estimate an error bar
from the results of different cooling rates. The error bar for
the cohesive energy is estimated to be 20 meV/atom using a
cooling rate of 20 K/0.2 ps. If the clusters are kept at high
temperatures T>1000 K) too long, they may evaporate
small cages like Si Sijg, etc. This is consistent with the
experimental fragmentation behavfor.

For the 191-atom D~2nm) and 28l-atom 0O
~2.2 nm) particles, the annealed structures are still similar.
Small cage structures appear on the surface, while the inner
part is amorphous. In experiment, the smallest crystalline
ordered region after long-time annealing is about 2.5 nm
(~400 atom$?® So a 2.2-nm cluster is possibly not able to
retain a diamond structure yet. The experimental annealing
time for recrystallization from amorphous nanosized silicon
powders is more than 1%.An MD simulation for such a
long time is obviously not practical. Nevertheless, a com-
parison of the cohesive energies between diamond structure
and the loosely connected cage structure obtained from
simulated annealing as described above may allow a qualita-
tive judgment on the energetically more favorable structure
for a specific cluster.

C. Large particles

The large particles might retain diamond structure, prob-
ably with reconstructed surfaces. Atomic force microscopy
(AFM) images show that the experimentally generated Si
nanocrystals are sphericalAccordingly, we consider here
only the spherical nanoparticles. There may be a “critical”
size, below which the silicon nanoparticles with diamond
FIG. 2. Structures of §i (a) and Siys (b) after annealing. Al structure might bg metasta_ble. In order to make a direct com-
bonds below 2.8 A are drawn out. The structures are fully relaxedpanson of cohesive energles between the loosely connected
with the root-mean-square force to be 0.015 eV/A. cage structures and_t_ht_a diamond structure for a smaller clus-

ter, we need to artificially prepare diamond structures for
bulk diamond lattice. The system is equilibrated at 1200 Kthese metastable small Si particles. To achieve them, the
for typically 4 ps(4000 steps then cooled down at a rate of equilibration temperature should be selected to be high
40 K/0.2 ps. The total simulation time for one cluster isenough to allow the surface atoms to reconstruct but low
about 20 ps. Figure 2 shows two typical structures obtaineénough so as not to melt the small particles in diamond struc-
from the annealing. Figure(@ is a 60-atom cluster, which is ture. For such a purpose, the equilibration temperature is
composed of some subunits likegSiSi;, Sijg, and Sijs. chosen to be 800 K, and the equilibration time to be 4.0 ps.
These cagelike subunits are loosely connected to each oth&wo cooling rates of 100 K/0.1 ps and 60 K/0.1 ps were
Figure 2b) is a 123-atom cluster. Its structure is quite similaradopted for testing, yielding similar final structures with
to that of Sy, except that part of the cluster is amor- slight difference in energybelow 5 meV/atom Figure 3
phous-like. The structures shown in Figga)2and (b) are  shows the largest Si nanoparticle we obtained, corresponding
qualitatively consistent with the recent experiment on theto a spherical 2.5-nm particle containing 417 Si atoms. The
fragmentation behavior of intermediate-size Si clusterssurface is reconstructed to minimize the number of dangling
Upon laser heating, the Stlusters (<150) fragment by bonds. The atoms on the surface tend to form a continous
fission, yielding S-Sk, " clusters. The authors’ explana- surface, and the step edges are considerably reduced.
tion is that the §j clusters withn<150 are built from In the inner part of the particle, the diamond lattice is
smaller subunits containing=6-11 atomg. While these retained. Figure 4 shows the radial distribution function of
subunits have quite stable cage structures they are bondedtlte diamond lattice core and the loosely connected cage
each other quite loosely. This is just the case shown in Fig. Ztructures of Sb;. For a structure with the diamond core,
The annealing with lower cooling rates yields similar struc-the nearest neighbors locate at about 2.33 A. The second
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FIG. 3. Structure of the 417-atom Si nanocrystal with recon-
structed surface. All bonds below 2.8 A are drawn out. The struc- 0.00 ! I ! I ' | ! ] T i
ture is fully relaxed, with the root-mean-square force to be 0.015 8.0 12.0 16.0 200 240 280
eV/A. Particle Radius (&)

neighbor distance has a broad distribution, indicating a lat- FIG. 5. Lattice contraction versus the Si nanoparticle radius.

tice distortion in such small particles. The nearest-neighbof N€ six circles correspond to nanocrystals containing 151, 191, 239,

distances exhibit a small increase with increasing particl@sL 357., 417 atoms, respectively. The dashed line is a fitting to the

radius, and the lattice distortion decreases with increasingat@ Which corresponds tha~0.4R.

radius. For the loosely connected cage structures, the nearest- . _ o

neighbor distance is about 2.5 A. No positional order can bétant of the bulk2.36 A in the present tight-binding moglel

found in this structure. and the nanoparticle. Figure 5 shows the relationship of lat-
It is possible that there is considerable surface tension ifice contraction versus Si nanoparticle radius. The lattice

the region near the continuous surface due to the large cugontractionAa decreases with increasing particle radRris

vature. Indeed, large lattice contraction is found inside thel he lattice contraction is found to be roughly proportional to

particle. Since there is some dispersion of nearest-neighbdf/R as described by

distances, we use the average of the nearest-neighbor dis-

tances of the diamond lattice core as the lattice constant. The 0.4

lattice contraction is obtained by comparing the lattice con- Aa~ R @)

0.30 T

0.20 —

0.10 —

Radial Distribution Function
1

Distance (A)

FIG. 4. Radial distribution function of &j;. The solid line is

The units ofAa andR s A. This result is obtained by fitting

to only six data points. Smaller particles are unstable, while
for larger particles the computational cost is too large. Nev-
ertheless, this result is able to provide a guideline in estimat-
ing the lattice contraction in large Si nanoparticles. Accord-
ing to this formula, a Si nanopatrticle with a diameter of 5.0
nm should have a lattice contraction of 0.016 A. The surface
reconstruction of a Si particle with an even largeshould
tend to that of the bulk silicon.

In experiment, lattice contraction and dilatation have been
observed in Si nanoparticles with an oxide sk&The lattice
strain is attributed to the Si/oxide interface. Here in pristine
Si nanoparticles, the lattice strain is caused by the surface
tension, which is similar to the particles with an oxide shell.
We have also calculated some hydrogen saturated Si nano-
particles. In such particles, the surfaces consist of separate
SiH units. These SiH units are not connected to each other to
form a continuous surface. Therefore there is no surface ten-
sion. The lattice constant in the core is very close to the bulk
value; surface relaxation is limited to the outermost three or
four layers. This result indicates that the lattice contraction in

from the diamond lattice core, and the dashed line is from thghe pristine Si nanoparticles originates from the recon-

connected cage structure.

structed continuous surface.
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430 = are many factors that affect the accuracy of the cohesive

energy, such as the effect of finite cooling rates, the accuracy
of the TB method itself, etc. Using an error bar of 0.02

% % % ) eV/atom for the connected cage structure and 0.01 eV/atom

+20 % [ for the diamond structure, the structural transition is esti-
% ® mated to occur in the range of 300—-500 atoms, or about

] %E% ® [ ] 2.3-2.7 nm in diameter. This result is in good agreement

1o with experiments. A recent study of the PL of Si nanocrystals

as a function of the crystal size shows that the smallest nano-
% crystal whose PL follows the quantum confinement model is
about 2.8 nnt.The TEM images show that the smallest crys-
00 _% talline region in annealed amorphous Si powders is 2.5 nm in
size?° A failure of the quantum confinement model based on
4 a diamond lattice in clusters smaller than 200 atdrissalso
supportive to the present result.

Cohesive Energy (eV)

3.90 — 77—
0 100 200 300 400 500 IV. SUMMARY

Number of Atoms
) ) ) In this paper, we have studied the structural transition to
FIG. 6. Cohesive energies of the two different structures.the diamond structure in nanosized silicon clusters. A tight-
Squares are the energies of the connected cage structures as Blﬁding molecular dynamics combined with simulated an-
ones shown in Fig. 2, solid circles are energies of the sphericql]ea”ng technique is employed. The tight-binding potential
nanocrystals as the one shown in Fig. 3. The error bar for the, o "for Sj is quite accurate in describing the diamond
tC;)lgneCted cage structure is 0.02 eV, and 0.01 eV for the NANOClY¥tructure of Si. It is also able to describe the structures and
' energetics of small Si clusters. After slow annealing, the en-
D. Structural transition in nanosized Si clusters ergetically favorable structures obtained for intermediate-
. . . . size Sj clusters (<200) are composed of small subunits
_ In detefmlnmg the crmcal size for the structural transr like Si,o and Si,, qualitatively consistent with the experi-
tion, previous calculations based on a combined tighty,enta| fragmentation behavior of these clusters. For spheri-
binding and DFT/LDA method yielded a critical size of .5 gj nanocrystals, the atoms on the surface reconstruct to
about 4200 atom$By comparing the energies of fragments inimize the number of dangling bonds, forming a continu-

of close-packed fcc crystal and diamond crystal, a lineag, 5 gyrface. The large curvature of the continuous surface
combination of atomic orbitaléLCAO) calculation gave a 5, ,ses |attice contraction in the nanocrystals. Fitting of the

critical size of 50 atom&Although a recent scanning tunnel- o iated lattice contraction versus the particle radius yields
ing spectroscopy measurement seems to support this fsulty » o 4R with Aa and R in A. By comparing cohesive
%nergies of the two sorts of structures, the transition to dia-

. a 5
critical SIZE IS above 2 n_m~ 200 at‘?‘.“i‘ . ._mond structure is estimated to occur in the range of 300-500
We intend to determine the critical size by comparingaioms or about 2.3-2.7 nm in diameter. This result is in

cohesive _energies of the two _different classes of structure ood agreement with recent experiments.
namely diamond structures with reconstructed surfaces an
loosely connected cage structuebown in Figs. 2 and)3
From Fig. 6 it is shown that the cohesive energies of loosely
connected cage structures seem to approach a constant forThe work described in this paper is supported by a grant
clusters larger than 200 atoms, while the cohesive energies ffom the Research Grant Council of the Hong Kong Special
the diamond structure increase with increasing size. By diAdministrative Region, ChindProject No. 9040533, e.g.,
rect extrapolation, the critical size is about 400 atoms, or &ityU 1033/00R. The authors thank Professor P. L. Cao and
spherical Si nanocrystal of about 2.5 nm in diameter. Ther®r. B. X. Li for helpful discussions.
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