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Unraveling the Shape Transformation in Silicon Clusters
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The prolate-to-spherical shape transition in Group IV clusters has been a puzzle since its discovery
over a decade ago. Here we explain this phenomenon by elucidating the structures of Si,, and Si,™ with
n = 20-27. The geometries were obtained in unbiased searches using a new ‘“‘big bang” optimization
method. They are substantially more stable than any found to date, and their ion mobilities and
dissociation energies are in excellent agreement with experiment. The present results prove that the
packing of midsize clusters is thermodynamically controlled and open the door to understanding the

evolution of semiconductor nanosystems towards the bulk.

DOI: 10.1103/PhysRevLett.93.013401

Recent breakthroughs such as the discovery of lumi-
nescence in nanostructured [1] Si and the advent of Si
photonic crystals [2] make clear the tremendous promise
of traditional semiconductor materials when processed
at nanometer scale. The key to future applications of
semiconductor nanosystems is understanding their struc-
ture. In experiments, Si nanoparticles undergo a stunning
prolate-to-compact shape transformation [3—6] over the
25-35 atom size range, which causes an abrupt change in
physical properties such as cluster ionization energy [7].
While this transition was also observed in Ge and Sn
clusters and is thus established as a general trait of semi-
conductor growth [6,8,9], the underlying molecular ge-
ometries have remained obscure despite a decade-long
effort to determine them. Here we present structures for
clusters with 20—27 atoms, a critical range spanning the
onset of the shape transition. The geometries come from
the big bang search algorithm, an unbiased and highly
parallel method for searching cluster energy surfaces.
These structures are significantly more stable than any
found to date and neither resemble bulk Si packing
nor obey the previous paradigm of tricapped trigonal
prism (TTP) stacking [4,6,10—12]. The geometries are
validated through independent comparisons to measured
ion mobilities and dissociation energies.

Since the 1980s, structural characterization of silicon
and other semiconductor clusters has been the focus of
intense experimental and theoretical effort [4,6,11,12].
The geometries of the smallest Si, were predicted via
ab initio [13] and density-functional theory (DFT) [14]
calculations on all conceivable isomers, yielding the tri-
angle for Si;, rhombus for Siy, and bipyramids for Sis—Si;.
They were verified by infrared [15] and Raman [16]
matrix-isolation spectroscopies, and by anion photoelec-
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tron spectroscopy (PES) using the electronic transitions
[17] and vibrational overtones [18]. Structures for slightly
larger species arose from simulated annealing [14]:
capped octahedra for Sig and Sig and TTP-based geome-
tries for Sijy and Sij;. These are compact, multicoordi-
nated geometries unrelated to the tetrahedral packing of
bulk Si. At larger sizes, ion mobility spectrometry (IMS)
revealed a remarkable structural transformation [3,5,6]:
Si,* clusters assemble in one dimension forming “‘sau-
sages” up to n ~ 25, convert to near-spherical shapes over
n ~ 25-35, and then grow three dimensionally towards
mesoscopic Si particles. Understanding the shape transi-
tion hinges on elucidating the underlying molecular
structures, yet numerous attempts to determine them
have failed. An extensive genetic algorithm search lo-
cated TTP-based geometries for n = 12-18. For n = 19
and 20, this gradient approximation approach produced
compact structures, contravening the experimental data
[4,6,11,12]. Later, a single-parent evolution (SPE) algo-
rithm [19] found lower-energy prolate structures for Si;g
and Si,,, but also fell short of the transition region. The
geometries for n = 20 are now confirmed by multiple
measurements: ion mobilities for cations and anions
[6,12,19], dissociation energies and pathways for cations
[19,20], ionization energies for the neutrals [11], and PES
for anions [10]. For larger clusters in the transition region,
a number of geometries have been obtained using diverse
methodologies [21-24], but none has been vetted by
direct comparison with experiment.

Below we identify Si clusters in the structural trans-
formation region, up to 27 atoms. We obtained the geome-
tries through extensive, unbiased searches of the energy
surfaces, and tested them through direct, quantitative
comparisons with all available experimental data. Since
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earlier search methods failed [4,19] to get the right
structures for n > 20, we developed a structural optimi-
zation tool termed “big bang.” Its essence is to create
random configurations of n atoms in a highly compressed
space, typically ~1/25 of the normal molar volume.
These supercompressed structures are allowed to “‘ex-
plode,” relaxing to local minima via a standard
gradient-based algorithm [25]. Millions of such minima
are generated for each n by starting from different ran-
dom geometries. Since all runs are independent, the pro-
cess is inherently parallel. Starting from tightly packed
geometries is critical, as searches with compression fac-
tors of ~1 proved ineffective. As the shapes of the local
minima largely mirror those of the initial volumes (e.g.,
an elongated volume tends to produce prolate minima),
searches for each size used several aspect ratios for the
starting volume, allowing all possible shapes to emerge.

Performing millions of gradient minimizations for
each size requires fast, yet accurate evaluation of energies
and atomic forces. First-principles methods like DFT are
too slow to do this directly, so we use a hierarchical
approach that begins with the density-functional tight-
binding (DFTB) method. DFTB closely approximates
DFT, but runs ~10? to 10* times faster [26]. For each
size, 200—400 of the best DFTB local minima are se-
lected for investigation by DFT, here using the gradient-
corrected Perdew-Burke-Ernzerhof (PBE) functional
[27] and extensive basis sets (16 bare Gaussians, con-
tracted to 6 s-type, 5 p-type, and 3 d-type functions on
each atom). First, structures are ranked by DFT energy at
the DFTB geometry. Then all isomers within ~0.5 eV of
the ground state (~30 structures for each size) are relaxed
to a precision of ~10 meV. The relaxation from the
DFTB to DFT minima involves a roughly constant
change in energy, so the ordering of DFT energies at the
DFTB geometries is reliable. Since the DFTB was pa-
rametrized for neutral systems, searches were conducted
for the neutrals. Low-energy Si,™ were found by remov-
ing an electron from all the Si, isomers within 0.5 to 1 eV
of the ground state, followed by full DFT relaxation of
those within 0.4 eV of the bottom. The typical accuracy of
the final energy ordering for either Si, or Si,* is
2-3 meV/atom.

Lowest-energy prolate and compact Si," geometries
and the Si, global minima (n = 20-27) are presented in
Fig. 1. For both charge states, the best structures are
significantly more stable than any previously known. By
comparing relaxed geometries within PBE, we find the
energy gain for the neutrals is 0.4—2.0 eVover Siy;—Siys of
Ho et al. [4],0.5-1.0 eV over published Si,;, Siyy, and Si,s
isomers [21-24], and 0.2-0.3 eV over the Si,; and Siy,
obtained in SPE [19]. The Si,," geometry is isoenergetic
with that found previously [19], but matches the IMS data
better (below). The preferred shape shifts as the clusters
grow: compact Si,* structures lie above the prolate for
n = 23, closely compete with them for n = 24 and 25,
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FIG. 1 (color online). Lowest-energy Si, cations of prolate
and compact families (n = 20-27) and the global minima for
neutrals found in the “big bang” search. Cohesive energies
(eV/atom) are listed. Ground states for Si,; and Siy; are iden-
tical to those for cations; Siyq and Si,; geometries have been
reported [19]. The prolate Si,,™ is the same as the published
[19] Siy,, though a lower-energy neutral is found here.

and overtake them for n = 26. The transition in neutrals
occurs a bit later: compact isomers become degenerate
with prolate for Siyg and lower for Siy; (Fig. 1).

Our findings for Si, ™ exactly mirror the IMS data [5],
where compact Si,* first appear at n = 24. In IMS, ion
packets are pulled through an inert buffer gas (e.g., He) by
an electric field [28]. This separates isomeric mixtures of
mass-selected ions into components by ion mobility,
depending on the orientationally averaged ion-buffer
gas atom cross section. This quantity can be related to
the ion geometry by classical molecular dynamics simu-
lations [29,30]. This methodology has been used for Si,
ions up to n = 20 [4,6,11,19]. Experience shows that the
mobilities computed for correct structures agree with
experiment within ~1.5% and often better. (This error
margin reflects the experimental error and estimated
uncertainties in both the mobility calculations and the
bond parameters of cluster geometries.) Calculations for
our low-energy Si, " isomers are compared with the mea-
surements [5] in Fig. 2. The data in Ref. [5] feature
multiple peaks at each cluster size across the transition
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FIG. 2. Mobilities of Si, cations in He (298 K). Circles stand
for the measurements [5]: major peaks (filled circles) corre-
spond to the most abundant isomers and minor peaks (empty
circles) to less abundant isomers observed. Lines connect the
structural families: ‘“‘moderately prolate” (solid line),
“stretched” (long dashed line), and “compact’ (short dashed
line). Squares and rhombi mark the values calculated for,
respectively, the Si, ™ global minima and other isomers within
10 meV/atom. When several geometries have nearly equal
computed mobilities, only one symbol is shown.

region, and we indicate the positions of both major (most
abundant isomers) and minor (less abundant isomers)
peaks in the figure. The prolate clusters can clearly be
grouped into two sequences [5]: “moderately” prolate
structures that correspond to the major peaks at n =
20-24, 26, 27 and “‘stretched” structures, corresponding
to the major peak for n = 25 and minor peaks at n = 21,
22, and 26. The stretched structures for Si,; ™ and Si,s*
shown in Fig. 1 are the first members of this family to
appear in the literature; other low-lying prolate isomers
for Si,s* are moderately prolate [22,23]. The compact
family appears as a minor peak at n = 24 and includes
the major peaks at n = 25-27.

The agreement between theory and experiment is ex-
ceptional for all three sequences, not just for all observed
major peaks, but most minors as well, providing a quan-
titative explanation for most observed cases of polymor-
phism. For example, we found seven Si,, ™ isomers within
10 meV /atom of the ground state. Ranked by increasing
energy, No. 1 and No. 5 fit the dominant ‘“‘moderate”
feature (see Fig. 2), No. 2, No. 3, and No. 4 match a
smaller neighboring feature, and No. 6 and No. 7 match
the minor “stretch” peak. At Siys™, there are two major
peaks of equal height (“‘compact’ and stretch) [5]. We find
five Si,s " species that are degenerate within 2 meV /atom
(with a 10 meV /atom gap to the next isomer) and all five
match one of these two peaks. An apparent lack of poly-
morphism for Si,; ™ is also clarified by the calculations:
all seven lowest-energy structures have nearly identical
mobilities matching the lone experimental peak. Neutrals
cannot be probed by IMS, but the structural transforma-
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tion in Si,” happens 2-3 atoms later [5] than that in
Si, . This meshes well with our finding that the transi-
tion in Si, neutrals is delayed by one or two atoms.

Consistency with IMS data does not suffice to establish
structures: some high-energy Si, morphologies (n =
21-26) have correct mobilities [4]. Cluster energy is
therefore a critical complementary criterion. While
theory alone cannot guarantee that the bottom of a com-
plex energy surface has been located, this can be deter-
mined by employing a “depth gauge” [20,31] based on
measured cluster dissociation energies (Ep). The Ep for
Si,* can be defined as Ep = E[n —m]+ E[m*] —
E[n*], where E[n"] is the total energy of Si, ™, and m is
chosen to minimize Ep. The ground states of the two
dissociation fragments (Si,_,, and Si,*) are presumed
known. Thus, if the search fails to recover the global
minimum for Si,”, the predicted Ej, falls short of the
experimental value. The E;, computed for Si,™ (n = 27)
and values measured by collision-induced dissociation
[32] are compared in Fig. 3. The agreement is excellent,
with all shortfalls under 0.3 eV—within the cumulative
error margin of calculation and experiment. The greatest
discrepancy is actually for a known geometry (Sig™).
Significantly, the calculations reproduce the observed
global minimum in Ej, at Si,, *. This trend differs dras-
tically from that in “normal” nanosystems, where Ep
increases monotonically with increasing size (save for
local oscillations due to even/odd alternation and elec-
tronic or geometric shell closures). Figure 3 shows that
our search has reached at least within a few meV /atom of
the true ground states for all Si,,* up to n = 27. We have
begun work on Si,s ™ and Siy, ™, but to date the Ej, of our
best geometries are still short of the targets by 0.4—0.6 eV
(Fig. 3). This reflects the increasing complexity of the
cluster potential energy surfaces with size and the chal-
lenge of conducting unbiased searches for the global
minima.
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FIG. 3. Dissociation energies of Si, cations. The line indicates
the measurements [32]. The symbols are the values calculated
for the Si, ™ global minima found for n < 27 (circles) and our
best structures to date for n = 28 and 29 (triangles).
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The abnormal broad minimum in the dissociation en-
ergy at n~ 15-25 and the global prolate-to-spherical
transition have the same underlying cause and may be
grasped in simple physical terms. The cause is the excep-
tional stability of several specific geometries for small Si
clusters, most notably the Sig octahedron and Sig TTP.
Initially, the lowest-energy pathway for cluster growth
requires those uniquely stable structures to be retained as
building units. This necessarily forces a cluster into a
prolate shape, while Ej, decreases and then levels on a
plateau once the dissociation involves severing weak
links between the units rather than breaking the units
themselves. As the cluster grows such that some atoms
could assume internal positions, the surface energy cost
of prolate geometries outweighs the benefit of ““special”
subunits, inducing the transition to minimum-surface
spherical shapes. Remarkably, the approximate size for
this transition can be rationalized using the spherical
drop model (SDM) [8]. With y = 740 mN/m for the
surface tension of liquid Si [33] and the bulk Si cohesive
energy of 4.55 eV /atom, we calculate the energies of Si
nanodroplets as E(Si;g) = 3.78 eV/atom, E(Siy)) =
3.94 eV /atom, and E(Si3y) = 4.02 eV/atom. Once these
exceed the energies of the best prolate geometries (Fig. 1)
at n ~ 20, clusters start rearranging into spherical shapes
and the binding energy begins its ascent towards the bulk
atomization enthalpy as prescribed by SDM. Since the
smaller Si, clusters are prolate, kinetic factors would
favor the formation of prolate geometries even after the
compact structures become more stable. However, the
shape transition in experiments and the stability cross-
over found by the present global search coincide precisely.
Thus, the cluster growth in this size range is controlled
solely by thermodynamics.

In summary, new lowest-energy Si,” geometries for
n = 20-27 found by a blind search fit the whole body of
ion mobility and dissociation energy data, and hence are
almost certainly the structures observed through the
shape transformation region. Prolate species still include
Sig TTP units (e.g. Si,;* and Si,s™), but not as ubiqui-
tously as for n = 13-19 [4,12]. Instead, new building
blocks appear: the Sis octahedron as in Siy; ¥ and Si,s*
and a sixfold ring (resembling that of an adamantane unit
in bulk Si) bridging two subunits, as in Si,,". The com-
pact structures for Si,,*—Si,,™ in Fig. 1 are the first
compact geometries to be elucidated. These have neither
the diamondlike packing of bulk Si, nor the stuffed
fullerene structure with an outer shell of pentagons and
hexagons suggested based on selected chemical reactivity
data [34,35]. Surprisingly, some compact structures (e.g.,
Si,, ™) include TTP units that were believed to appear in
the prolate species only. The present results bode well for
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using unbiased global optimizations to explore how the
properties of silicon nanoclusters evolve toward the bulk,
as well as to understand parallel structural transforma-
tions in other semiconductor systems.
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