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Abstract

®

CrossMark

Size-selected anionic silicon clusters, Si, (n = 14-20), have been investigated by
photoelectron spectroscopy and density functional theory (DFT) calculations. Low-energy
structures of the clusters are globally searched for by using a genetic algorithm based on
DFT calculations. The electronic density of states and vertical detachment energies have
been simulated by using ten DFT functionals and compared to the experimental results. We
systematically evaluated the DFT functionals for the calculation of the energetics of silicon
clusters. CCSD(T) single-point energies based on MP2 optimized geometries for selected
isomers of Si, are also used as benchmark for the energy sequence. The HSE06 functional
with aug-cc-pVDZ basis set is found to show the best performance. Our global minimum
search corroborates that most of the lowest-energy structures of Si,” (n = 14-20) clusters can
be derived from assembling tricapped trigonal prisms in various ways. For most sizes previous
structures are confirmed, whereas for Si,, a new structure has been found.

Keywords: silicon clusters, photoelectron spectra, density functional theory, basis sets
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1. Introduction

Silicon is the most important material in modern micro-
electronics and semiconductor industries. In this respect,
the continuously increasing miniaturization of silicon-based
transistors requires a deeper understanding of fundamental
physical and chemical properties of silicon clusters and
nanostructures [1]. Since silicon clusters favor sp3-like cova-
lent bonding, surface reconstruction reducing the number of

1361-648X/18/354002+10$33.00

dangling bonds is usually strong and can lead to distinctive
cluster structures with electronic properties very different
from those of the bulk diamond phase. Medium-sized silicon
clusters are particularly interesting since they represent the
key intermediates in the transition of silicon from molecular
to bulk states.

During the past three decades, an enormous amount of
experimental [2—11] and theoretical [12-22] efforts have been
devoted to the understanding of the physics behind the unique

© 2018 IOP Publishing Ltd  Printed in the UK
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properties of silicon clusters. Much attention has been focused
on unveiling the general growth behavior of their structures
especially for the small to medium-sized silicon clusters up to
30 atoms [4-9, 12-26]. Spectroscopic experiments using pho-
toelectron, Raman, and infrared techniques have uncovered the
geometric sequence of tricapped trigonal prisms (TTP) based
morphologies for silicon clusters of 9 to 26 atoms [5-9, 13].
Ion mobility measurements have also provided key evidence
for the prolate-to-spherical shape transition of medium-sized
silicon clusters. However, the TTP units are not ubiquitously
found in the prolate species [13, 23], thereby indicating the
existence of new geometric building blocks.

For ab initio calculations of clusters, high levels of theory are
always desirable. For instance, Tam et al performed CCSD(T)
computations on the Siz cluster and its derivatives containing
an attached cation (HT, Lit, Na*, K*) [27]. However, con-
sidering the extremely high computational requirements for
CCSD(T) methods, such an approach usually is not practical
for even medium-sized clusters. DFT methods with a relevant
approximation of exchange-correlation interaction provide a
compromise between computational cost and accuracy. So
far, numerous DFT based theoretical calculations have been
performed to explore the structural evolution of silicon clus-
ters. Ho ef al [14] discovered that many low-energy isomers
for Sij» ;3 clusters contain the TTP motif of a Sig subunit by
using a genetic algorithm global energy minimum search pro-
gram with local density approximation (LDA) calculations.
Moreover, with the PBE functional, Goedecker et al found
the TTP motif in Sij¢_;9 clusters using the dual minima hop-
ping method to determine the global minima of the potential
energy surfaces [15]. Rata ef al [16] found a six/six motif (i.e.
a sixfold-puckered hexagonal Sig ring plus a six-atom tetrag-
onal bipyramid Sig) and a transition from TTP to a six/six
motif at n = 19, under the framework of GGA using PBE and
PWB88. However, Yoo’s calculations show that the six/six
motif is favored energetically over TTP at the B3LYP calcul-
ations already in the size range from 16 to 20 [17, 18].

Although silicon clusters have been studied for years, the
predicted lowest-energy geometries of silicon clusters remain
controversial since the calculated energetic sequence of
isomer structures depend highly upon the theoretical approach
used. For instance, Liu ef al found that the ‘prolate’ and
‘spherical’ isomers become practically isoenergetic within
GGA (PWB and BLYP functionals), where LDA clearly
prefers energetically the latter [12]. Yoo et al concluded that
the motif transition from TTP-to-six/six heavily relies on the
exchange-correlation functional used. Namely the B3LYP
method slightly favors the six/six motif, whereas the PBEO
method favors the TTP motif [17]. For the Siy;_33 systems,
nearly spherical endohedral fullerene structures are energeti-
cally favorable using the PBE functional, while the ‘Y-shaped
three-arm’ motif dominates when the BLYP functional is used
[28, 29]. More specifically, the lowest-energy silicon cluster
isomers predicted by ab initio molecular orbital calculations
at HF, MP2, MP3, MP4, CCSD, and CCSD(T) levels show
high sensitivity toward the treatment of electron correlation
[19]. Mitas et al also concluded that electron correlation has
an important impact on the overall stability of silicon cluster

isomers [26]. Thus high-accuracy methods are necessary to
uncover the true energetic ordering of isomers.

By revealing the fingerprint of their electronic struc-
ture photoelectron spectroscopy (PES) plays a crucial role
in the identification of the ground-state configurations of
anionic atomic clusters [2, 3, 8, 30-35]. At a given cluster
size, matching the simulated and measured PES results is a
more sensitive probe to distinguish structurally distinct iso-
mers than just the comparison of ionization potentials or
electron affinities [9]. We report here studies on anionic Si,,
(n = 14-20) clusters for which a large database of low-energy
structures is available. We use the results of PES performed at
low temperatures to evaluate systematically the performance
of ten different DFT functionals in predicting the geometric
and electronic state of silicon clusters. In addition, CCSD(T)
results for a few isomers of Si;, cluster are used as benchmark
for the energy sequence of the isomers. Moreover, we evaluate
the effect of basis set size on the simulation results. We con-
clude that the HSEO6 or PBEO functional combined with the
aug-cc-pVDZ basis set provides the most accurate description
of the structural and electronic properties of silicon clusters
anions.

2. Experimental and theoretical methods

2.1. Experimental methods

The experiments were performed with the same apparatus as
used in earlier photoelectron spectroscopy studies [36-38].
Silicon clusters were produced in a magnetron gas aggre-
gation cluster source. Silicon was sputtered from a 2-inch
target into a mixture of helium and argon buffer gas (roughly
3:1) with a total pressure of around 0.5 mbar inside a liquid
nitrogen cooled aggregation tube. Under these conditions
silicon clusters of various sizes are formed. The high density
of charge carriers produced by the magnetron discharge leads
to an effective charging of the clusters forming both anions
and cations. The clusters were expanded with the buffer gas
through an adjustable iris into vacuum. A radio-frequency
(RF) octupole guided the cluster anions into the next chamber
where they were fed into an RF 12-pole cryogenic ion trap
[39]. In this trap, which is cooled to 80K, the clusters were
thermalized by collisions with precooled helium buffer gas
with a pressure of about 1073 mbar. Bunches of cluster anions
were then extracted from the trap and entrained into a high
resolution, double reflection time-of-flight mass spectrometer,
where a multiwire mass gate located at the focal point of the
first reflector selected a specific mass with a resolution of about
m/Am = 2000 (m: mass of the peak, Am: half-peak breadth).
The size-selected clusters were then reflected and rebunched
again by the second reflector, and decelerated by a pulsed
electric field. They then entered into the interaction region
of a magnetic bottle time-of-flight photoelectron spectro-
meter, where they were irradiated by a laser pulse from a KrF
excimer laser to acquire the photoelectron spectra. Typically,
photoelectron spectra were averaged over 30000 laser shots at
a repetition rate of 100 Hz. The spectrometer was calibrated
by measuring the known photoelectron spectrum of platinum,
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thereby leading to an error of the measured binding energies
of less than 30 meV.

2.2. Theoretical methods

To find the most suitable exchange-correlation functional
for describing silicon clusters within DFT, here we system-
atically evaluated a variety of common functionals including
B3LYP [40], cam-B3LYP [41], B3PWI1 [40], PBE [42],
PBEO [43], HSEO6 [44], TPSS [45], TPSSh [45], M06 [46],
and M06-2X [46]. An aug-cc-pVDZ basis set was chosen for
the DFT calculations [47]. Zero-point-energy (ZPE) correc-
tions were included in the final energy of each cluster isomer
for all calculations. CCSD(T) [48] (combined with aug-cc-
pVDZ basis set) single-point energies based on MP2 optim-
ized geometries for selected isomers of Si, are also used as
benchmark for the energy sequence. To compare with exper-
imental PES data, the vertical detachment energies (VDEs) of
the isomers were calculated using the above-mentioned func-
tionals combined with aug-cc-pVDZ basis set. By definition,
the VDE is the energy required to remove an electron from the
highest occupied molecular orbital (HOMO) without relaxing
the atomic configuration, and it corresponds to the first peak
maxima of PES. On the other hand, the adiabatic detachment
energies (ADEs) is the difference in total energy between the
anionic and neutral clusters in their optimized geometries,
which corresponds to the leading edge of the first peak of
PES. The calculated DOS was then globally shifted in order
to align the binding energy of the HOMO with the theoretical
VDE value [37, 49].

In order to evaluate further the effect of the basis set size,
the VDE of the lowest-energy structures of Si, (n = 14-20)
were computed using several different basis sets, such as
6-31G(d), 6-311G(d), 6-3114+G(d), aug-cc-pVDZ, and aug-
cc-pVTZ, combined with the HSEO06 functional. Although
many possible spin multiplicities were considered, including
doublets, quartet and sextet for anionic Si,, and singlet, tri-
plet and quintet for neutral Si,, respectively. Among these
spin multiplicities, the lowest spin state, i.e. doublets for Si,
anion and singlets for neutral Si,, are most stable. All of these
DFT calculations were performed using the Gaussian09
package [50].

The structures of the Si, (n = 14-20) cluster isomers
were searched independently through a homemade unbiased
comprehensive genetic algorithm (CGA) code [51] which
is incorporated into the DMol® program for energy calcul-
ations [52]. The validity and efficiency of this CGA-DFT
scheme have been well documented in a series of recent
studies on Si [21], B [53], Pt-Sn [54], V-Si [55, 56],
B-Si [57], and Fe—Ge [58] clusters. For each cluster size,
a few independent GA searches were performed with dif-
ferent presumed symmetries, including the C;, C,, C3, and
C, point groups. With each specific symmetry constraint
(no constraint for C;), every GA search ran at least 3000
iterations and retained 16 members in the population. The
mutation ratio was set as 40% to ensure the diversity of the
population. The description of CGA in detail can be found
in a recent review paper [51].

3. Results and discussion

3.1. Validation of density functional and basis set

The potential energy surfaces of anionic Si,, (n = 14-20) clus-
ters were explored in an unbiased manner using the CGA-DFT
scheme. For each size, the putative ground state configura-
tion along with several important low-energy isomers was
obtained and optimized further using ten different density
functionals combined with the aug-cc-pVDZ basis set. The
low-energy isomers of the Si, (n = 14-20) clusters are rep-
resented as Si, -1, Si, -1I, Si,, -III, Si, -IV, Si, -V, Si,-VI, and
Si, -VII shown in figure 1. Those isomers include previously
reported structures [9, 22]. Their relative energy differences
are summarized in table S1 of the supplementary data (avail-
able online at stacks.iop.org/JPhysCM/30/354002/mmedia).
The experimentally measured spectra of the Si, (n = 14-20)
clusters were also used as references to evaluate the validity
of the DFT functionals. In order to facilitate the comparison,
we integrated the simulated spectra and the measured ones in
figure 2 (for a photon energy of 5.0eV) and figure S1 (for a
photon energy of 6.40eV) of the supporting information.

In order to conduct a quantitative evaluation, we calcu-
lated the VDEs of the ground-state configurations optimized
using the ten different functionals combined with aug-cc-
pVDZ basis set. To assess the choice of basis set, we have
calculated the VDEs of the Si, (n = 14-20) clusters at PBE/
aug-cc-pVDZ and PBE/aug-cc-pVTZ levels, which are nearly
identical to each other (with mean difference of 0.03eV), as
shown in figure S2. The detail discussion of the effect of basis
set will be addressed in below. It is worth pointing out that
the geometries were relaxed separately for each functional,
and the bond lengths changed within ~0.03 A. The results are
shown in table 1 together with the experimental values. The
minimum standard deviation (SD) of the differences between
the calculated and measured VDEs of the ground state at each
cluster size is used as the criterion to determine the functional
with the best match. Specifically, SD is defined as:

52 4 (VDEca, — VDEexpin)”

, ey
7

SD =

where n is cluster size, VDE¢,, and VDEcyp, are the calcu-
lated and measured VDE at size n, respectively. For the Si,
(n = 14-20) clusters, the standard deviations of the VDEs for
different functionals are obtained as: B3LYP (0.341eV), cam-
B3LYP (0.368eV), B3PWI91 (0.310eV), PBE (0.210eV),
PBEO (0.055eV), HSE06 (0.052¢V), TPSS (0.193eV),
TPSSh (0.168eV), M06 (0.235eV), and M06-2X (0.388eV).
These data indicate that the PBEO and HSEO6 methods with
the lowest SD values (down to about 0.05eV) are the most
accurate in describing the electronic structure of silicon clus-
ters. Therefore, the VDESs of the lowest-energy structures cal-
culated by the PBEO and HSE06 methods are selected to be
compared with the experimental data as shown in figure 3.
PBEO is a parameter-free functional obtained by combi-
nation of the PBE functional with a predefined amount of
exact exchange [43, 59]. The non-empirical derivation of the
PBEO functional makes it widely applicable for description
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Figure 1. Structures of low-energy isomers of the Si, (n = 14-20) clusters are represented as Si, -1, Si, -II, Si, -III, Si, -IV, Si, -V, Si, -VI,
and Si,, -VII found using HSEO06/aug-cc-pVDZ. The cluster symmetry is given in brackets.

of isolated molecules as well as condensed matter [43]. The
use of a screened Coulomb potential for short-range Hartree—
Fock (HF) exchange enables HSEQ6 to be a functional for fast
and accurate hybrid calculations [60]. Application of the high
accuracy of the screened Coulomb potential hybrid reveals all
physically relevant properties of the full HF exchange, along
with its computational advantages. This makes HSEQ6 par-
ticularly powerful for calculation of both large molecules and
periodic systems. Note that the VDEs from the HSE06 calcul-
ations are even slightly better than those obtained by using the
PBEO hybrid functional.

Using CCSD(T) results as benchmark, we considered five
isomers of Si;, and compared their relative energies obtained
by different methods, as summarized in table 2. Among var-
ious functionals, only the HSE06, PBEO, and TPSSh methods
reproduce the correct energy order of isomers obtained by
CCSD(T) calculations, while the PBEO and HSE06 methods
perform slightly better.

In addition to PBEO and HSEQ06, a meta-hybrid-GGA
functional, TPSSh, also displays reasonably reliable perfor-
mance. On the other hand, the B3LYP, cam-B3LYP, M06, and
MO06-2X functionals yield neither the correct energy sequence
of the cluster isomers nor the right VDE values. Among these
functionals, B3LYP underestimates the VDEs, but the cor-
rected cam-B3LYP severely overestimates the VDEs; M06
largely underestimates the VDEs, and M06-2X give slightly
better VDEs relative to M06. In summary, the PBE, TPSS, and
B3PWO1 functionals perform better than the B3LYP, cam-
B3LYP, M06, and M06-2X functionals, but they still cannot
give the correct energy order within the range of experimental
error. Similar to PBE, the meta-GGA TPSS functionals under-
estimates the VDEs. B3PWO1 behaves even worse regarding

VDE predictions. Inspired by the previous work [7], we also
took LDA functionals into account, and found that the LDA
gives similar energy sequence of the cluster isomers to PBE
and TPSS functionals, but significantly overestimates VDE
(3.91eV).

The excellent performance of the PBEO and HSE06 func-
tionals in predicting the energy sequence of isomers and
VDE:s of ground state silicon clusters suggests that these two
functionals should be a reliable choice for DFT calculations of
large silicon clusters and nanostructures. In order to evaluate
further the reliability of these two functionals, the electronic
band structure of bulk silicon solid in the diamond phase was
calculated using the CASTEP program [61], indirect band
gap of bulk silicon is 1.15eV using the HSE06 method, which
agrees excellently with the experimental value of 1.17eV at
0K [62]. In contrast, PBEO significantly overestimates the
band gap by 0.74eV. Bearing the performance of bulk silicon
in mind, we conclude that HSEOG6 is the best functional out
of the ten functionals mentioned above for distinguishing the
isomer structures of silicon clusters and nanostructures as well
as for description of their electronic properties.

We also discuss the effect of basis set by calculating the
VDEs of the lowest-energy structures of Si, (n = 14-20)
clusters with the HSE06 functional. The different sized basis
sets 6-31G(d), 6-311G(d), 6-311+G(d), aug-cc-pVDZ, and
aug-cc-pVTZ were used. The results are shown in figure 4.
Clearly, 6-31G(d), 6-311G(d), and 6-3114+G(d) are insuffi-
cient to describe silicon clusters accurately, since they over-
estimate considerably the VDEs in general compared with the
other basis sets considered. Both the aug-cc-pVDZ and aug-
cc-pVTZ basis sets perform well. However, aug-cc-pVDZ
is computationally much more demanding, requiring almost
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Figure 2. Photoelectron spectra of cold (7' = 80K) silicon cluster anions, measured at a photon energy of 4.99eV (thick dark lines), in
comparison with the simulated photoelectron spectra for the lowest energy structure found at a given functional (thin red/light lines). The
simulations were conducted by fitting the distribution of the transition lines with unit-area Gaussian functions of 0.075eV broadening.
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Table 1. Experimental and theoretical vertical detachment energies (VDESs) of Si, (n = 14-20) clusters. The theoretical VDEs were
calculated by employing B3LYP, cam-B3LYP, B3PW91, PBE, PBEO, HSE06, TPSS, TPSSh, M06, and M06-2X functional, respectively.
The SD is the standard deviation of VDE for a given functional. SD is the square root of its variance which is the average of the squared
differences from the mean. All energies are given in eV. The uncertainties in the last digits of the experimental VDEs are shown in

parentheses.
cam- MO6-
n B3LYP B3LYP B3PWOI1 PBE PBEO HSE06 TPSS TPSSh MO6 2X Expt.
14 2.67 2.69 2.69 3.37 3.56 3.54 3.40 3.48 3.36 3.44 3.50(6)
15 3.60 3.14 3.63 3.39 3.64 3.61 3.41 351 3.46 3.44 3.56(6)
16 3.82 4.00 3.87 3.66 3.87 3.85 3.67 3.76 3.64 3.35 3.92(6)
17 3.52 3.65 3.59 3.42 3.60 3.58 3.44 3.51 3.53 291 3.55(6)
18 3.42 3.64 3.51 3.32 3.53 3.50 3.34 3.42 3.27 3.38 3.58(6)
19 3.64 3.68 3.38 3.21 3.43 3.37 322 3.30 3.68 3.49 3.36(6)
20 3.44 3.58 3.54 3.29 3.56 3.54 3.30 3.95 3.86 4.07 3.58(6)
SD 0.341 0.368 0.310 0.210 0.055 0.052 0.193 0.168 0.235 0.388
e Table 2. Relative energies (eV) of five Sij, isomers: Sij,-I,
il ——————— Siy,-II, Sij,-III, Si,-1V, Sij,-V. All structures are fully relaxed
3.9 _:_ g;‘gb with the respective methods, except that the CCSD(T) results are
| —a— HSE06| from a single-point energy calculation based on MP2 geometry
3.8 - ~ optimization. The SD is the standard deviation of energy difference
. 1 for a given functional. SD is the square root of its variance which
2 3.7 is the average of the squared differences from the mean. All
o . 6: computations were conducted using the aug-cc-pVDZ basis set.
g 3'5_‘ Siy,-I - Sip,-II Si,-OI - Si,Iv - Si,-V SD
4 4_‘ CCSD(T) 0 0.11 0.17 044  0.59
o HSEO06 0 0.07  0.17 032 049 0.072
3.3 PBEO 0 0.07  0.17 033 050  0.066
55 1 TPSSh 0 0.12  0.13 032 049 0.072
4 J ! Y T Y Y Y PBE 0 0.15  0.11 034 053  0.061
" bt N1usmber o1f’7$i ato::s 19 20 TPSS 0 0.15  0.11 032 050 0.074
B3LYP 032 0 0.54 052 052  0.229
Figure 3. Vertical detachment energies (VDE) of the lowest-energy cam-B3LYP 042 0 0.70 058 057 0313
Si, structures as a function of cluster size. Black squares show B3PWI1 002 0 0.20 032 045 0.097
experimental values with error bars; red circles show calculated MO06 0 0.73 0.25 0.44 0.90 0.312
results using the PBEO functional; blue upper triangles show MO06-2X 0 0.45 0.10 0.39 0.57 0.157
calculated results using the HSEO6 functional. All computations LDA 0 024  0.07 0.41 0.72 0.095

were performed using the aug-cc-pVDZ basis set.

ten times more computational power than aug-cc-pVDZ.
Therefore, we conclude that the aug-cc-pVDZ basis sets com-
bined with HSEQ6 or PBEO are the most reasonable and effec-
tive methods to describe silicon clusters.

3.2. Lowest-energy structures

Here, we discuss the low-energy configurations of Si,, (n = 14—
20) clusters using the HSE06 method (figure 1). The D3, TTP
and the Dy, bicapped square antiprism (BSA) are found to be
important building blocks for the silicon clusters containing
at least 14 vertices (figure 1). In fact these deltahedra are also
found in the stable borane dianions B,,Hff (n=29, 10) [63].
They have only degree 4 and 5 vertices, where the degree of a
vertex is the number of edges meeting at the vertex in question
(figure S3). Other significant building blocks are the deformed
TTP and deformed BSA with a single degree 6 vertex. The
deformed ones are related to the nondeformed ones by a single
diamond-square-diamond rearrangement.

In general, like earlier studies we found that the lowest-
energy Si, (n = 14-20) clusters are always formed by joining
two smaller structural units. There are two possible types of
junctions, namely face-sharing and single linkage through
external Si-Si bond formation. The TTP building block is
particularly prevalent in most of the low-energy structures. A
7-vertex Siy unit, best described as a triply edge-bridged tetra-
hedron, is also found in a few of the lowest-energy structures.

The low-energy structures of the silicon clusters Si,
(n = 14-20) can be summarized as follows: Sij,-I is a face-
sharing fusion of a TTP with a bicapped octahedron, which
agrees well with the DFT study by Shvartsburg et al [13].
The metastable C,, Sij,-II isomer, which is 0.07eV higher
in energy, can be viewed as a distorted tube. The Si;,-III and
Sip,-IV isomers, which lie 0.17 and 0.32eV, respectively, in
energy above Sij,-I, are both constructed from a TTP unit.
The C,, Sijs-I structure consists of a face-sharing fusion
of two deformed TTPs. This differs from the prediction of
Shvartsburg et al [13], but agrees with the results of Rata
et al [16]. Note that the mobility calculated by Rata et al is
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Figure 4. Vertical detachment energies of the lowest-energy Si,
structures as a function of cluster size. Black squares: experimental
results with error bars; red circles: 6-31G(d); blue upper triangles:
6-311G(d); magenta lower triangles: 6-311+G(d); olive diamonds:
aug-cc-pVDZ; navy pentagons: aug-cc-pVTZ. All computations
were conducted by using the HSE06 functional.

much closer to the experimental measurement than that cal-
culated by Shvartsburg et al. In our calculation, Si5-III (see
figure 1) has the same structure as the ground state predicted
by Shvartsburg et al, but in fact is energetically less stable
than Si5-1 by 0.23¢eV.

The C; lowest-energy Sij, structure consists of a TTP
linked by three external Si—Si bonds to a triply edge-bridged
tetrahedron. Isomers Si|¢-II and Si 4-III are energetically less
stable than Sij-I by 0.17 and 0.18 eV, respectively. The Csy
metastable Sij-II structure has a TTP linked to a tetrahedron
by Si—Si bonds with its faces capped by the three remaining
silicon atoms.

The top half of the Si;;-I structure keeping with Si4-I has
C, symmetry. Si ;-1 consists of a BSA linked by three external
Si—Si bonds to a triply edge-bridged tetrahedron. The other
isomers lie at least 0.20eV in energy above Si;-I. Among
them, the Sij;-II structure can be derived from the Sij-II
structure by adding an edge-bridging Si atom to the tetrahe-
dron. The Dsj, ground-state of Sijg is formed by two TTPs
linked by three external Si—Si bonds. This is also consistent
with the result of Shvartsburg et al [13]. The metastable Sig-11
isomer, which is 0.21 eV higher in energy, has a TTP linked by
three external Si—Si bonds to a deformed TTP.

Two nearly degenerate structures were found for Sijy with
only a small energy difference of 0.01eV. The lowest energy
Si|y-I structure has a deformed BSA linked to a TTP by three
Si-Si bonds. The Sijy-1I isomer has slightly higher energy but
is structurally very similar to Si}y-I except that the BSA is less
deformed. The configuration of Sijy-1 agrees well with the one
found by Rata ez al [16].

For Sij,, a new ground state has been found having a
TTP linked by five Si—Si bonds to a not-readily-recogniz-
able Sij; unit. This Sij; unit can also be properly described
as an 8-vertex polyhedron having one pentagonal and one
tetragonal face with three edges bridged by silicon atoms.
Compared to experimental results, the VDE error of Si,, has

been dramatically improved over the previous structures [20].
In addition, the simulated photoelectron spectrum of the new
ground state configuration agrees well with the experimentally
measured spectrum as discussed later in the next subsection.
The ground state structure of Siy reported by Bai et al [22],
is indeed the Siy)-II (see figure 1). This structure containing
two fused hexagonal rings is completely different from that
of Sizy-I and its energy is slightly higher (0.08eV, HSE06/
aug-cc-pVDZ) than Si,,-I. Our new Siy, anion is found to be
lower in energy than all previously reported geometries (table
S1) [9, 22].

3.3. Photoelectron spectra

In figure 5, the photoelectron spectra of the Si, (n = 14-20)
clusters recorded with 248 nm photons are compared with the
simulated photoelectron spectra of the lowest-energy isomers
(HSEO6/aug-cc-pVDZ). Figure S4 also compares the simu-
lated spectra of four other low-energy isomers with the mea-
sured ones. Increasing the cluster size leads to a rapid increase
of the density of electronic states near the Fermi level thereby
broadening the features in the measured PES. This makes
definitive identification more difficult. We therefore chose as
a benchmark study the intermediate size range (n = 14-20) of
silicon clusters. In this work, the comparison between the PES
peaks, VDE and ADE values reported in previous studies are
also presented (table 3).

From the measured photoelectron spectra, many spec-
tral features can be discerned. The Sij, spectrum reveals a
ground-state (X) with a VDE of 3.50eV as well as a broad
band (A) above 4.3 eV, with a shoulder starting at 4.05eV. The
simulated photoelectron spectrum matches very well with the
measurement with only a negligible shift within the range of
experimental error.

The X and A features of Sij5 overlap, centered at 3.56 and
3.95¢eV, respectively. The broad B band starts at a binding
energy of 4.4eV. From figure S1, the two peaks of the double
peak at ~3.5eV are too close for most functionals, and the
minimum at ~5eV is practically absent for all of them. We
were able to estimate binding energies for the X and A bands
of Sij, of 3.92 and 4.15¢eV, respectively. There seems to be a
small contribution from an additional isomer with a VDE of
3.68eV.

The Si; spectrum has a well separated X band centered at
3.55¢eV, and an A band centered at 4.28 eV, with a shoulder
indicating another state at about 4.1 eV. The simulated photo-
electron spectra agree well with the measured PES of Si ;. The
X band of Si; is centered at 3.58eV with a reasonably sharp
onset. Band A has a binding energy of 3.99eV. The simulated
photoelectron spectrum is systematically shifted by 0.03eV to
lower energies as compared with the experimental spectrum.

The spectrum of Sijy has two overlapping featured peaks
(X and X’) centered at 3.36 and 3.65¢V. The simulated pho-
toelectron spectrum of the lowest-energy structure of Sijy-1
cannot match well since the second feature peak is missing.
Because of their small energy difference, the Si,-I and Sij4-11
isomers can be assumed to be both present in the experiment.
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Figure 5. Photoelectron spectra of cold (7' = 80K) silicon cluster anions, measured at a photon energy of 4.99eV (thick dark lines) and
combined with the simulated photoelectron spectra from HSEO6/aug-cc-pVDZ calculations for the lowest-energy structure (thin light
red lines). For n = 19, the simulated photoelectron spectra is a sum of Sij,-I and Si,-II. The simulations were conducted by fitting the
distribution of the Kohn-Sham energies with unit-area Gaussian functions using 0.06 eV broadening.

Table 3. Comparison of the theoretical (theo.) VDE’s and ADE’s with the experimentally measured (expt.) VDE’s and ADE’s in eV for the
Si, (n = 14-20) clusters.

VDE (expt.) ADE (expt.)

n Feature VDE (theo.) This work 4 Ref. b Ref. ADE (theo.) This work 4 Ref.

14 X 3.54 3.50 345 3.45 3.40 3.30
A 4.32 4.30 4.28

15 X 3.61 3.56 3.55 3.12 3.20 3.10
A 3.82 3.83 3.94
B 4.32 4.40 4.59

16 X 3.85 3.92 3.99 3.47 3.52 345
A 4.18 4.15 4.52

17 X 3.58 3.55 3.50 3.33 3.35 3.20
A 4.30 4.28 4.35

18 X 3.50 3.58 3.52 3.33 3.38 3.25
A 3.90 3.99 3.93

19 X 3.37 3.36 3.40 3.30
X 3.62 3.62 3.16 3.18 3.10
A 4.06 4.08 4.10

20 X 3.54 3.58 3.45 3.57 3.36 3.35 3.20
A 421 4.22 4.12 4.20

2 Muller et al [7].
Y Bai et al [22].

Therefore we can reasonably interpret the measured spectra
as arising from a combination of the Sij,-I and Si|4-1I spectra,
that is, Sijy-I contributes solely to the lowest energy band (X)
whereas Si;y-II mainly contributes to the X" band. The spec-
trum of Siy, has a resolved band X centered at 3.58¢V, fol-
lowed by a prominent peak centered at 4.22 eV. The simulated
photoelectron spectrum of the Siy)-1 agrees rather well with
the experimental spectra. While the metastable state structure
(Siy,-1IT) reveals a single peak centered at 4.10eV which is dis-
agrees with the experimental spectra, as is shown in figure S4.
Hence, we suggest that isomer Siy,-I is the most probable
structure detected in the experiment.

4. Conclusions

A systematic investigation on the low-energy structures of
the Si,, (n = 14-20) clusters has been performed using DFT
calculations combined with high resolution photoelectron
spectroscopy data. We carefully evaluated the performance
of ten different density functionals and several basis sets of
different sizes for the electronic structure calculations and
ground-state searching of Si, (n = 14-20) clusters using
experimental photoelectron spectra as well as CCSD(T)
calculations of Sij, isomers as a basis of comparison. The
results show that HSE06 and PBEO are the most reliable
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functionals for DFT calculations of silicon clusters and related
nanostructures. The B3LYP, cam-B3LYP, M06, and M06-2X
functionals neither yield the correct energy sequence of the
cluster isomers nor give the right VDEs. The PBE, TPSS,
TPSSh, and B3PW91 functionals all perform reasonably well.
However they still cannot yield the correct energies within the
range of experimental error. The HSEO06 functional is recom-
mended for the accurate description of the electronic structure
of silicon clusters.

As for the basis set, the sizes of the 6-31G(d), 6-311G(d),
and 6-311+G(d) are insufficient to describe silicon clusters
accurately, since they overestimate the VDEs. The larger
aug-cc-pVDZ and aug-cc-pVTZ basis sets provide accurate
results. Considering the computational efficiency, the HSE06
functionals with the aug-cc-pVDZ basis set using ZPE correc-
tions are recommended as providing an optimum combination
of accuracy and cost.

Applying this method to the silicon cluster anions, the
ground state structures from our global search are found to
reproduce the previously reported ones. In addition, we have
also found a new Siy, geometry having lower total energy than
all previously known structures. The calculated photoelectron
spectrum of the new Si, structure is in good agreement with
experiment. Finally, the Si, (n = 14-20) structures reveal
remarkable structural motifs in the growth habit of prolate Si
clusters besides the well-known TTP units. By comparing the
performance of commonly used functionals for differentiating
isomers of silicon clusters, we demonstrate here that great care
should be taken regarding the choice of exchange-correlation
functional for the investigation of silicon nanomaterials.
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