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Abstract The structural, optical and magnetic properties of
Cu, Ag, Au-doped Si; Clusters have been systematically inves-
tigated using density functional theory calculations. The global
optimized structures of Cu, Ag, Au-doped Si clusters are pre-
dicted to have a lower HOMO-LUMO gap and higher mag-
netic moment. M-doping (M=Cu, Ag, Au) in Si cluster widens
a range of adsorption wavelength, especially Au-doping. The
characteristics in electronic density of states (DOSs) show that
Csy-SigCu has a big asymmetrical spin-up and spin-down. The
average atomic moment is 0.428 mpyg per atom for the SigCu
cluster with Cs, symmetry, while the average paramagnetic
moment is 0.143 mpg per atom for other M-doped (M=Cu,
Ag, Au) Si; clusters.

Keywords Absorptionspectrum - Cluster - Density functional
theory - Magnetic moment

Introduction

Silicon has become one of the most important semiconductors,
which is due to its unique electrical properties and widespread
applications. The material with the size of nano-scale demon-
strates remarkable physical and chemical properties. Silicon
clusters, as a transition state from a Si atom to bulk silicon, have
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attracted much attention both theoretically and experimentally.
Specifically, pure and heteroatom-doped silicon clusters
[1-11] have been extensively investigated in certain areas of
chemistry and physics. The doped clusters have exhibited
unique optical and electronic properties [12]. Additionally,
potential applications of materials with novel properties based
on metal doped silicon clusters are of significant importance
to materials engineers working in the semiconductor industry
[13].

Recently, the physical and chemical properties of Si clus-
ters can be easily adjusted by changing their sizes [14], shapes
[15], and impurity [16]. The doping often provides an ap-
proach in designing the novel silicon-based functional
nanomaterials as follows. The transition-metal doped silicon
clusters have attracted growing attention because of their
enhanced stabilities as compared with the pure silicon clusters
[17, 18]. Some metal-doped Si clusters, including many
transition-metal doped Si clusters [19, 20], MSi, clusters
(M=Sc—Zn) [21], anionic clusters MSi;, (M=3d transition-
metal) [22], MSi;, clusters (M=Hf—-Au) [23], MSi;¢ clusters
(M=Sc™, Ti, and V") [24, 25], MSi,4 clusters (M=Sc—Ni)
[26], YDbSi, (n=7—-13) clusters [15] were also disclosed in
physical and chemical properties by theoretical calculations
and/or experimental results. Despite the general interest in
metal-doped silicon cluster, the number of studies devoted to
group IB metals is surprisingly limited compared to similar
systems involving metal-doped silicon clusters [27]. Some
structures of metal-silicon clusters, as MSi,” (M=Cu, Ag,
Cr; n=7-10) [28], charged and neutral Cu@Si, clusters
(n=9-14) [29], AgSi, (2<n <13) species [30, 31], Ag-doped
Si,, (n=1-13) clusters [3], Au-doped Si, (n=1-16) [32], have
been reported. In view of the seeming lack of understanding
optical and magnetic properties, it is still highly desirable to
perform an extensive and perhaps conclusive study on Cu,
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Ag, Au-doped Si clusters due to potential applications in
magneto-optics and photovoltaic cells.

The Siy cluster with Ds;, symmetry is a typical model
[33], and P-, B-doped [34] and Cu-doped [35] Si

Fig. 1 The optimized structures
for Cu, Ag, Au-doped Si-clusters
(Cu, Ag, Au-doped sites are
atomic sites with a and b in Dsj,-
Si;). The local atomic magnetic
moment (unit in ug) is shown in
corresponding atom. Below
displays the corresponding point
group symmetry and relative
energies (unit in eV)

SigAu C;0.000
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clusters have different optical and electric properties
from Si; cluster. In order to reveal the dopant effects
on small Si cluster, we studied structural, optical and
magnetic properties of M-doped Si cluster (M=Cu, Ag,
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Au). M-doped (M=Cu, Ag, Au) in Si cluster adjusts
optical and magnetic properties.

Computational methods

First-principles density functional spin-polarized calcu-
lations using Dmol3 code [36, 37] are performed for
energetic structure stabilities and optical properties of
pure Si;, Cu, Ag, and Au doped Si; nanoclusters. The
geometric structures of all neutral clusters modeled by
global optimization using genetic algorithm are opti-
mized by a Perdew—Burke—Enzerh (PBE) exchange-
correlation functional by in density functional theory
(DFT) level [38]. The Kohn—Sham equation is expand-
ed in a double numeric quality basis set with polariza-
tion functions. The basis set cutoff was chosen to be
5 A. The Fermi smearing of 0.001 Ha. was used in the
calculations. The DFT semi-core pseudopotential [39] is
used to treat the electrons of heavy Ag and Cu atoms.
In order to obtain well-converged geometrical and elec-
tronic structures, the self-consistent field (SCF) conver-
gence tolerance is tightened to 107¢, the energy, maxi-
mum force, and maximum displacement convergence
criterion are set to 107® Ha, 0.002 Ha/A, and 0.005A,
respectively. The optical excitation spectra are calculat-
ed using time-dependent density functional theory (TD-
DFT) as implemented in the Dmol3 with adiabatic local
density approximation (ALDA) kernel exchange-
correlation terms [40].

To study the stability of the cluster, we define average
binding energy of the clusters as follows:

Ep = [_Ecluster + mkEs; + nECu/Ag/A”] /7’ (1)

where n=0, 1; m=7-n.

To study the electronic properties of the cluster, adiabatic
ionization potential (IP), and adiabatic electron affinity (EA) is
defined as:

E, = HOMO-LUMO (2)
IP = _Ec]uster + Eclustf:ﬁr <3)
EA = —Euster + Ectuster (4)

Results and discussion
Geometric structures and energetic stability

Figure 1 shows the relative stable configurations and isomers
for Cu-, Ag-, Au-doped Si; clusters. Three types of
nanoclusters with Cs,, C,, and Cg symmetry are found by
Cu-, Ag-, Au-doping in atomic sites with a and b of Ds,-Si5.
We determine the ground state of all the nanoclusters consid-
ered by checking their total energies with different spin multi-
plicity. The pure Si; cluster with Ds;, symmetry has a relative
structural stability. The results show that the stability of the
SigCu cluster with Cs, symmetry exceeds that of the SixCu
cluster with C,, symmetry by 0.897 eV in total energy; how-
ever, in the stability of the SigAg cluster with C; symmetry
exceeds that of the SigCu cluster with C,, symmetry by
0.236 eV, and in the SigAu cluster the stability of the C¢-SigAu
cluster exceeds that of the C,,-SigAu cluster by 0.623 eV. The
cluster with C, symmetry has lower structural stability than that
with C,, symmetry for SigAg and SigAu as shown in Fig. 1.
To evaluate the relative energetic and electronic structure of
these clusters, the binding energy (E,), vertical ionization
potential (IP), electronic affinity (EA) and HOMO-LUMO
gap are compared in Table 1. For all the dopant clusters
investigated, the Cs,-SicCu has a magnetic moment with 3
mug, while the other clusters have a magnetic moment with 1

Table 1 The geometrical symmetry, spin and the binding energy (Ey,), vertical ionization potential (IP), electronic affinity (EA), HOMO-LUMO gap

(Eg) for Siy, and different SigCu, SicAg, SisAu clusters

Species Symmetry Spin Ey (eV) HOMU (eV) LUMO (eV) Energy gap (Eq, €V) IP (eV) EA (eV)
Si; Dsp 0 3.522 —5.822 —3.693 2.128 7.779 1.836
SigCu Csy 3 3.135 —5.222 —4.791 0.432 5.904 3.019
SigCu Cyy 1 3.263 -4.937 —4.431 0.505 6.830 2332
SicAg Cs 1 3.137 —4.683 —4.140 0.543 6.674 2215
SicAg Coy 1 3.105 —4.650 —4.166 0.484 6.358 2.105
SigAu Cs 1 3.249 —4.955 —4.401 0.553 6.943 2.447
SigAu Cyy 1 3.160 —4.834 —4.358 0.477 6.512 2.389
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mpg. Compared with Ds;,-Si; cluster with a magnetic moment
with 0 mug. The Cu, Ag, Au-doped Si; clusters have a
relatively high magnetic moment. So M-doping (M=Cau,
Ag, Au) in Si; increases a magnetic moment.

The Cu, Ag, Au-doped Si clusters have an average binding
energy with the range from 3.1 eV to 3.3 eV which are
obviously lower than 3.522 eV for binding energy of Ds-
Si; clusters. To some extent, Au (or Ag, or Cu)-doping
decreases the stability of the cluster. The HOMO-LUMO gaps
of metal-doped clusters are at a range from 0.43 eV t0 0.56 eV,
and these gaps are lower than 2.123 eV corresponding to the
gap of pure Ds-Si;. This indicates M-doping (M=Cu, Ag,
Au) decreases greatly the gap, which is helpful in understand-
ing the E,, transitions of electrons. The IP (5.904-6.943 ¢V) of
M-doped Si cluster (M=Cu, Ag, Au) is lower than that
(7.779 eV) of pure Dsy,-Si;, while the EA (5.904-6.943 eV)
of M-doped Si cluster is higher than that (7.779 eV) of pure
Dsy,-Si;, It is obvious that the M-doping (M=Cu, Ag, Au)
decreases improves electron ionization and reduce the
electron capture.

Optical spectra

In order to understanding how dopant effects the optical re-
sponse, we compared the spectra of pure and M-doped Si
clusters (M=Cu, Ag, Au). The main calculated results are
presented in Fig. 2, where the absorption optical spectra of
pure and M-doped Si clusters (M=Cu, Ag, Au) here consid-
ered are shown. Such a comparison is meaningful, for it con-
siders the effect of the dopant differences for clusters. The
spectrum of the M-doped Si cluster (M=Cu, Ag, Au) shows
marked differences from pure Ds,-Si;. In Fig. 2a, the main
adsorption peak of pure Si, and Cu, Ag, Au-doped Si clusters
are 12, 74 and 125 nm, respectively. (The origins of the three
peaks are listed in Table S1 in supporting materials). The UV
spectrum of pure Ds;,-Si is similar to preview reports [3, 32,
41, 42]. In the range from 200 nm to 400 nm, The Cu, Ag and
Au-doped Si clusters have a stronger adsorption than pure Sis,
as shown in Fig. 2b. So an M-doping (M=Cu, Ag, Au)
enhances optical adsorption of a range from 200 nm to
400 nm. It is worthy to be mentioned the Au-doped Si cluster
takes on a stronger adsorption in 400-800 nm than pure, and
Cu, Ag-doped ones, as shown in Fig. 2c. This indicates M-
doping (M=Cu, Ag, Au) extends the optical adsorption, espe-
cially Au-doping. One possible reason is that the M-doping
(M=Cu, Ag, Au) decreases E, value and improves the E,
transitions of electrons.

Magnetic properties
We investigated the cluster electronic properties by calculating

the electronic density of states (DOSs). The spin-resolved
DOS of pure Si; and SigM cluster (M=Cu, Ag, Au) are shown
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Fig. 2 The optical absorption spectra of Si;, SigCu, SicAg, SigAu
clusters

in Fig. 3. A asymmetrical spin-up and spin-down can be
observed for the M-doped Si clusters, indicating all MSig
clusters are magnetic ones [43, 44]. A big asymmetrical
spin-up and spin-down can be observed for Cs,-SigCu in
Fermi level. So Cs,-SigCu clusters have a relatively big mag-
netic moment with 3 mup. A little asymmetrical spin-up and
spin-down can be observed for the C-SigAg, C-SigAu, Cy,-
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Fig. 3 The spin-resolved
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Si¢Cu, C,,-SigAu, which indicating all four clusters are weak
magnetic ones. Figure 1 exhibits the local atomic magnetic
moment of the pure Si;, and SigM cluster (M=Cu, Ag, Au),
too. We can see that the average atomic moment is 0.428 mpp
per atom for the SigCu cluster with Cs, symmetry while the
average paramagnetic moment is 0.143 mug per atom for
other dopant clusters in Fig. 1.

Conclusions

The structural, electronic and optical properties of Cu, Ag,
Au-doped Si nanoclusters have been investigated using DFT.
The SigM clusters (M=Cu, Ag, Au) have a greater change of
the structure due to their lower binding energy. The global
optimized structures of Cu, Ag, Au-doped Si clusters are
predicted to have a lower HOMO-LUMO gap and a higher
magnetic moment. Compared with the pure Si;, SigM
(M=Cu, Ag, Au) clusters have a relatively wide range of
adsorption wavelength, especially Au-doped Si cluster. That
is to say, the SigM (M=Cu, Ag, Au) cluster has obviously an
optical absorbance at lower energy state than the pure Si-.
From the analyses of the DOS for Cu, Ag, Au-doped Si
cluster, we found that the Cs,-SigCu has the highest magnetic
moment. The average atomic moment is 0.428 mps per atom
for the Cs,-SigCu cluster while the average paramagnetic
moment is 0.143 mpp per atom for other Cu, Ag, Au-doped
Si cluster. In all cases studied, the SigM (M=Cu, Ag, Au)

;z§

'8.
o4
3
S

-20

Energy (eV)

clusters have attractive properties of structure and electronic
and optical spectra, which indicate their potential application
in magneto-optics and photovoltaic cells.
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