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One-nanometer luminous silicon nanoparticles: Possibility of a fullerene interpretation
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It is shown here by ab initio calculations that embedded silicon fullerenes of the form Si@ SigHyg,
Si!~ @ Si,gHyg, and Sis @ Si,yHy, could be consistent with most of the known, experimental data concerning
the structural prototype of the 1 nm silicon nanostructure responsible for the ultrabright blue luminescence. It
is also demonstrated that the route of formation of the common reconstructed SigH,, nanoparticle originates
from such embedded fullerenes rather than from the SiygH3¢ bulk nanocrystal. The structural models based on
the fullerene interpretation compare favorably energetically with the reconstructed prototype and are very
attractive for applications regardless of their relation or not with the ultrabright silicon nanoparticle. Observed
discrepancies in the calculated excitation spectra can be reconciled by additional plausible assumptions. The
emerging picture is very attractive and intriguing, suggestive of novel fundamental phenomena and techno-
logical applications in quantum computing and optoelectronics.
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I. INTRODUCTION

The discovery of visible photoluminescence in porous
silicon (p-Si) and silicon nanoparticles opened a new very
active area of research, both experimentally and
theoretically.'~!° Bright silicon nanostructures are particu-
larly intriguing in view of the poor optical properties of crys-
talline silicon, contrary to its excellent electronic properties.
Almost ten years after the first observation of visible red
luminescence by Canham' and almost ten years from today
Nayfeh and his collaborators!®~'® obtained bright blue lumi-
nescence from isolated ultrasmall silicon nanoparticles (col-
loidal quantum dots) with uniform size of about 1 nm. This
discovery was considered as a first significant step toward “a
laser on a chip,” extending the functionality of Si technology
from microelectronics (and nanoelectronics) to optoelectron-
ics and biophotonics.!”

Following the discovery of blue luminescence from 1 nm
silicon nanoparticles, the search for a structural prototype
resulted'” to a surface-reconstructed SiygH,, nanocrystal with
T, symmetry which was obtained from the bulk SigHsg
nanocrystal by elimination of 12 terminating hydrogen atoms
and reconstruction (similar to the 2 X 1 reconstruction of the
Si[001] surface of crystalline silicon). Due to its large high-
est occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) (and optical) gap>'>!° compared
to the experimental value of 3.5 eV, the bulk Si,gH;¢ nano-
crystal with an optical gap of 4.53 eV (with the TDDFT/
B3LYP method, or 4.45 eV with the very accurate MR-MP2
method>'?) was ruled out, although, as was shown by Zdetsis
and collaborators,'3~13 a partially oxygenated bulk nanocrys-
tal of the form Si,gH3,0, or Si,gH,30, would be also com-
patible with the experimental optical data.

Another possibility, and in fact another structural model
which will be discussed here, arises by the recent theoretical
work on silicon “fullerenes.” Such fullerenes were recently
suggested by Zdetsis?®?! and others.?>* Zdetsis?>?! has sug-
gested the possibility of synthesizing (or identifying) very
stable and highly symmetric cages with very large HOMO-
LUMO gaps of the form Si,H,, n=4-60 similar and ho-
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mologous (in particular for n=20-60) to the corresponding
carbon “fullerenes” or “fulleranes.” Almost at about the same
time Kumar and Kawazoe?>?* have considered small hydro-
genated cages for n=8-28 in a different perspective, exam-
ining their doping with various metal atoms (doping with Zn
and Ni for the n=10, 12 cages was also examined in detail in
Ref. 20). Karttunen et al.?* also at about the same time inde-
pendent of this work have considered (in a different context)
the stability of large icosahedral Si,H, “fullerenes” with n
=20, 60, up to 540, in relation to corresponding polysilanes.

In view of the homology between analogous silicon and
carbon cages illustrated recently by the present author,?! in
particular of Si20H20 and Si60H60 with C20H20 and C60H60’ it
is natural to consider doping the Si,H, cages with nonmetal
atoms and ions, such as H*, H, He, Ne, Ar, N, P, C~, Si~, O*,
S*, which are very popular®>-?¢ for doping C,H,, (and other
C,H, “fulleranes”). Doping with Si~ (Si'") in particular is
more attractive because it leads to an all silicon (hydrogen-
ated) structure with silicon in the center, similarly to medium
and large size Si clusters (unlike C clusters).?” Such a model
is a potential candidate for the 1 nm luminous silicon-
hydrogen nanoparticle, as will be shown bellow. Further-
more, endohedral fullerenes whose dopant atoms (or ions)
retain (more or less) their isolated atomic states have re-
ceived attention recently,?® partly because of newly proposed
solid-state quantum computers based on such materials. It is
expected that the advent of such solution-processed optoelec-
tronic materials would offer the potential for a revolution in
optoelectronics since their solution processibility enables
low-cost large-area monolithic integration on a variety of
electronic read-out platforms.

The structural model suggested here is based on the
SiygH»g fullerene. This “fullerene” has the right size and is
characterized by the “right” T, symmetry. In addition, the
embedding or inclusion energy (the energy gain by inclusion
of the central Si'~ ion) for this fullerene is the highest com-
pared to its “neighboring” cages. This fullerene could be also
important for astrophysical research, in view of the sugges-
tion of Nayfeh et al.?® that the 1 nm silicon nanoparticles are
the carriers of the blue luminescence in the red rectangle
nebula. This is reminiscent of (and parallel to) the suggestion
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of Webster’® about the existence of carbon fulleranes
(CgoHgp) in interstellar space.’*3! If the present interpretation
is proven (even partially) correct by experiment, then silicon
fulleranes could be found in interstellar space as well.

Alternatively, instead of doping by Si'~, one could con-
sider inclusion of a neutral Si atom, although such doping
was not considered for the corresponding carbon
fulleranes.?-2 Furthermore, the energy cost is relatively high
(inclusion energy negative) in that case.

It is illustrated here that the embedded (with Si'~ ion
and/or Si atom, to a lesser degree) Si,gH,g fullerene proto-
type can be considered as an attractive alternative to the
well-known reconstructed bulk nanocrystal model. Such a
fullerene model(s) in addition could account (at least partly)
for the weak emission at 2.8 eV, which has been correlated
with a similar very weak peak in the calculated absorption
spectra.18 Moreover, under certain well stated conditions, as
it will be shown bellow, even the traditional “bulk recon-
structed” prototype (as well as other “bulk” prototypes dis-
cussed in the literature'®) can be also obtained from the em-
bedded fullerene model, in a simple and straightforward way
(much easier compared to the standard prototype from the
SiygHz¢ nanocrystal). Certainly, no matter how attractive or
intriguing the present interpretation might be, the final crite-
rion would be the comparison with experiment. To this end,
the present theoretical results which are presented in Sec. II
are compared in Sec. III to experiment, and to each other.
The main conclusions of the present work are summarized in
Sec. IV.

II. THEORETICAL RESULTS FOR THE STRUCTURAL
AND ELECTRONIC CHARACTERISTICS

The results described here have been obtained within the
framework of density-functional theory (DFT) and time-
dependent DFT (TDDFT) using the B3LYP functional, fol-
lowing the methodology described in detail in Refs. 20 and
21, using spin polarized wave functions for the anionic clus-
ters. This methodology has been shown (by comparison to
high level ab initio methods and experimental data) to pro-
duce accurate structural, electronic, and optoelectronic
data 51315

The structural model shown in Figs. 1(a) and 1(a’) is a
spherical piece of crystalline silicon containing 29 Si atoms
and 36 terminal hydrogens. This was the first candidate in
the search for a realistic structural prototype of the 1 nm
luminous silicon nanostructure (see for instance page 49 of
Ref. 19), since it is a well-known (from earlier studies of
porous silicon and its constituents nanocrystals*>!3-15)
“bulklike” nanocrystal of about the right size (1 nm).!"-1?

The SigH,4 reconstructed prototype is shown in Figs.
1(b) and 1(b’), whereas the Singég embedded fullerene (as
well as the isostructural neutral Si,gH,g “fullerene”) is shown
in Figs. 1(c) and 1(c’). As we can see in these figures, the
reconstructed prototype is clearly different from the Si29Hé8_
embedded fullerene, although it resembles somehow the D,
SiygH,, structure obtained from the SiyH,, fullerene and a
Sis central core, shown in Figs. 1(d) and 1(d’). This D,,
(near T,) structure looks very much alike the SiyH):"* al-
ternative prototype in Refs. 18 and 19.
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FIG. 1. (Color online) The key structural prototypes for the 1
nm ultrabright silicon nanoparticle shown in two different views (in
top and bottom of the figure): [(a) and (a’ )] SisgH34 bulklike; [(b)
and (b’)] SigH,4 reconstructed; [(c) and (c’)] SijgH,g and SijHg
embedded fullerenes; and [(d) and (d’)] the Sis @ SiyyH,, stuffed
fullerene.

The prototypes in Figs. 1(b) and 1(c) are not only struc-
turally different, but they also have different electronic prop-
erties, as can be seen in Fig. 2. The HOMO orbital of the
Singég embedded fullerene structure of Fig. 1(c), contrary to
the corresponding orbital of the reconstructed structure of
Fig. 1(b), is fully localized in the central silicon atom (ion).
Similarly, in the fullerene structure the spin density is also
fully localized in the central atom. This could be very impor-
tant (and very promising) for applications on quantum
computing.?® It is interesting to note at this point that in the
corresponding neutral SiygH,g fullerene the HOMO orbital,
as is shown in Fig. 2(g), is delocalized throughout the cluster,
although the spin density in Fig. 2(k) is localized around the
central atom inside the fullerene.

FIG. 2. (Color online) Comparison of the electronic properties
between the reconstructed SiyH,; (top), embedded Singég
(middle), and embedded SigH,g (bottom) nanoparticles. HOMO
orbitals are shown in (a), (d), and (g) and LUMO orbitals in (b), (),
and (h). The total electronic density of SiygH,4 is shown in (c);
whereas the spin density of SiyyHbg and SiyHag are shown in ()
and (k), respectively.
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FIG. 3. (Color online) The route from the embedded

Singég/ SiygH,, fullerene to the standard reconstructed SigHoy
prototype. The relative energy (blue solid line) and the absolute rms
value of the gradient (proportional to the magnitude of the “force™)
in broken green line, are also given (the gradient in italics) for
selective intermediate structures.

For the neutral embedded fullerene the HOMO and
LUMO orbitals look very much alike. In all cases the LUMO
orbitals are delocalized throughout the nanocluster. Looking
closer to the HOMO orbital of the SiyH); embedded
fullerene in Fig. 2(d) we can see that only four hydrogens
(attached to four silicon atoms which are slightly closer to
the central atom than the rest) out of a total of 28, participate
in the formation of this orbital. If we eliminate these four
particular hydrogens and consider the remaining neutral
SiyoH,, embedded fullerene, as we can see in Fig. 3, after
geometry optimization we finally obtain the standard recon-
structed bulk prototype. Apparently, this route (of eliminat-
ing four “targeted” hydrogens out of 28) for obtaining the
reconstructed bulk prototype looks much simpler, more
physically appealing, and more straightforward compared to
the standard method (of eliminating 12 out of 36 hydrogens).
As we can see in Fig. 3, during the geometry optimization
process a small barrier of about 0.19 eV is encountered
which is overcome by the optimization process itself. The
corresponding transition state, at 4.68 eV above the recon-
structed SiygH,4 reference structure, is a structure with 12
(out of 24) very elongated Si—H bonds which facilitate the
rearrangement of Si—H and Si-Si bonds and the redistribu-
tion of bond charges. The energy gain during this process
(from the SiygH,, embedded fullerene to the Si,gH,, recon-
structed bulk nanocrystal) is about 4.5 eV. Similarly the en-
ergy gained by embedding Si,sH,g with Si'~ anion, the em-
bedding or inclusion energy, is 3.16 eV, the largest compared
to other “nearby” fullerenes such as Si,gH,j, SirgHoy, or
SiszpHj3,. This energy is obtained by comparing the SigHog
neutral cage energy plus the energy of an isolated Si'~ anion
with the total energy of the Singég embedded cage.

The embedding energy for neutral Si atom is much-much
smaller, as could be expected from the fact that we have fully
saturated structures, for which the already strong binding is
not expected to benefit from the presence of single Si atom at
the center of the cage, more than 4 A away from the interior
surface of the cage. Although the size of the cage allows such
inclusion, the interaction with the cage silicons is limited due
to the spherical symmetry, which limits polarization, and
charge redistribution. The exohedral hydrogens are charged
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slightly negative and the surface silicons slightly positive
(Mulliken charges about +0.3¢), in agreement with the rela-
tive electronegativity of silicon and hydrogen. The central
silicon although practically neutral, it can be slightly charged
depending on the total charge distribution (Mulliken charge
=+0.05¢, in the case of Si@ SiygHyg). Thus the embedding
energy of the neutral Si atom could be very small (0. 1 eV
for Si@ SiyyH,4) or even negative. Indeed, the neutral Si
atom embedding energy of Si@ SiygH,g is negative (
—0.53 eV) which means that the Si atom at the center of
SiygH»g fullerene is in fact under pressure. This could have
significant influence on the optical properties and its equilib-
rium position, among others.

III. COMPARISONS BETWEEN THE STRUCTURES
AND EXPERIMENT

A. Cohesive and energetic characteristics

One way to compare the relative stabilities of the struc-
tures in Fig. 1, which have different number of hydrogen
atoms, is through the binding or atomization energies. How-
ever, such comparison could be misleading because the con-
tribution of hydrogen to the binding is not the same for all
structures. A better choice, which was very successful in
comparing the stability of various partially hydrogenated car-
bon fullerenes®!' and hydrogenated silicon nanowires,*” is the
cohesive energy E., instead of the binding energy (BE).
(For Singég, or Si'~ @ Si,gH,g the atomization energy is cal-
culated with respect to the 28Si,m+28H om+1Si!~ refer-
ence energy). The cohesive energy, E..,, which depends on
the structure’s size, is defined by the relation

Econ=[BE(SingHy,) + unNul/Ns;,

where BE(Siy Hy, ) is the binding (or atomization) energy
of the (SiNSiHNH) structure. Ng;=29, Ny=24,28,36 are the
numbers of Si and H atoms, respectively; and uy is the
chemical potential of H, which is taken at a constant value.
Doing so, we have effectively removed the energy contribu-
tion of all Si-H bonds in every system and essentially con-
sidered the binding energy of the “silicon skeleton.” Alterna-
tively we could have used the “formation energy” which
involves the chemical potential of silicon, ug;, as an addi-
tional term without altering the relative energy separations
and stability differences between the structures. Obviously,
from the experimental point of view, the system would tend
to attain the minimum of the free energy which is practically
equivalent to the minimum formation energy, and therefore
to the maximum cohesive energy. Indeed, similar calcula-
tions for CgHgy and partially hydrogenated CgH, (n
=1,60) cages and nanotubes’! have shown that stable struc-
tures which have been synthesized experimentally corre-
spond to the largest values of calculated cohesive energies.
The constant value of the chemical potential wy is evalu-
ated (uy=-3.46 eV) in such way that zero corresponds to
the value at which the formation energy of silane (SiH,) is
zero. For similar or uniform systems, such as the (partially
hydrogenated) fullerenes,! such a choice is very good. How-
ever, for the comparison of (drastically) different systems,
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TABLE 1. Binding (E,) and cohesive energies (E,.,) together
with HOMO-LUMO (Ey;) and optical (E,) gaps in eV. For the last
two structures (labeled as in Fig. 1) the embedding energy (E.,,,) is
also listed. E., has been evaluated using both, the constant value
ug=-3.46 eV, (top line of the row), and the values of uy calcu-
lated separately for each structure (numbers in parenthesis, second
line of the E.,, row).

Structures
SizgHs¢ SizgHoy SizoHoy aSizl)Hég_ SizgHog
E 1(a) 1(b) 1(d) 1(c) 1(c)
E, 6.98 5.84 5.81 6.26(8) 6.08
E.on 2.69 2.97 2.94 2.92 2.74
(3.07) (2.92) (3.16) (3.13)
E. b 3.15 -0.53
Ey. 5.1 3.9 3.6 2.3 3.4
E 4.5 3.3 3.2 2.7 2.6

14

The reference energy E for the binding, cohesive and embedding
energy of SipoHyg is Eg=28E(Siyem) +28E(Hyom) + 1E(Si').

such as bulklike nanocrystals and doped fullerenes, the
chemical potential wy; should be evaluated (by adding and/or
removing hydrogens) separately for each system. In such a
process various positions for removal or addition of hydro-
gen should be examined to produced a (weighted, according
to the number of equivalent positions) average value of .
In the present work both methods have been used.

The cohesive energy E., together with the binding en-
ergy per silicon atom, E,=BE(Siy Hy, )/Ns;, the HOMO-
LUMO, Ey; and the optical absorption gap, E,, are given in
Table I for each one of the structures studied here. The
HOMO-LUMO gap is also a zeroth order approximation of
the chemical hardness of the structures. As we can see in
Table I, for the first three bulklike structures the HOMO-
LUMO gap scales rather well with the values of the binding
energies, although it fails completely for the last two
fullerenelike structures. On the basis of the binding energy
the most stable structure is the unreconstructed bulk nano-
crystal, followed by the two fullerene structures. The stan-
dard reconstructed model is only third in this comparison.
Yet, as was mentioned before, this model was rejected on the
basis of its optical spectrum (note the optical gap of 4.5 eV
for this structure). Therefore, in full consistency with the
earlier discussion on the significance of the cohesive (or of
formation) energy, we are lead to declare the cohesive en-
ergy, E.,, as the best criterion of stability for the candidate
structures.

The results for the cohesive energy at the top line in the
third row of Table I have been obtained using the constant
value of the chemical potential uy=-3.46 eV. However, a
better choice would have been the separate calculation of the
chemical potential independently for each structure, taking
into account the different nature of bonding and binding,.
The results in the bottom line of the third row correspond to
this choice. According to the first choice of the chemical
potential the most stable structure is the standard recon-
structed SigH,, model with second the SigH,, stuffed
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FIG. 4. The calculated absorption spectra for the four key struc-
tural prototypes. From top to bottom are shown the spectra of
SiygH,g (neutral), SiygHsze unreconstructed crystalline, SiygH,, re-
constructed bulklike, and Singég fullerene.

SipyHy, fullerene (Sis @ SiyyH,4), both originating, as we
have shown earlier, from doping of the SiygH,g and SiyHoy
fullerenes. However, on the basis of the second choice of
chemical potential (bottom line of the third row in Table I)
the most stable structure is the Singég (or Si'~ @ Si,gHog),
with second the SiyH,g (Si@ SiygH,g) fullerene. Both of
these models are consistent with the general observation that
the source of the blue luminescence consists of two distinct
structural units (one atomiclike and one fullerenelike). The
small cohesive energy difference (0.03 eV per silicon atom)
between the “top structures,” which is similar to the energy
difference using the first choice of the chemical potential
could be easily overcome by the production conditions, al-
though the embedding energy favors by far the
Si!~ @ Si,gH,¢ fullerene. It becomes apparent that, in this
complex and complicated situation, the experimental data (as
many as possible) will be the decisive criterion in choosing
the best prototype.

B. Comparison of the absorption spectra

The most critical and important experimental test is the
optical (absorption and/or emission) spectrum. On the basis
of this spectrum the “fully crystalline” unreconstructed pro-
totype of Fig. 1(a) was rejected. This can be also seen from
the absorption edges (optical gaps, E,) in the last row of
Table I. In Fig. 4 we compare the calculated absorption spec-
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tra for the four (two bulklike and two fullerenelike) key
structures.

These spectra were obtained by the TDDFT method using
the B3LYP hybrid functional. It has been illustrated>!3-1
that this particular method gives very accurate results com-
parable to high level ab initio multireference calculations.
For the results in Fig. 4 a Gaussian broadening of 0.14 eV
was used, which qualitatively represents the temperature and
size averaging appropriate for this system.'3! This also al-
lows direct comparison with the results presented in Refs. 18
and 19 (see for instance page 51 of Ref. 19), using the same
broadening.

The SiygH,, surface-reconstructed bulklike structure could
be considered as the reference structure, since its calculated
spectrum (third from the top in Fig. 4) was found in reason-
able agreement with experiment, although it does not fully
reproduce the experimental measurements, and in particular
the observed'® emission peak at 2.8 eV.

This emission peak was initially associated with an ex-
tremely weak (1/1000) absorption peak at about the same
energy observed in the calculated absorption spectrum'® near
the HOMO-LUMO edge at about 2.5 eV according to the
calculations of Rao et al.,'8 although the Stokes shift was
estimated at about 0.5 eV (0.4 eV according to the quantum
Monte Carlo results'”). Nevertheless, it is a common practice
in many calculations*~’ to use the excitation spectrum, cor-
responding to absorption at the ground-state geometry in or-
der to interpret the emission spectrum, the two loosely as-
sumed to be roughly “similar,” besides a “small” almost
uniform shift (the Stokes shift, i.e., the difference between
absorbed and emitted photon energies). On top of this, the
excitation spectrum can be calculated more easily and accu-
rately within the time-dependent density-functional theory.
The emission spectra could be approximately estimated by
relaxing the structure in the excited state (excited state opti-
mization). The use of the B3LYP functional in this case is
believed (at least by the present author) to be essential. It
should be mentioned that the present calculation (based on
TDDFT/B3LYP) for the reconstructed nanoparticle yields a
very weak absorption peak corresponding to the absorption
edge at 3.3 (see Table I), which considering the Stokes shift
around 0.5 eV could in principle account for the 2.8 eV
emission. The same is true for the Sis@ SiyyH,, fullerene
shown in Figs. 1(d) and 1(d’), with an absorption edge at 3.2
eV, and the two embedded fullerene models which are char-
acterized by much stronger absorption peaks in the region of
3.2-3.5 eV. Yet, since it is not clear whether or not these
peaks are directly related with the emission lines in the re-
gion of 2.8 eV; and since we are mainly interested in com-
parison between the structures, all comparisons will be made
here with respect to the calculated excitation (absorption)
spectrum, unless otherwise is stated. After all, the 2.8 eV
emission is not the central point of this paper.

As we can see in Fig. 4, instead of the extremely weak
absorption peak of Ref. 18, we have a very strong peak (the
“missing” peak?) in the SiyyH,g neutral Si-atom embedded
fullerene, perhaps a bit exaggerated in strength. A similar
peak is present with much larger relative intensity in the
SiyoH,3 embedded fullerene. As a matter of fact in this case
it corresponds to the maximum intensity in this energy
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(wavelength) region, which looks obviously incompatible
with the well-known experimental results.

One could attempt to attribute the exaggerated relative
intensities to an artifact of the broadening process, or even of
the method of calculation regarding the intensities (oscillator
strengths) which obviously carry larger uncertainties com-
pared to the excitation energies. This last possibility, how-
ever, can be readily ruled out in view of the well tested (in
comparison to both, very high level ab initio methods, and
experiment) performance of this method in several similar
cases 3 13-15.21

Yet, considering the overall good agreement of the re-
maining major peaks and taking also into account the cohe-
sive criterion one might suspect and suggest other possibili-
ties for the 2.8 eV peak. One such possibility is resonant
absorption by oxygen impurities of this peak, which was
really there originally, so that its intensity is drastically di-
minishing in the experimental observations.

As has been illustrated by this author and
collaborators,'*!> “oxygen impurities” through the Si=0
bond can give relatively strong peaks in this energy region.
Rao et al.'® have also suggested (in a different respect) that
the possible origin of this peak is related to oxygen impuri-
ties. Therefore, if everything else is consistent this could be a
strong possibility.

On the other extreme, if one strictly sticks to the recon-
structed prototype for whichever reasons, then the route of
formation (the formation path) shown in Fig. 3, which in the
author’s opinion is realistic beyond any reasonable doubt,
provides an alternative suggestion for the 2.8 eV peak. In this
case, the 2.8 eV emission peak could be due to one interme-
diate metastable state, such as the one obtained at the sixth
optimization cycle in Fig. 3. Indeed the HOMO-LUMO
(Kohn-Sham) gap of the structures around the saddle point in
Fig. 3 ranges between 2.4 and 3.1 eV, which is highly sug-
gestive of a corresponding emission peak at around 2.8 eV.

The final suggestion, which is a combination of the two
extremes (and as such could appear to be more attractive) is
that the reconstructed and fullerene structures coexist, pro-
viding a spectrum which is in reality a (weighted) average of
the two (or three?). By examining and comparing additional
properties and characteristics, one might be able to draw
more definite conclusions.

C. Comparison of vibrational and electrostatic properties

One obvious property to consider is the vibrational, and in
particular the infrared (IR) spectrum of the three candidate
structures. This spectrum, as well as the Raman spectrum for
all three structures is dominated by the very intense (peak
intensity) Si—H stretching mode at around 2150 cm™!, which
hides the remaining modes (if drawn in the same scale). This
is particularly true for the Raman spectrum. Therefore in-
stead of drawing the IR or Raman spectra, we provide a list
of IR frequencies and relative intensities (for frequencies
with relative intensities larger than 1%), together with the
dominant (highest intensity) Raman frequency, in Table II.

As we can see in this table, the largest difference in fre-
quency between the three structures is around 1.6% (or about
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TABLE II. Comparison of the dominant IR vibrational frequen-
cies (all of 7, symmetry) and the peak intensity Raman frequency
(underlined), of @, symmetry, in cm™!. The static polarizabilities, in
atomic units (a.u.), are listed in the last row.

Structures
SizoHyy SipeHsg SixgH)g
Frequencies 1(b) 1(c) 1(c)
654 (9) 690 (10) 696 (7)
675 (19) 702 (14) 708 (10)
725 (20) 714 (47) 721 (29)
2153 (4) 2162 (3) 2124 (8)
2162 (1) 2168 (20) 2131 (38)
2167 (100) 2174 (100) 2138 (100)
2174 (@) 2152 (ay)
Polarizabilities 813.2 822.2 964.5

35 cm™! for the dominant Si—H stretching mode), which is
practically at the edge of the accuracy of the calculations.
The accuracy of the intensities is even lower. Therefore, it
seems difficult to decide on the basis of the IR frequency
spectrum alone which structure corresponds to the experi-
mental spectrum.!” The same is true (to the same or even
larger extent) for the Raman spectrum, which for both spe-
cies is fully dominated from the very narrow region around
the peak Raman intensity, given in Table II. For both Si,gH,y
and Singég besides the region of peak intensity (which is
practically the same for IR and Raman), the only other re-
gion with relative intensity (activity) larger than 1% is the
region of the first breathing mode, at 238 cm™! for the re-
constructed or 225 cm™! for SiyHig with relative intensities
around 4%. The spectra look pretty much the same.

The vibration of the central Si ion in Si29Hég corresponds
to a soft threefold degenerate 7, mode with frequency
~80 cm™! and relative intensity around 0.4%. The associ-
ated force constant is only 0.1 mDyne/A, compared to val-
ues around 2.8-2.9 mDyne/A for the higher intensity high
frequency modes. This is an additional illustration of the
extremely weak coupling of the central Si ion with the rest.

In Table II we also list the calculated polarizability, which
is a uniquely defined property for each structure. These val-
ues have been obtained at the correlated TDDFT /B3LYP
level of theory using the triple-¢ valence polarized (TZVP)
basis set. As would be expected the polarizability of the
Sing;g embedded fullerene is the largest, in full agreement
with the distribution of atomic charges for each cluster
shown in Fig. 5. The value of polarizability calculated in
Ref. 19 (page 54) for the standard reconstructed prototype is
about 793 a.u., much less compared to the value obtained
here at the TDDFT/B3LYP level of theory (813 a.u.). Appar-
ently the difference is due to the different methods of calcu-
lation used in the two approaches. The polarizabilities of the
neutral embedded fullerene and the bulk reconstructed pro-
totypes are very close to each other. Therefore these two
structures, contrary to Singég, cannot be “distinguished” on
the basis of polarizability measurements.
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FIG. 5. (Color online) The distribution of atomic charges for
each structure, obtained by Mulliken population analysis. Red color
(online) indicates negative charge and green positive charge. Black
color specifies roughly neutral (or very small positive, as in the case
of SiygHsg, or very small negative) charge.

D. Comparison of the NMR chemical shifts

A different property which would be useful to compare is
the NMR chemical shifts, which are usually evaluated and
measured relative to the corresponding chemical shifts in
TMS. The calculated (relative to TMS) chemical shifts of
hydrogen for the three key structures are listed in Table III.
These values, which have been obtained at the Hartree-Fock
(HF) level of theory, are only indicative. They could be cer-
tainly improved by changing the level of theory and basis
sets, if needed. However, for relative comparisons they are
quite adequate, especially if we take as a reference point the
results for the reconstructed prototype. Nayfeh in Ref. 19
(see in particular page 19) refers to a nanoprobe H NMR
study of fresh prepared particle’s dispersion in d-THF. In this
study the spectrum exhibits a strong signal of Si—H groups
(2.5-2.6 ppm), although it contains other peaks (around 0.1,
0.9, and 1.2-1.4 ppm) attributed to a hydrocarbon contami-
nation.

According to the results of Table III, we would expect two
close-lying (A5~ 1 ppm) lines of equal strength, which, due
to the limited resolution, could appear as one line. However,
with this reasoning the SiHjg fullerene would be equally
acceptable. This is not quite true for the neutral SiygH,g
fullerene. A clear distinction between the two close-behaving
species could be perhaps accomplished by considering also
the silicon chemical shifts.

To accommodate the characterization, we compare in Fig.
6 the Si chemical shifts. It becomes clear from Fig. 6 that
such results could in principle distinguish between the two
“dominant” species independently of the feasibility of the
corresponding measurements. The present author is not
aware of such measurements up to now.

TABLE III. Comparison of the NMR chemical shifts of H ()
relative to TMS, in ppm.

Structures
SizoHo4 SizoHog SizoHbg
) 1(b) 1(c) 1(c)
3.2 (12) 2.5 (4) 3.3 (12)
4.1 (12) 3.1 (8) 3.5 (12)
4.0 (8) 3.8 (4)
4.2 (8)
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FIG. 6. (Color online) The relative to TMS NMR chemical
shifts of silicon for distribution of atomic charges for SiygH,4, with
thin black lines, and Singég, in thick red (online) lines.

It is interesting to observe in Fig. 6 that although the
chemical environment of the central atoms (lines with degen-
eracy equal to 1) is drastically different in the two structures,
the chemical environment of the four “nearest neighbors” of
the central atoms (lines with degeneracy equal to 4) are not
that much different.

IV. CONCLUSIONS

A different approach and some alternative prototypes
based on silicon fullerenes have been presented and com-
pared with the standard bulklike reconstructed prototype for
the luminous 1 nm silicon nanoparticle. The strongest candi-
date is the Si,oH); (or better the Si'~ @ Si,gH,g) fullerene in
which the extra charge and the excess spin are fully localized
in the central atom (anion), which is only weakly coupled to
the rest surface atoms. This is physically appealing, and tech-
nologically very attractive for novel applications, for in-
stance, in quantum computing. The high stability of this
fullerene, according to the results of Table I, should be re-
lated to the closure of the a-t;, subshell (HOMO orbital).
This system, regardless of its direct or indirect relationship
and association with the 1 nm luminous nanoparticle, is very
interesting and very promising in itself.

Perhaps one could be skeptical about the direct associa-
tion of Si!~ @ Si,gH,¢ with the 1 nm luminous nanoparticle,
in particular concerning the absorption spectrum in Fig. 4
(although, alternative interpretations have been suggested). It
is important to stress that neither the standard reconstructed
prototype accounts fully for the observed spectrum due to the
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same 2.8 eV peak which has no absorption counterpart in the
calculated excitation spectrum (as shown in Fig. 4) although
it has been detected experimentally. The excitation spectrum
of SiyH)g fullerene, on the other hand is characterized by
such a peak but the magnitude of its intensity is unrealistic
(unless there are other agents with resonant absorption in this
region of photon energy. Rao et al.'® have attributed this
peak to possible oxygen contamination or other defects. In-
deed, our earlier calculations'* have clearly associated this
peak with absorption through the Si=0 double bonds. There-
fore, the possibility of absorption of an initially strong peak
by oxygen is not totally unfounded. This remains to be seen
by additional experiments.

Needless to say that the existing IR, Raman, and proton
NMR data cannot clearly distinguish between the two mod-
els (SipH,g fullerene and SiyH,, reconstructed bulklike)
within the experimental and calculational uncertainties.

Independently of the validity and acceptance of the direct
association of the Si,gHjg fullerene with the 1 nm luminous
nanoparticle described above, the indirect association
through the interpretation of Fig. 3 is fully valid. This
fullerene provides, at worst, a well defined transparent route
for the production of the standard reconstructed prototype.
Apparently this route (through the elimination of four well
defined, “targeted” hydrogens) is more straightforward and
attractive compared to the elimination (and reconstruction)
of 12 hydrogens from the bulk Si,gHs¢ nanocrystal.

Finally, it is interested to observe that the next bright
nanoparticle at about 2.6 nm which corresponds to a “magic”
T, bulk nanocrystal, also corresponds (in size and symmetry)
to the embedded Si77H%g fullerene of T,; symmetry. This
could perhaps be indicative of a more general trend or a
deeper interpretation. It is the strong conviction of the
present author that the real and final solution to the problem
of the real structure of the 1 nm luminous nanoparticle would
be within the embedded (by Si'~ or Si) fullerene framework.
This (together with several open questions) remains to be
seen.

The present results, which could have a strong impact not
only on silicon nanoparticles but also on fullerene-structured
silicon nanowires,>> should be considered as a stimulus for
additional and more accurate work on this field, both experi-
mental and theoretical.
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