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Abstract

We present coupled classical and quantum simulations of 1 to 2 nm Si nanocrystals (NCs)
embedded in amorphous SiOy and we show that by tuning the density of the oxide matrix, one
may change the relative alignment of Si NC and SiOs electronic states at the interface. We find
that interfacial strain plays a key role in determining the variation of the nanaoparticle gap as a
function of size, as well as of conduction band offsets with the oxide. In particular, our results
show that it is the variation of the valence band offset with size that is responsible for the gap
change. Our findings suggest that the elastic properties of the embedding matrix may be tuned
to tailor the energy levels of small Si NCs so as to optimize their performance in opto-electronic

devices and solar cells.



The discovery of light emission from Si-NCs embedded in amorphous matrices [1] holds
great promises for extending Si technology to opto-electronic circuits [2]. The versatility of
light-emitting matrix-based systems may provide alternative routes towards the fabrication
of optically active CMOS-devices, and it constitutes an active field of research. However
to understand and eventually control photoluminescence and absorption properties of Si-
NCs, important ingredients are still missing, including the microscopic characterization of
the interface between the nanoparticle and the matrix. Such a characterization is equally
important to unravel possible charge traps when using NCs for solar cells and to elucidate
energy transfer processes when NCs are implanted, e.g., with lanthanide ions.

Robust experimental techniques to probe nano-interfaces at the microscopic level are not
yet available, although valuable progress has been reported in recent years [3, 4]. In addition,
experimentally it remains difficult to identify the electronic states contributing to measured
photoluminescence spectra. Most theoretical studies have focused on isolated nanoparticles
[5-7] where interfacial effects have been simply modeled by adding ad hoc surfactants to
the nanoparticle surface, with the exception of recent structural studies using, e.g., network
switching algorithms [8-11]. In fact, devising a microscopic model of embedded NCs is rather
challenging due to the lack of structural data from experiment and to the difficulty of treating
explicitly an amorphous matrix in electronic structure calculations. Therefore models of
nanoparticles in realistic environments, and thus directly comparable with experiment, are
largely unavailable. In particular, a study of Si nanocrystals embedded in amorphous SiOs,
including the identification of the overall matrix effect on the properties of the nanoparticles,
has not yet been carried out.

Here we report an investigation of Si nanocrystals in an amorphous SiOs matrix conducted
by combining classical molecular dynamics (MD) and quantum simulations based on Density
Functional Theory (DFT). Our results show that both interfacial strain and the matrix
density play a key role in determining the opto-electronics properties of the nanocrystals,
which cannot be described using simple quantum confinement models. Our findings also
points at ways of tuning the alignment of nanocrystals and the oxide’s electronic states by
controlling the matrix elastic properties so as to optimize the NCs performance in opto-
electronic devices and in solar cells.

In order to build a realistic atomistic model of the silicon dioxide matrix, we started from

a [-cristobalite cell containing 1536 atoms which was compressed so as to match its Si sub-



lattice with that of crystalline Si. We then removed all oxygen atoms from a given spherical
region of diameter d. This configuration was used as the starting geometry of annealing
cycles aimed at amorphizing the SiOy matrix. The density (p) of the composite system was
first chosen based on a simple rule of mixing, using the equilibrium, experimental density of
amorphous SiOy and crystalline Si. We call this density po. At a later stage p was modified
to investigate explicitly the effect of the matrix density on the nanocrystals’ properties.
Annealing cycles were carried out using classical MD simulations and employing an ab initio
derived augmented Tersoff potential [12-14]. During the relatively slow annealing process
(duration > 15 ns), the Si nanocrystal’s atomic positions were kept fixed up to 750 K, below
which all atoms were allowed to move. We first describe the composite system at density
Po-

The annealed composite structure contains Si-O-Si bridge bonds at the NC/matrix in-
terface. This is not unexpected as Si-O-Si bonds are the dominant ones in the amorphous
Si0s. A few hydrogen atoms were added to the system in order to passivate unsaturated
bonds in the matrix. The composite structure obtained in this way was further optimized
by performing ab initio MD simulations with the QBOX code [15] using the Perdew-Burke-
Ernzerhof functional [16], and norm-conserving pseudopotentials with an energy cut-off of
60 Ry. To cross-check our results, we also repeated our electronic structure calculations for
the 1.5 nm Si NC by employing the Perdew-Zunger functional [17] (see Table 1). Three
diameters: 1.3 nm, 1.5 nm, and 1.9 nm, were chosen, corresponding to nanocrystals with 61,
102, and 217 Si atoms (model #1 ~ 3) respectively. The smallest Si nanocrystal (d = 1.3
nm) was also investigated using a [-cristobalite cell containing 648 atoms, following the
same procedure as described above, in order to study possible size effects in our calculations
(model #4). Size effect were found to be negligible. A summary of the properties of the

composite NC/matrix systems obtained in our simulations at density py is given in Table 1.

Figure 1 (a) shows the calculated electronic density of states (EDOS) of Si nanocrystals
embedded in amorphous SiOy matrices with density pg. The electronic structure analysis
was carried out using the QUANTUM ESPRESSO code [18]. As a comparison, the EDOS of
an amorphous SiO, sample containing 216 atoms and generated using the same inter-atomic
potential is also included. The computed electronic gap of a-SiO, is about 5.4 eV, smaller
than the experimental value of 9 eV [19]; this underestimate is typical of DFT calculations

using local and semi-local functionals, and it is consistent with previous predictions [20, 21]
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based on ab initio MD simulations. The matrix with density pg and the nanoparticles form
a nano heterojunction of so called type I, with straddling gaps, that is the energy gap of
the Si nanoparticle falls within the gap of the oxide. As a result, the composite structure
exhibits a much smaller energy gap than that of a-SiO,; this gap increases from 1.43 eV to
1.76 €V as the size of the Si nanocrystal decreases from 1.9 nm to 1.3 nm. A similar trend
in the variation of the gap with size has been found both in experiments [22-25] and in
first principle computations of hydrogenated free-standing Si nanocrystals [5, 7, 26], and it
has been generally attributed to the combined effects of quantum confinement and oxygen
related surface defects. In particular, in free standing Si and Ge nanocrystals, experiments
showed that both the VB and CB edges shift with the size of the nanocrystal, resulting in

an increased band gap for smaller particles [27, 28].

In the embedded system, we find that the origin of the gap change as a function of size
is much more complex. The inset of Fig.1 (a) shows that as the size of the Si NC decreases,
the VB edge shifts to a lower energy, while the position of the CB edge is hardly affected,
yielding an overall increase of the energy gap. This finding is in excellent agreement with
the soft x-ray spectroscopy measurements of the band edges of embedded Si NCs of sizes
as small as 1.6 nm [29]. To understand this behavior, we analyzed the spatial distribution
of the wavefunctions of the VB and CB edges. Fig. 1 (b) and (c) show the charge density
iso-surfaces of the highest occupied molecular orbitals (HOMO) and the lowest unoccupied
molecular orbitals (LUMO) of the Si NC/a-SiO, composite, respectively, for d = 1.9 nm.
As in all models studied here, the electronic states in the vicinity of the energy gap are
mostly localized on the nanoparticle, but the charge density distributions associated with
the HOMO and LUMO are substantially different. The LUMO is extended over the en-
tire nanocrystal, while the HOMO is mostly localized in the interfacial region between the
nanoparticle and the surrounding matrix. Such HOMO and LUMO charge distributions
differ from those found for hydrogenated free-standing Si nanoclusters with both unrecon-
structed and reconstructed surfaces [6], where a clear distinction between localization of
HOMO and LUMO could not be identified.

These results point at a significant role played by the matrix on the localization of the
HOMO state. To understand the effect, we analyzed the strain induced on the nanoparticle
by the oxide. We note that the local normal strain, i.e., the variation of the nearest Si-

Si bond length with respect to those in the bulk Si, is not a good indicator of the local

4



strain field: At the same radius from the center of the Si NC, the normal strain may be
found to be either tensile or compressive locally, and the average normal strain almost
vanishes. Instead, we analyzed the distortions induced on the nanoparticle by the oxide,
in the interfacial region. In particular, the presence of bridging O atoms causes significant
distortions of the Si lattice near the surface of the nanocrystal. We analyzed interfacial
distortions by employing a local order parameter g3 [30], a quantity that is highly sensitive
to tetrahedral order. The radial distributions of g3 parameters for three Si NCs are shown in
Fig. 2, where two general trends are revealed. First, the overall tetrahedrality decreases with
the size of the nanocrystal. Second, for a given nanoparticle, the bonding configurations are

more disordered at the surface than in the core.

It is interesting to understand whether the matrix influence observed in our calculations is
exerted primarily through the induced strain at the surface, or whether the overall electronic
structure of the NC is affected due to the lack of separation between matrix and NC'’s elec-
tronic states. To address this question, we compared the electronic structures of embedded
and free-standing nanocrystals inclusive of an interfacial oxide layer shell. We call the latter
coated NC. To define an appropriately coated nanoparticle, we extracted the Si cores from
the composite structure and we included the atoms belonging to the first nearest neighbors
of the outermost Si atoms; we then passivated the surface dangling bonds with H atoms. The
resulting structures were relaxed ab initio to the nearest local energy minimum. Structural
optimization (see Fig. 3 a and c) has a negligible effect on the geometry, and only the surface
H atoms undergo significant relaxations. The spatial distribution of HOMO-LUMO orbitals
of the coated nanoparticle of diameter 1.5 nm is shown in Fig. 3. Similar to the case of the
embedded nanocrystal (Fig. 3a), the HOMO is found to be localized at the surface (mostly
on Si atoms) and the LUMO is extended over the entire particle. The HOMO-LUMO gap
(1.63 eV) of the coated and embedded NCs are identical. Therefore, although the role played
by the matrix is very important (as it determines the character of the HOMO and LUMO
states), the effect of the matrix appears to be fairly localized and limited to the first layer
oxide in direct contact with the NC. To further confirm this interpretation, we compared
the site-projected density of states (PDOS) of the coated and embedded NCs. Fig. 3 b and
d show that the PDOSs of the two systems are virtually identical. The same behavior was
also found for the other two models generated in our simulations. These results confirm

that the major role induced by the amorphous matrix is a strain-induced geometry change



at the surface.

It is interesting to analyze whether changes in the matrix density may lead to substantial
changes in the type of interfaces formed between the nanoparticle and the matrix. To
this end, we considered a macroscopic density of the matrix larger than pg by 15%, i.e.,
p = 1.15p9 (model #5 in Table 1), and found a qualitative change in the alignment of the
energy levels at the interface (see Fig. 4 where we give a schematic representation of our
results). In particular the LUMO of the nanocrystal (we considered d = 1.5 nm) falls above
the CB minimum of the matrix and the gap of the composite system is between the HOMO
of the nanoparticle and the CB minimum of the oxide, indicating that the nanoparticle
loses its electronic identity in the matrix. In this case the nano heterojunction is of type II
and it would be more promising for charge extraction in the case of solar cell applications.
Our structure analysis indicates that the increase of matrix density has very little influence
on the core structure of the Si NC, as indicated by the calculated ¢3 of a 1.5 nm Si NC
embedded in the high density matrix, shown in Fig. 3. On the other hand, we also found
that the major change accompanying the density increase in the SiO, matrix is a decrease
of the Si-O-Si bond angle. A previous study [31] has shown that the electronic contribution
of the dielectric constant (e ) increases as the Si-O-Si bond angle decreases, thus leading
to a decrease of the energy band gap of SiOy under pressure. Therefore our finding on the
variation of the band alignment at interface is consistent with the changes found in the

electronic structures of the matrix and the Si NC as the composite becomes denser.

These results show that the macroscopic density of the host matrix may greatly influence
the level alignments at the interface. In the case of the high density matrix the gap is
not an intrinsic property of the embedded Si nanocrystals. It is conceivable to expect that
depending on preparation conditions, the matrix density may not be uniform and thus
different types of interfaces may be formed within the same composite, leading, e.g., to dark
or bright nanoparticles within the same matrix. In the case of type I interfaces, we have
shown that the induced local deformation at the surface plays a key role in determining the
localization of the HOMO state and thus hole energy levels and conduction band offsets
are strongly affected by the oxide. This may in turn greatly influence charge separation
and extraction in the case of solar cell applications. Our findings also indicate that the
opto-electronic properties of Si nanocrystals should vary if the chemical composition of the

matrix is varied. For example, in SigN, amorphous matrices [32], N tends to bind to three
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neighbor Si atoms in a nearly planar configuration. Furthermore, both experiment [33] and
theoretical predictions [21, 34] have revealed that two-fold coordinated N atoms, i.e., Si-
N-Si bond angles of about 90°, are present in amorphous SizN4. Thus the induced local
deformation due to the bridging N atom is expected to be rather different from that induced
by Si-O-Si bridges, and this will influence the HOMO position, and the localization of hole
states. Finally our results point at ways of engineering specific interfaces with nanocrystals
and thus at devising specific energy gaps and electronic properties by controlling the elastic

properties of the surrounding matrix.
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FIG. 1. (a) Calculated total electronic density of states (EDOS) of three models (see text). The
dashed line indicates the EDOS of pure amorphous SiOy. The insert shows a zoom-in of EDOS in
the vicinity of the band gap. The square moduli of HOMO (blue) and LUMO (purple) of 1.9 nm
Si NC embedded in the matrix (The overall chemical formula of such composite is Siz120575Hs2)
are shown in (b) and (c), respectively. The valence band top of pure amorphous SiO3 is set at
zero. The HOMO-LUMO levels are 2.42-3.86 eV, 2.26-3.89 eV, and 2.14-3.90 eV for Si NCs of 1.3

nm, 1.5 nm, and 1.9 nm, respectively.
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FIG. 2. Radial distribution of the local order parameter g3 (see text) of embedded Si nanocrystals
with different diameters. The value -1 corresponds to the Si atoms in the perfect diamond lattice

positions.
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FIG. 3. Distribution of the square moduli of the HOMO (blue) and LUMO (purple) orbitals in (a)
embedded and (c) coated Si nanocrystals. The coated nanoparticle (Si116072Hgs) is composed by
the Si NC and the first oxide shell (see text). The diameter of NC is 1.5 nm (model IT in Table 1).
The Si and O atoms are shown in yellow and red, respectively. The atomic-site projected density
of states (projected onto the Si cores) of the embedded Si nanocrystal (b) is almost identical to

that of the coated NCs.
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FIG. 4. The calculated EDOS near the band gap of a 1.5 nm Si NC embedded in (a) high density
matrix (p = 1.15pp) and, (b) equilibrium density (po) matrix. The inserts show the schematic
representations of the resulting heterojunctions. The black solid and red dashed lines represent the
total EDOS of the composite and the projected EDOS onto the Si NC, respectively. The energy
level of the mid-gap is set at zero. The LUMO of the Si NC is about 0.1 eV above the CB minimum

of the matrix.



TABLE I. Compuational models of Si nanocrystals embedded in an amorphous SiO9 matrix

Model 41 492 43 44 45
Diameter of Si NC (nm) 1.3 1.5 1.9 1.3 1.5
Number of Si atoms in NC 61 102 217 69 89
Average density po (g/cm™3) 2.21 2.24 2.24 2.26 2.49
HOMO-LUMO Gap (eV) 1.76 1.63 2 1.43 1.73 1.60°

2 1.60 eV for LDA
b 1.49 eV for LDA



