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We present a comprehensive, ground-state density functional theory study of the size dependence of the optical
and electronic properties and the stability of spherical silicon nanocrystals (NCs) with different impurities on
the surface. We vary the size of the NCs from 1.0 to 3.5 nm, considering single-bonded (CH3, F, Cl, OH) and
double-bonded (O, S) impurities and bridged oxygen. We show that the density of states (DOS) and absorption
indices of the NCs with single-bonded impurities are very similar to each other and the fully hydrogenated NCs,
except for the 1.0-nm NCs, where a slight difference is present. In the case of the NCs with double-bonded
impurities, the DOS and absorption indices exhibit a significant difference, compared to the fully hydrogenated
NCs, for sizes up to 2.5 nm. We argue that this difference arises from the difference in the contribution from
the impurity to the states around the gap, which can considerably change the character of the states. We
demonstrate that the double-bonded impurities contribute significantly to the states around the gap, compared
to the single-bonded impurities, causing changes in the symmetry of these states. This observation was further
supported by analyzing the changes of the Fourier transform of the charge densities of the highest occupied and
lowest unoccupied eigenstate. We also show that the formation energies of NCs with bridged oxygen and fluorine
are the lowest, regardless of the size. Furthermore, we show that high hydrogen concentration can be used to
suppress the addition of oxygen and fluorine on the surface of the Si NCs.
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I. INTRODUCTION

Although bulk silicon has been used in many light-
absorbing applications for decades, the existence of an indirect
band gap, and hence the necessity of coupling of photon
emission with a phonon, makes bulk silicon a very inefficient
light emitter. This property of bulk silicon can be greatly
influenced by making nanocrystals (NCs) [1], where it has been
shown that the wave function (WF) of the lowest unoccupied
eigenstate (LUMO) becomes more localized around the �

point, attaining a similar character to the WF of the highest oc-
cupied eigenstate (HOMO) [2–4]. This change in the character
of the LUMO WF increases the probability of direct transitions
from the LUMO to the HOMO level, largely enhancing the
photoluminescence (PL) efficiency of Si NCs [5–7], compared
to that of bulk Si. Moreover, due to the quantum confinement
effect, the band gap in the Si NCs widens with decreasing
size, allowing for the band gap to be tailored according to the
specific needs. The increased PL efficiency and the tunable
band of the Si NCs has been realized in many different
applications, from lasers [8,9], light-emitting diodes [10–13],
and other optical devices [14–16], to sensors [17–21] and
photovoltaics [22–25]. Because of the biocompatibility and
nontoxicity, the Si NCs are furthermore becoming one of the
leading materials for biological fluorescent imaging [26–31].

However, when left under ambient conditions, the hydro-
genated Si NCs are extremely prone to surface oxidation. This
surface oxidation considerably changes the PL properties by
inducing localized defect states within the gap and redshifting
the emitted light [32–37]. Moreover, the localized midgap
states and the trapping of the exciton at the Si=O bond [33]
give rise to PL with very similar energy, when the size of the
NCs is less than ∼3 nm [33,38–41]. In many applications,
Si NCs that emit light in a particular spectral range are
needed; thus, it is necessary to suppress the oxidation of the

NCs. To reduce the surface oxidation, the Si NCs’ surfaces
are passivated with organic molecules [27,42,43], which can
greatly improve the PL properties of the NCs. Also, on the
surface of the Si NCs there can be other surface impurities,
coming as residues from the specific chemicals used in the
synthesis of the NCs. Therefore, it is important to have an
understanding of the changes in the electronic and optical
properties of the Si NCs induced by the addition of various
types of surface impurities.

In the past, the dependence of the electronic and optical
properties of hydrogenated Si NCs on the size of the NCs,
has been extensively studied, employing various theoretical
methods; see Refs. [2–4,32,33,44–55], to name a few. How-
ever, there have been only a limited number of theoretical
studies concerning the size dependence of the electronic and
optical properties of Si NCs with different surface impurities
[4,33–35,52–58]. A number of these articles focus on the
influence of only one surface impurity [33,34,52,54,55], while
in others, the Si NCs with partially passivated or fully
passivated surface with impurities are studied [4,35,53,56–58].
Among these works, there have been only a few studies of the
effect of the surface impurities on the electronic and optical
properties for Si NCs larger than 2 nm [4,33,55]. Based on their
calculations, Vasiliev et al. [34] estimated that the effect of the
oxygen on the states around the gap should be present for NCs
with size ∼2–2.5 nm, and Wolkin et al. [33] showed that the
electron can be trapped in oxidized NCs smaller than ∼3 nm.
This motivated us to perform a more detailed theoretical study
of the size dependence of the electronic and optical properties
of Si NCs with surface impurities, where NCs larger than 2 nm
are also considered.

Here we present a first-principles study, where Si NCs with
size up to 3.5 nm are considered, with various single-bonded
and double-bonded impurities, assuming only one impurity
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located the surface. We use the ground-state density functional
theory (DFT) to calculate the density of states (DOS) and the
absorption indices of the studied NCs. From there we extract
the HOMO-LUMO gap and the optical absorption gap, and
we follow the changes of both gaps with size of the NCs and
the type of impurity. We also calculate the projected DOS, to
have an overview of the changes in the contribution from
the surface impurities, to the states around the gap. We
complement these findings by looking into the size evolution
of the Fourier transform of the charge densities of the HOMO
and LUMO. In addition, we investigate the stability of the NCs,
depending on the surface impurity and the size and the changes
in the stability with increasing concentration of the impurity.

This paper is structured as follows. In Sec. II we introduce
the used surface impurities and the methodology employed
in this study. In Sec. III we demonstrate the stability of the
Si NCs with different surface impurities, as a function of the
NC size, and the dependence of the stability of the NCs on
the impurity concentration. In Sec. IV we discuss in details
the size dependence of the HOMO-LUMO gap and the optical
absorption gap, as well as the DOS and absorption indices.
In Sec. V we investigate the contribution from the different
impurities to the states around the gap, and the changes that
these impurities induce to the HOMO and LUMO WFs, in
real and reciprocal space. Finally, in Sec. VI we summarize
the concluding remarks.

II. STRUCTURAL MODELS AND METHODOLOGY

To follow the size evolution of the electronic and optical
properties of the Si NCs with surface impurities, we consider
fully hydrogenated Si NCs, with diameters from 1.0 to 3.5 nm.
On the surface of these NCs we inserted various impurities
having distinct properties and different types of bonding with
the surface Si atoms. We considered a methyl group (−CH3)
as a representative of the most common way of passivating the
Si NCs and two highly electronegative elements, F and Cl, as
impurities. Furthermore, to understand the changes in the prop-
erties with the changes in the bonding between the Si atom and
the impurity atom, we have considered two types of double-
bonded impurities, =O and =S. Because the performance of
the Si NCs can be greatly affected by surface oxidation, we also
took into account other forms in which oxygen can be bonded

on the surface-hydroxyl group (–OH) and bridged oxygen
(−O−). At the end, we have Si NCs with four different types of
single-bonded (SB) impurities (−CH3,−F,−Cl,−OH), two
different types of double-bonded (DB) impurities (=O, =S),
and bridged oxygen.

For the purpose of our study, we have used the DFT
as implemented in the pseudopotential package SIESTA [59],
employing local density approximation (LDA) exchange
correlation potential. The integration is performed in a real-
space three-dimensional (3D) grid, the fineness of which is
determined by the plane-wave cutoff. We used a plane-wave
cutoff of 160 Ry, the same cutoff as in our previous calculations
[3]. Numerical atomic orbitals are used as a basis set, single ζ

with polarization orbital (SZP) for Si, double ζ (DZ) for H, and
SZP for each of the other considered elements (O, C, F, Cl, S).
We refer the reader to Ref. [3] for a more detailed discussion
of basis sets for different elements. Furthermore, we explicitly
evaluated the dipole transition matrix elements between each
occupied and unoccupied eigenstate up to 15 eV, from where
the imaginary part of the dielectric tensor is calculated. We
used Gaussian broadening of 0.1 when performing the cal-
culations. By employing the Kramers-Kröning transformation
of the imaginary part of the dielectric tensor [εαα(ω)], we
obtained the real part [Reεαα(ω)], from where the absorption
indices [kαα(ω)] can be calculated, using the equation

kαα(ω) =
√

|εαα(ω)| − Reεαα(ω)

2
.

In the previous study we showed that having a spherical
shape or a NC made using the Wulff construction has a rather
weak effect on the DOS and absorption indices of the Si
NCs [3]. Therefore, in this study we consider only spherical
silicon NCs with surface impurities, and as a starting model
we used already-relaxed, fully hydrogenated spherical Si NCs
from Ref. [3]. The SB impurities (−OH,−F,−Cl,−CH3) are
inserted by replacing single hydrogen on the surface of the
NC. In the remaining cases, two hydrogens, bonded at the
same Si atom, are replaced with DB impurities (=O, =S), or
two neighboring hydrogens, bonded to neighboring Si atoms,
are replaced with O to make −O−. Finally, all of the structures
are relaxed until the forces acting on every atom are lower than
0.04 eV/Å. Shown in Fig. 1 are the models of relaxed NCs
with oxygen type impurity on the surface.

FIG. 1. (Color online) Ball-and-stick models of 1.5-nm Si NCs with (a) −OH, (b) −O-, and (c) =O. The Si, H, and O atoms are shown in
tan, white, and red color, respectively.
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III. FORMATION AND GIBBS FREE ENERGY

Despite the great number of experimental, as well as
theoretical, studies of Si NCs, there are only few studies
concerning the size dependence of the stability of Si NCs
with surface impurities [55,60,61]. In order to investigate
the stability of the NCs with different surface impurities,
depending on the size of the NCs, we calculated the formation
energy of the different NCs [Ef (SiNHMX)], per surface area,
using the equation

Ef (SiNHMX) = 1

A

[
Etot(SiNHMX) − NESi − M

2
EH2 − EX

]
,

where Etot(SiNHMX) is the total energy of the NC with relaxed
atomic positions and ESi and EX are the calculated energies
per atom for silicon and the impurity, respectively, and EH2

is the calculated energy of an H2 molecule. The surface area,

A (in Å
2
), is calculated as the surface of a convex hull drawn

around a bare Si NC. For ESi we used the calculated energy
per atom of bulk Si, −107.41 eV, and for EH2 we used the
calculated total energy for H2, −30.55 eV. For the energy
of the O, Cl, F, S, CH3, and OH, we used the calculated
values −430.48, −406.06, −645.62, −277.93, −201.50, and
−448.04 eV, respectively (see Ref. [62] for more details).

The calculated formation energies for each of the studied
NCs, with different types of surface impurities, are shown
in Fig. 2. It is noticeable that the −O− and −F impurities
have the biggest effect on the formation energy, significantly
decreasing it compared to the other impurities. This shows that
the Si NCs with −O− and −F impurities are the most stable
NCs, indicating that inserting this kind of impurity is favorable
compared to having only hydrogen passivated surface. This
kind of behavior is seen in experiments, where it has been
shown that the surface of the Si NCs is easily oxidized and
the Si NCs are etched with HF. It is also evident that the
formation energies of the 1.0-nm NCs with surface impurities
show the biggest difference, compared to the hydrogenated
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FIG. 2. (Color online) Formation energies per surface area of Si
NCs with different types of surface impurities as functions of the
size of the NCs. The formation energies of the NCs with −CH3, −F,
−Cl, −OH, −O−, =O, and =S impurities are shown in gray, purple,
green, orange, blue, red, and yellow lines, respectively. The formation
energies of fully hydrogenated NCs (−H) are shown in black.

NC. The formation energies of the 1.0-nm NCs with −O−
and −F impurity are even negative, indicating that the NCs
with these impurities are spontaneously formed at T = 0 K.
The difference in the formation energies decreases as the NCs
size grows, eventually becoming rather small for the 2.5-nm
NC. Considering that with increasing NC size the number of
Si atoms is growing, the influence of the impurity becomes
less pronounced, and the formation energies of the NCs is
expected to approach common value. It is also evident that the
formation energies of the NCs with SB and DB impurities are
distributed over a big energy interval.

Considering that oxygen influences the properties of Si
NCs to the greatest extent, and fluorine can be left as a residue
after HF etching, it is of interest to investigate the influence
of the concentration of oxygen or fluorine, on the stability
of the NCs with oxygen or fluorine impurity. Furthermore, it
would be instructive to determine at which H2 concentration
the stability of hydrogenated Si NCs is higher than that of
the NCs with oxygen or fluorine impurity. Therefore, we
calculated the difference between the Gibbs free energies, �G

of hydrogenated Si NCs, GH2 , and NCs with impurity, GX2

(X = O, F), using the following equation:

�G = GH2 − GX2 .

The GH2 and GX2 (X = O, F) are calculated using the
equations

GH2 = Ef (SiNHM ) − ρH

2
μH2 ,

GX2 = Ef (SiNHMX) − ρX

2
μX2

where Ef (SiNHM ) and Ef (SiNHMX), (X = O, F) are the
formation energies, as previously defined, and ρH = M

A
and

ρX = 1
A

are the hydrogen and impurity density at the surface
of the NC, respectively. The chemical potential of hydrogen,
μH2 , and of the impurity, μX2 , at a temperature T and pressure
P , is defined as

μ = H 0
en(T ) − H 0

en(0) − T S0(T ) + kbT ln

(
P

P 0

)
,

where S0 and Hen are the entropy and enthalpy at temperature
T = 300 K, taken from thermochemical tabular data [63],
considering the studied species, H2, O2, and F2. P 0 is the
reference pressure, set to 1 bar, according to the tabular data,
and P and kb are the partial pressure and the Boltzmann
constant, respectively. Shown in Fig. 3 is the evolution of
�G as a function of the impurity’s and hydrogen’s chemical
potential, where μX2 = μH2 (X = O, F).

It is evident that GH2 becomes lower than the GX2 (X = O,
F) at high values of the H2 partial pressure (see the μH2 values
at which �G becomes negative in Fig. 3). This indicates that
to suppress the addition of oxygen or fluorine on the surface
of the hydrogenated Si NCs, a very high H2 concentration is
required. Moreover, comparing the �G of Si NCs with =O
and −O- [see Figs. 3(a) and 3(b)], it is noticeable that the �G

of the NCs with −O− impurity becomes negative for higher
values of μH2 , indicating that higher H2 pressure is required
to avoid addition of −O− on the surface, compared to the
addition of =O. Also, to suppress the addition of −O− on
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FIG. 3. (Color online) Difference between Gibbs free energies,
�G, at T = 300 K, of hydrogenated Si NCs and Si NCs with (a) =O,
(b) −O−, and (c) −F impurity. The �G is shown as a function of the
μH2 and μX2 , where μX2 = μH2 . The crosses in (a) and (b) represent
the μH2 value at which �G becomes negative, calculated at ambient
O2 pressure, 0.0194 bar (μO2 = −0.59 eV). The �G of NCs with
1.0, 1.5, 1.9, 2.5, 3.1, and 3.5 nm are respectively shown in black,
blue, red, green, purple, and yellow.

the surface, a higher H2 pressure is needed, compared to the
addition of −F; see Figs. 3(b) and 3(c).

So far we discussed the case where μH2 = μX2 , and to see
if lowering the O2 concentration would considerably lower
the H2 concentration, required to suppress the addition of O
on the surface, we consider the O2 to be at ambient partial
pressure, ∼0.0194 bar (μO2 = −0.59 eV). Therefore, first we
calculated the GO2 for μO2 = −0.59 eV, and afterwards we
calculated the μH2 at which �G = GH2 − GO2 = 0 eV. These
calculated values of μH2 are shown as crosses in Figs. 3(a)
and 3(b). It is evident that even when O2 is at ambient partial
pressure, the H2 pressure needed to prevent the inclusion of

oxygen on the surface of Si NCs is very high for both types of
oxygen impurities.

IV. ELECTRONIC AND OPTICAL PROPERTIES

Although there have been studies showing the changes
in the DOS of very small Si NCs with surface impurities,
depending on the increasing size of the NCs [32,34], for
NCs larger than 1.5 nm, these studies only focused on the
modification of the DOS [34]. Here we present the DOS of Si
NCs with various surface impurities, depending on the size of
the NCs, from 1.0 to 3.5 nm; see Fig. 4 for more details.

In the case of SB impurities, −F, −Cl, −CH3, and −OH,
the DOS are almost identical to the DOS of hydrogenated NC,
regardless of the size. However, there is only one noticeable
difference of the DOS of the smallest NC, 1.0 nm, where two
small peaks appear as shoulders at the top of the valence band
and the bottom of the conduction band. Unlike the bigger NCs,
where these states are mainly localized in the center of the NCs,
in the 1.0-nm NC, these states display a higher localization
around the surface impurity. This was also previously seen
for small NCs [32]. These two peaks also appear in the DOS
of the 1.0-nm NCs with −O−, but these are closer to each
other, compared to the peaks in the DOS of the NCs with
SB impurities. Thus, they are almost detached from the Si
states at the top of the valence band and the bottom of the
conduction band. On the other hand, the DOS of the NCs with
DB impurities, =O and =S, show much bigger difference
compared to the DOS of the hydrogenated NCs. As the size
of the NCs is growing, this difference in the DOS becomes
less evident, eventually becoming insignificant for the NCs of
diameter 3.1 nm or bigger.

Similarly to the DOS of 1.0-nm NCs with SB impurity,
in the DOS of the 1.0-nm NCs with DB impurity there are
a few small peaks at the top of the valence band and the
bottom of the conduction band. However, in the case of the NCs
with DB impurity, these peaks are much closer to each other,
narrowing the band gap even further. These two peaks can be
consistently seen in the DOS of the bigger NC, up to 3.1 nm
diameter, where they become absorbed by the conduction and
valence bands approaching each other due to reduced effect
of the quantum confinement. This is an important observation,
because it shows that the effect of a DB impurity on the DOS
is becoming negligible for NCs bigger than 3.1 nm.

We further evaluate the influence of the surface impurities
on the optical properties of Si NCs with increasing NC size.
For that purpose we calculated the absorption indices of the
Si NCs with different types of surface impurities, as described
in Sec. II, and plotted them as a function of the size of the
NCs; see Fig. 5. It is noticeable that the absorption indices
of the NCs with SB impurities are very similar to the ones
of the hydrogenated NCs with the same size. The only minor
difference occurs for the absorption indices of the 1.0-nm NCs,
where the first few peaks appear to be more intense in the NCs
with surface impurities. This difference can be best seen in
Fig. 5(h), where the positive difference between the absorption
indices (�k) of NCs with −F impurity and the absorption
indices of fully hydrogenated NCs (Ref. [3]) are shown.
Similarly to the SB impurities, the −O− induces only slight
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FIG. 4. (Color online) DOS of Si NCs with different surface impurities and size of (a) 1.0 nm, (b) 1.5 nm, (c) 1.9 nm, (d) 2.5 nm,
(e) 3.1 nm, and (f) 3.5 nm. For a better view of the midgap states, the DOS are aligned so the most intense peak, at the top of the valence band
in each of the NCs, is at the same energy. The DOS of the NCs with −CH3, −F, −Cl, −OH, −O−, =O, and =S impurities are shown in gray,
purple, green, orange, blue, red and yellow lines, respectively. The DOS of fully hydrogenated NCs (−H), taken from Ref. [3], are shown in
black lines.

change in the absorption index of the 1.0-nm NCs, compared
to the absorption index of the fully hydrogenated NC.

Contrary to the NCs with SB impurities, the absorption
indices of the NCs with DB impurities exhibit a much bigger
change with growing NC size. The most evident difference is
in the absorption indices of the 1.0-nm NCs, with both =O and
=S impurity, where several peaks emerge below the energy of
the first peak in the absorption index of the hydrogenated NC.
As the size of the NCs grows, the intensity of the peaks below
the energy of the hydrogenated NC decreases, eventually being
insignificant for the NCs bigger than 3.1 nm, which is most
noticeable in Fig. 5(g). These changes in the absorption indices
can be attributed to the decreasing contribution from the
surface impurity to the states around the gap and are discussed
in more detail later.

For use in many optical applications, from light-emitting to
light-absorbing ones, it is very important to know the HOMO-
LUMO gap and the optical absorption gap. This becomes even
more important when the gaps can be influenced by the surface
impurities and the size of the NCs. Therefore, we calculated the
HOMO-LUMO gaps and the optical absorption gaps for the Si

NCs with different sizes and different surface impurities; see
Table I and Fig. 6. The optical absorption gaps are extracted
from the absorption indices by considering the lowest energy
at which the optical absorption is greater than 0.05. We should
point out that the reported gaps are calculated employing
ground-state DFT; thus, the values should be considered with
care, especially because of the well-known underestimation
of the gaps in LDA [64]. For a better comparison with
experiments, one should also go beyond the ground-state
DFT, considering many-body effects such as the electron-hole
interaction or more precise treatments of the electron-electron
correlation. For example, in the case of hydrogenated Si NCs
GW calculations [47–50], time-dependent DFT [47–49,51]
or quantum Monte Carlo [32] can provide a more accurate
estimate of the band gaps. However, it has been shown that for
hydrogenated Si NCs the ground-state DFT-LDA gives a good
estimate of the gaps [3], comparable with experiments and
other theoretical approaches. This similarity of the calculated
HOMO-LUMO gaps and the experimentally measured optical
gaps can be largely attributed to the cancellation of the
excitonic and quasiparticle effects [65–67]. In addition, the
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FIG. 5. (Color online) Absorption indices of Si NCs with different surface impurities and sizes of (a) 1.0 nm, (b) 1.5 nm, (c) 1.9 nm, (d)
2.5 nm, (e) 3.1 nm, and (f) 3.5 nm. The absorption indices of the NCs with −CH3, −F, −Cl, −OH, −O−, =O, and =S impurities are shown
in gray, purple, green, orange, blue, red, and yellow lines, respectively. The absorption indices of fully hydrogenated NCs (−H), taken from
Ref. [3], are shown in black lines. Positive values of the difference between the absorption indices (�k) of NCs with (g) =O impurity and (h)
−F impurity, compared to the absorption indices of the fully hydrogenated NCs (Ref. [3]), as a function of the NC size. �k of NCs with 1.0,
1.5, 1.9, 2.5, 3.1, and 3.5 nm are respectively shown in black, blue, red, green, purple, and yellow.
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TABLE I. Calculated HOMO-LUMO gaps (Fund.) and optical absorption gaps (Opt.) of Si NCs with different diameter (d) and various
surface impurities. The gaps are compared to the HOMO-LUMO and optical absorption gaps of fully hydrogenated NC (−H), taken from Ref.
[3].

Type of atomic impurity

−H −CH3 −Cl −F −OH −O− =O =S

Particlea d (nm) Fund. Opt. Fund. Opt. Fund. Opt. Fund. Opt. Fund. Opt. Fund. Opt. Fund. Opt. Fund. Opt.

Si29H 36 1.0 3.75 3.70 3.74 3.71 3.63 3.66 3.61 3.62 3.53 3.62 3.33 3.48 2.51 2.82 1.79 2.41
Si87H 76 1.5 2.73 3.14 2.72 3.14 2.71 3.10 2.72 3.11 2.72 3.08 2.62 2.98 2.13 2.56 1.62 2.23
Si175H 116 1.9 2.24 2.84 2.25 2.87 2.24 2.83 2.24 2.85 2.23 2.84 2.18 2.77 1.97 2.81 1.57 2.45
Si389H 196 2.5 1.80 2.70 1.80 2.70 1.80 2.70 1.80 2.70 1.80 2.70 1.76 2.66 1.79 2.65 1.56 2.29
Si705H 300 3.0 1.51 2.59 1.51 2.60 1.51 2.59 1.51 2.59 1.51 2.59 1.51 2.60 1.50 2.56 1.42 2.53
Si1087H 412 3.5 1.35 2.56 1.35 2.57 1.35 2.57 1.35 2.57 1.35 2.57 1.35 2.57 1.34 2.55 1.29 2.54

aThe number of hydrogen atoms refers to fully hydrogenated Si NCs. Note that in the NC models every Si atom with only one Si neighbor was
replaced by hydrogen; for more details, see Ref. [3].

calculated HOMO-LUMO gaps are in good agreement with
other theoretical calculations for Si NCs with different surface
impurities; see Fig. 7.

The most noticeable feature in Fig. 6 is the different effect
that the −O−, SB, and DB impurities have on both the
HOMO-LUMO gap and the optical absorption gap. Both gaps
in the NCs with SB impurities closely follow the gaps in
the hydrogenated NCs, getting lower as the NCs size grows.
Furthermore, with increasing NC size, the difference between
the HOMO-LUMO gap and the optical absorption gap gets
larger, regardless of the SB impurity. The only small difference,
between the hydrogenated NC and the NCs with surface
impurities, appears for the 1.0-nm NCs, where both gaps of the
NCs with surface impurities are slightly lower than the gaps
in the hydrogenated NC. The −O− has greater influence on
both gaps, compared to the SB impurities, lowering the gaps
even for the bigger NCs, showing a slight difference with the
fully hydrogenated NCs up to 2.5 nm in size.
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FIG. 6. (Color online) HOMO-LUMO gaps (solid lines) and
optical absorption gaps (dotted lines) for Si NCs with different
impurities. The gaps of NCs with −CH3, −F, −Cl, −OH, −O−,
=O, and =S impurities are shown in gray, purple, green, orange, blue,
red, and yellow, respectively. The gaps of the fully hydrogenated NC
(−H) are shown in black.

Contrary to the SB impurities, the DB impurities induce
significant changes in the HOMO-LUMO and optical absorp-
tion gaps, with increasing NC size. The effect of the DB
impurities is especially noticeable for the smaller NCs, where
both gaps are considerably lowered compared to the gaps in the
hydrogenated NCs. A similar behavior of the gaps in NCs with
increasing size was previously reported for NCs with =O on
the surface [32–34,54]. However, the dependence on the size of
the NCs of both gaps is rather different. The HOMO-LUMO
gaps, on one hand, are decreasing with increasing NC size,
eventually becoming close to the gaps in the hydrogenated
NCs. On the other hand, the optical absorption gaps first
become smaller, then increase, and later get close to the gaps
in the hydrogenated NCs. This unusual behavior of the optical
absorption gaps comes from the changes in the origin of
the states around the gap, when the NC size is increased.
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−Cl, this work
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FIG. 7. (Color online) Comparison between the HOMO-LUMO
gaps of Si NCs with −Cl (green), −O− (blue), and =O (red)
impurities from the present work and the HOMO-LUMO gaps from
other studies of Si NCs with (i) =O, calculated using tight-binding
(TB) [33] (orange), DFT-LDA [52] (black) and density functional
tight-binding (DFTB) [54] (yellow); (ii) −O−, calculated using
DFT-LDA [52] (purple); and −Cl, calculated using DFT-LDA [55]
(cyan).

125402-7



V. KOCEVSKI, O. ERIKSSON, AND J. RUSZ PHYSICAL REVIEW B 91, 125402 (2015)

The latter issue is discussed in more detail below, where the
characteristics of the states around the gap are presented.

Moreover, we point out that for SB impurities and −O− the
HOMO-LUMO and optical absorption gaps are approaching
each other as the NCs size decreases. This follows the trend
of transition from indirect band gap in bulk and large NCs
to a direct band gap from small NCs [2–4]. In contrast, it
is noticeable that the DB impurity induced a fairly large
difference between the HOMO-LUMO gap and the optical
absorption gap. Similar to the SB impurities, this difference in

the gaps also grows as the size of the NCs with DB impurities
increases, though it is less obvious compared to the other
considered NCs. The effect of the =O impurity on both gaps
is already reduced for the 2.0-nm NC, and both gaps are very
close to the gaps of the hydrogenated 2.5-nm NC. Similar
behavior of both gaps can be seen for the 3.1-nm NC with =S
impurity, although the HOMO-LUMO gap is slightly lower
than the gap in the hydrogenated 3.1-nm NC.

From the presented findings, concerning the effects of the
−O−, SB, and DB impurities on the HOMO-LUMO and
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FIG. 8. (Color online) PDOS of Si NCs with different surface impurities and different size. The top panels show the PDOS of Si NCs with
=O and −F impurity on the surface as a function of the size of the NCs. The PDOS of the impurity and the Si atoms are shown in red and
blue, respectively. Note that the PDOS of the impurity, in structures bigger than 1.0 nm, are multiplied by a factor, given in the key, next to the
impurity sign. The bottom left panel shows the integral over the HOMO state of the impurity as a function of the size of the NCs. The bottom
right panel shows the integral over the LUMO state of the impurity as a function of the size of the NCs.
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optical absorption gaps in the NCs with various sizes, there
are a few points that need to be kept in mind. The effect of
the impurity on both the HOMO-LUMO gap and the optical
absorption gap, of the 1.0-nm NC is the biggest, regardless of
the type of impurity. Already at the 1.5-nm NC, the change
induced by the SB impurity becomes negligible. However, the
DB impurity and −O− affects both gaps of the bigger NCs,
with the difference becoming insignificant only for the 3.1-nm
NC or larger. This shows that the NCs bigger than 3.1 nm are
expected to perform similarly, despite the distinct impurities
on the surface. This difference will increase as the size of the
NCs decreases, being especially noticeable between the SB
and DB impurities. Finally, not only the gaps, but also the
DOS and absorption indices of the 1.0-nm NCs are the most
susceptible to the changes of the surface impurities, following
nearly the same trend as the HOMO-LUMO gaps.

V. HIGHEST OCCUPIED AND LOWEST
UNOCCUPIED EIGENSTATES

To gain a better insight into how the surface impurity
affects the HOMO-LUMO gap and the optical absorption gap,
we investigated the contribution from the states of the impurity
to the total DOS. Shown in Fig. 8 are the projected density of
states (PDOS) of the impurity, compared to the PDOS of the Si
atoms, for the NCs with =O and −F impurity. We have chosen
these types of impurities because they are good representatives
for the DB and SB impurities, respectively, as shown in the
DOS and absorption indices. Moreover, oxygen is the most
common surface impurity found on Si NCs, as discussed in
the Introduction, and fluorine can be left as a residue when
forming porous Si by HF etching of bulk Si. It is evident
that the impurity states’ contribution to the states around the
gap decreases as the size of the NCs grows, regardless of the
type of impurity. Furthermore, the contribution of the =O
to the states around the gap in the NCs with same size is
significantly larger compared to the contribution from the −F
(note that the multiplication factor for the F states is an order
of magnitude bigger than the one for O states).

To give a better overview for the changes in the contribution
from the impurities, we calculated the integral over the HOMO
and LUMO states for each of the studied structures; see
the bottom two panels in Fig. 8. It is noticeable that the
contribution to both the HOMO state and the LUMO state
from the impurity decreases with increasing NC size in each
of the studied impurities. The −O− and the SB impurities
contribute to both states much less than the DB impurities,
and their contribution becomes negligible for NCs bigger
than 1.5 nm. The DB impurities, on the other hand, have a
rather high contribution for NCs with size up to 2.5 nm, with
the contribution from the =S impurity to the HOMO state
extending to the bigger NC. It is also interesting to notice
the fairly minor contribution from the =O to both HOMO
and LUMO states for structures bigger than 2.5 nm. This is
in agreement with Vasiliev et al. [34], who predicted that
the contribution from the O states to the HOMO and LUMO
states should disappear for structures bigger than 2–2.5 nm.

To illustrate in more detail how the states around the
gap are changing with increasing NC size, and to make
a comparison with the the hydrogenated Si NCs [3], we

FIG. 9. (Color online) Size dependence of the HOMO and
LUMO WFs for Si NCs with (a) =O and (b) −F impurity. The O, F,
Si, and H atoms are shown in red, green, tan, and white, respectively.
The isosurfaces for each of the NCs with =O and −F are respectively
chosen at 10% and 40% of the maximum.

calculated the HOMO and LUMO WFs for the NCs with
=O and −F impurity; see Fig. 9. The most noticeable result
is the considerable influence of the =O on the HOMO and
LUMO state, of the NCs lower than 1.9 nm. Both the HOMO
and the LUMO WFs exhibit significant localization around
the O atom, with the LUMO WF being affected more by the
impurity. With increasing NC size, both WFs are becoming
more delocalized, spreading more into the core of the NCs.
It is also worth noticing that even in the biggest NC, 3.5 nm,
the LUMO WF has non-negligible localization at the O atom.
This is a very interesting observation, which is not evident
from the PDOS, where an insignificant contribution from the
O atom in the LUMO state is seen (see Fig. 8). In the case of
the Si NCs with −F impurity, the HOMO and LUMO WFs for
the 1.0-nm NC are mainly localized around the F atom. The
delocalization of both WFs increases with growing NC size,
with the WFs spreading more into the core of the NC. Similarly
to the NCs with =O impurity, the LUMO WFs of the NCs with
−F impurity are influenced more by the impurity, compared
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FIG. 10. (Color online) Fourier transform of the HOMO and LUMO charge density of Si NCs with (a) =O and (b) −F impurity, as a
function of the size of the NCs. The Fourier transform of the HOMO charge densities are shown in the left column of each panel, and the
LUMO charge density in the right column of each panel. The Fourier transform is an average of the projections on x-y, x-z, and y-z planes.
The red color maps the highest values and the blue color the lowest value of the charge densities within a fixed range for all sizes (in arbitrary
units). The k is scaled by the reciprocal vector G of size 2π

a
.
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to the HOMO WFs, though the delocalization and shift of
HOMO and LUMO from surface impurity to the core begin
at smaller size for −F impurity and appear to be complete for
NCs larger than 3 nm.

Although in the real space, the localization of the WFs is
clearly visualized, the Fourier transform (FT) of the charge
densities gives a complementary angle of view and additional
insight into the changes in both the localization and the sym-
metry of the HOMO and LUMO states. Ultimately, changes in
both of these features will affect the properties of the Si NCs
with changes in the surface impurities and the NC size. There-
fore, we calculated the FT of the HOMO and LUMO charge
densities for the NCs with =O and −F impurity. Because the
orientation of the various impurities on the surface of the NCs
differs from each other, choosing a particular plane on which
the 3D FT is being projected can be biased. Hence, we calcu-
lated an average of the projection of the 3D FT on the x-y, x-z,
and y-z planes, and the resulting averages are shown on Fig. 10.

Similarly to the WFs in real space, in the FT of the charge
densities there is also noticeable influence of the =O on the
HOMO and LUMO states. The FT of both HOMO and LUMO
states is rather delocalized, suggesting that there is a significant
localization of the charge density and indicating no apparent
periodicity within the NC, as seen from the WFs in real space
(see Fig. 9). However, the FT of the HOMO charge density of
the 1.9-nm NCs has some distinct spots, indicating that the WF
is spread across the core of the NC and is very different from
the FT of the LUMO charge density, which shows a rather
high delocalization in k space. Similarly, using a tight-binding
method, Wolkin et al. [33] have shown that, depending on
the NCs size, the hole and electron states in Si NCs with one
=O impurity on the surface become closer to the respective
states in hydrogenated NCs. They show that the hole states
are closing up already in ∼1.5 nm NCs and, on the other
hand, the electron states are becoming close for larger NCs,
∼2.9 nm.

As the size of the NCs is growing beyond 1.9 nm, the
influence of the =O becomes negligible, and the FT of the
charge densities reveals higher periodicity of the states in
the NCs, shown by higher number of spots in the FT. This
increased periodicity suggests that the WFs are delocalized in
the core of the NCs, which is also observed for the WFs in
real space (see Fig. 9). Moreover, the FT of the HOMO and
LUMO charge densities for the NCs with =O is very similar
to the FT of the NCs with −F for the NCs bigger than 1.9 nm.
For the smaller NCs with −F, the FT of the charge densities
shows some periodicity, except for the 1.0-nm NC, where the
delocalization of the FT is the highest, seen as an increased
localization in the real space (see Fig. 9). Increased number
of spots in the FT of the HOMO and LUMO charge densities
with growing NC size is also observed for hydrogenated Si
NCs [3].

The increased contribution from the impurities to the states
around the gap will influence the symmetry of the states, as
seen from the top three rows in Fig. 10, causing the transitions
from the unoccupied to the occupied states to be more proba-
ble. This, in turn, will increase the optical response, giving rise
to additional peaks in the gap region of the absorption indices.
These peaks are almost nonexistent in the larger NCs (see
Fig. 5), where the contribution from the impurity to the states

around the gap is significantly low. However, as the size of the
NCs is reduced, this contribution increases, manifesting itself
with an increased number of small peaks in the absorption
indices. This is particularly noticeable for the smaller NCs
with DB impurities, where the peaks become more intense as
the size of the NCs deceases [see Fig. 5(g)].

VI. CONCLUSIONS

We have presented a detailed first-principles, ground-state
DFT study of the evolution of the electronic and optical
properties of Si NCs, with surface impurities, as a function
of NC size. We show that the DOS and absorption indices
of NCs with SB impurities (−CH3, −F, −Cl, −OH) and
bridged oxygen (−O−) are very similar to the properties of
the hydrogenated NCs, except for the 1.0-nm NCs showing
slightly different properties. Unlike the NCs with SB impuri-
ties, the NCs with DB impurities (=O, =S) show significant
differences in the DOS and absorption indices, compared to
the respective properties of hydrogenated NCs. This difference
is especially noticeable for the smaller NCs, with size less than
2.5 nm, where the states in the gap region appear. Furthermore,
we show that the HOMO-LUMO and optical absorption gaps
of the NCs with SB impurities follow the same trend as the gaps
in the hydrogenated NCs. However, both gaps, in the NCs with
DB impurities and bridged oxygen, are very different from the
gaps in the hydrogenated NCs, showing significant difference
for NCs smaller than 2.5 nm.

We argue that this difference in both gaps arises from the
different contribution from the states of the impurity atom
to the states around the gap. This is especially noticeable
for the smaller NCs, where the contribution of the states
of the impurity is the highest. Moreover, we show that the
states of the impurity are shifted towards the body of the
NCs, as the size of the NCs are growing. We further support
this finding by demonstrating that the real part and the FT
of the HOMO and LUMO charge densities, for the smaller
NCs, indicate a significant localization of the charge densities
around the impurity. We argue that this observation, together
with the insignificant contribution from the states of the DB
impurity, are the main factors for the very small difference
in HOMO-LUMO and optical absorption gaps of the NCs
bigger than 2.5 nm. Finally, we show that the stability of
the smallest NCs depends substantially on the impurity and
becomes rather similar with increasing NC size. In addition,
we demonstrate that high hydrogen concentration is needed
to give the hydrogenated Si NCs higher stability than that
of Si NC with oxygen or fluorine impurity. A high H2

concentration is required even at very low concentrations of
oxygen.
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[51] I. Vasiliev, S. Öğüt, and J. R. Chelikowsky, Phys. Rev. Lett. 86,
1813 (2001).

[52] A. Puzder, A. J. Williamson, J. C. Grossman, and G. Galli, J.
Chem. Phys. 117, 6721 (2002).

[53] C. S. Garoufalis and A. D. Zdetsis, Phys. Chem. Chem. Phys. 8,
808 (2006).

[54] Q. S. Li, R. Q. Zhang, and S. T. Lee, Appl. Phys. Lett. 91,
043106 (2007).
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