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Abstract—Silicon nano-crystals (NC) are potential candidates
for enhancing and tuning optical properties of silicon for opto-
electronic and photo-voltaic applications. Due to the high surface-
to-volume ratio, however, optical properties of NC result from
the interplay of quantum confinement and surface effects. In
this work, we show that both the spatial position of surface
terminants and their relative positions have strong effects on
NC properties as well. This is accomplished by investigating
the ground-state HOMO-LUMO band-gap, the photo-absorption
spectra, and the localization and overlap of HOMO and LUMO
orbital densities for prototype SizoHs> NC. It is demonstrated
that the surface passivation geometry significantly alters the
localization center and thus the overlap of frontier molecular
orbitals, which correspondingly modify the electronic and optical
properties of NC.

Keywords—Silicon nano-crystals, surface passivation, time de-
pendent density functional perturbation theory

I. INTRODUCTION

The combination of non-toxicity, abundance, low cost and
rather simple processing have made Si as the base-material for
semiconductor technology [1]. Crystalline Si is not suitable
for optical applications, because of its indirect band-gap. If
the size of the system approaches the wavelength of carriers,
however, tails of electron and hole wavefunctions partially
overlap that gives rise to quasi-direct transitions and thus
improving optical properties of silicon [2]. In NCs which are
smaller than the exciton Bohr radius of the material (~5 nm
for Si) the optical gap is inversely proportional to the dimen-
sion of the structure [3], [4]. However, due to high surface-
to-volume ratio in NCs, surface effects become important.
Intensive experimental and theoretical studies on parameters
that affect optical properties of Si NCs have been performed
over the past two decades [5]-[9]. Chemical nature of the
surface including the passivant material and its bonding type
have shown to be strongly effective on the optical properties
of NC. Using quantum Monte Carlo calculations, Puzder
et al. [7] have shown that double bonded surface passivant
groups, specifically oxygen atoms, significantly reduce the
optical gap of Si NCs, while single bonded groups have a
minimal influence. Nurbawono et al. [5] have utilized time
dependent density functional tight binding (TDDFTB) model
to demonstrate that the absorption spectra of Si NCs can
be tuned with small molecule passivations such as methyl,
hydroxyl, amino, and fluorine. To the best of our knowledge,
a comprehensive study of the effect of the relative position of

surface passivants on NC properties is missing. In this work
time (in)dependent density functional theory simulations have
been utilized to analyze the role of spatial position of surface
passivants on the optical gap of NC. The paper is organized as
follows: Sec. II describes the employed computational method,
Sec. III discusses the effect of spatial configuration of surface
passivation on the HOMO/LUMO density distributions and the
optical absorption spectra of SigoHyo NC. Finally, concluding
remarks are presented in Sec. IV.

II. STRUCTURES AND METHODS

a) Model Structure: In medium and large sized NCs,
the crystallographic planes form facets [10] (see Fig. 1 (a)).
Thus, in this work Si NCs are defined as Wulff-constructions
with (100), (110) and (111) facets, cut out from the FCC crystal
lattice of bulk Si. The studied NCs have diameters in the range
of ~1.2-2.4 nm with surface dangling bonds that are hydrogen
passivated.

b) Calculation Approach: Lattice structures have been
relaxed using conjugate gradient calculations within density
functional theory (DFT) as implemented in SIESTA code [11].
Norm conserving pseudo-potentials along with the numerical
atomic orbitals with double zeta polarized basis set and a mesh
cutoff of 55 Ry have been used. The Kohn-Sham equations
have been solved in the framework of generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functionals. The super-cell is chosen
large enough to prevent interaction of neighboring cells. The
structures are relaxed until the magnitude of maximum force
on each atom becomes smaller than 0.02 eV/A3. Relaxation
is followed by DFT calculations for evaluating the electronic
structure. However, DFT is a ground state theory and is not
appropriate for systems under excitations. According to the
Runge-Gross theorem [12], the time dependent charge density
n(r,t) of a many-body system under external time dependent
potential (vVext(r,t)) is a unique functional of the potential.
This allows the treatment of response properties such as dy-
namic polarizability within DFT. Then the excitation energies
and the oscillator strengths can be obtained as the poles and
residues of the dynamic polarizability. By using a super-
operator formulation of linearized time-dependent density-
functional theory, the dynamic polarizability of an interacting-
electron system is represented as an off-diagonal matrix ele-
ment of the resolvent of the Liouvillian super-operator [13].
The oscillator strength indicates the number of electric dipole
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Fig. 1. (a) The model used for NC. (b) Hydrogen passivated Wulft-
constructions: SizgoHg2 NC with a diameter of 1.2 nm and Si244Hj158 with a
diameter of 2.2 nm. (¢c) HOMO-LUMO band-gaps based on DFT calculations
for hydrogen passivated Si NCs with diameters in the range of 1.2-2.2 nm.

oscillators per molecule that are set in motion by the light field
and oscillate with the characteristic frequency of the material.

The optical absorption spectra are obtained using the time
dependent density functional perturbation theory (TDDFPT)
calculations. This method is particularly well suited for large
systems with large plane wave basis sets. TDDFPT calculations
are carried out within the adiabatic approximation of exchange-
correlation interactions, with linearization of the density matrix
response using the Quantum ESPRESSO code [14]. The gener-
alized gradient approximation with PBE exchange-correlation
functionals, ultra-soft pseudo-potentials generated with Van-
derbilt code, and the DZP plane wave basis set with a cutoff
of 55 Ry have been used.

III. RESULTS AND DISCUSSIONS

It is well known that quantum confinement (QC) and
surface chemistry can modify the properties of NCs. If the
size of NC becomes comparable to the Bohr radius, carrier
energy gets quantized with a size-dependent trend similar to
that of a particle in a box [3], [4]. In strong confinement regime
(r < agy,,)» the band-gap of NC is inversely proportional to
the diameter [4], [15]:

o A

EZP(d) = B + o5 (M
where d is the diameter of NC in nanometer and A [eV.nm?] is
the fitting parameter [4]. We examined HOMO-LUMO band-
gap variations for hydrogen passivated Si NCs with diameters
in the range of 1.2-2.2 nm. Fig.1 clearly shows the inverse
proportionality of the band-gap with the NC size. For the given
diameter range and A=3.57 (strong confinement regime [4]),
Eq. 1 predicts energy gaps in the range of 1.85-3.59 eV and
our numerical analysis indicate bandgaps in the range of ~1.5-
3.25 eV which are in good agreement with previous works [5],
[15], [16].

¢) Spatial Position of Surface Passivant: Since NC
facets have different surface energies they interact differently
with the passivant atoms [17]. In addition, dissimilar facet
boundaries and the broad range of inter-nuclear distances
between the passivant and surface atoms of NC leads to
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Fig. 2. The HOMO-LUMO band-gaps of Si31H40O NCs with a single
bridged oxygen surface passivant at various (100) facets.

various external potential profiles (vex((r,t)) for the Kohn-
Sham equation, which accordingly result in new eigenstates
for the system. Thus, it is anticipated that the position of the
surface passivants affects the optical and electrical properties
of the NC. First we examine the effect of a single passivant
atom placed at different positions of the surface of a SizoHys
NC with a diameter of 1.2 nm. A Si atom on a (100) facet
is considered and its two bound hydrogen atoms are replaced
with a bridged oxygen followed by the structure relaxation.
The calculated HOMO-LUMO band-gaps are presented in Fig.
2 that show a variation of ~0.15 eV for various positions of
a single oxygen passivant.

The optical responses of the discussed structures are calcu-
lated using the TDDFPT method. For single bridged oxygen
atom on a (100) facet, TDDFPT predicts an average optical
gap of ~6.5 eV with variations of the order of ~0.55 eV for
various passivation position (see Fig.3). The smaller HOMO-
LUMO band-gap, in comparison with the optical gap is due to
the well-known bandgap underestimation of DFT simulations
[18].

d) Relative Position of Surface Passivants: To study
the role of relative spatial position of surface passivants, four
configurations are considered in which three bridged oxygen

300
[ 00 e | 1
250 —¥— 05 e T ]
L Og T # ¥, 1
200F < O23 v (SN
'; | Og6 X "x;*

; A0 ¥
< 1501 S S . A
s X 1
=

100 ¥ 1
|- ; / . 4
50" X DA/ SEER S
r ot 55 6 65 7 15
0 PEEE =l I T R S H

2 3 4 5 6 7 8 9
ho [eV]
Fig. 3. Optical absorption spectra that are calculated using TDDFPT for

Siz1H400 NCs with single bridged oxygen passivant atom at various (100)
facets.



atoms with different relative positions are placed on the (100)
facets of a SizgoHyo NC, see the first column of Fig. 4. The
relative position of terminants in Og 5 23 configuration is sym-
metric, but with respect to the whole NC structure the surface
termination is not symmetric (see subplots 1 and 4 in Fig. 4).
The Og 5,3 configuration is similar to the previous structure,
but less symmetrical with respect to the relative position of the
oxygen atoms (see subplots 16, 17 and 19 in Fig. 4). Og 5 26
and Oy 5 31 configurations are similar with respect to the whole
NC, while the relative position of passivants is mirrored.
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Fig. 4. The first column shows the cross-section of NC in the plane of the
three oxygen atoms to represent their relative arrangement. Other columns
show the density distribution of HOMO orbital and the corresponding cross-
section of the NC. The column ’view 1°, displays the plane on which the
HOMO spreads. The column ’view 2’ displays the view normal to the "view
17, representing the plane on which the HOMO is localized. The density iso-
surfaces are plotted at 0.033 electron/A3.

The oscillator strength spectra are calculated using
TDDFPT simulations (see Fig.5). As expected, similar to the
single-oxygen case, the optical transition energies are different
for various surface passivation configurations. In this case the
peak absorption energy varies ~0.25 eV between the Og 5 26
and Og 531 configurations which show the maximum and
minimum absorption peak energy, respectively. The referred
structures are similar, except a mirrored relative position
of oxygen atoms. As HOMO is the main electron donor,
examining its density distribution can clarify the effect of
relative position of passivants. For the sake of generality Fig.
6 compares HOMO/LUMO density maps for surface passivant
species common in photovoltaics, including oxygen (bridged
and double-bonded), NH2, and CHj3 passivant groups. Fig.
6 indicates that the HOMO orbital is distributed all over
the NC, while the LUMO orbital is localized at the center.
Among the considered surface passivants the double-bonded
oxygen resulted in the most localized orbital, followed by NH,,
bridged oxygen, and CHs. Therefore, oxygen atom localizes
the HOMO/LUMO orbitals of a Si NC more effectively than
other common species in photovoltaics [7], [8], [19], [20].
Fig.7 shows the HOMO/LUMO energies and the oscillator
strength spectra for passivation with single and multiple passi-
vant groups. Fig.7(a) indicates that HOMO energies are raised
with surface coverage and exhibit larger variations compared
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Fig. 5. TDDFPT predicted oscillator strength spectra for SiogH3603 NCs
with various relative positions of three bridged oxygen passivants on (100)
facets.

to LUMO. Surface coverage with oxygen and NHs reduces
HOMO-LUMO band-gap [see Fig.7 (b)] which results in a
red shift of the optical absorption spectra. A reduction in the
absorption strength is also observed with surface coverage,
however, the band-gap is not affected for the CHs group.
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Fig. 6. The density iso-surfaces of HOMO orbital (iso-value of 0.033
[electron/A3]) for single bridged (double-bonded) oxygen atom, NH and CH3
groups on (100) facets of a SizoHy2 NC.

Fig. 4 compares HOMO iso-surfaces of four different
configurations. In the case of symmetric relative position of
passivants (subplots 3 and 18) the HOMO spreads over all
oxygen atoms, whereas in cases lacking such symmetries
(subplots 10 and 15) the electronic cloud is localized on the
two closer oxygen atoms and the third oxygen atom (shown
with red arrow) is left out. It is known that oxygen atom can
disturb the sp orbital network of a Si NC and results in the
localization of the frontier molecular orbitals [7]-[9]. This is
in agreement with our results that the HOMO electron cloud
is mainly localized on oxygens. The comparison of subplots
3 and 18 (symmetric arrangement of oxygens) with subplots
8 and 13 (asymmetric arrangement of oxygens) reveals that
the localization center of HOMO is mainly determined by the
relative position of surface terminants. On the one hand, the



00 LUMO (a)
.",0 HOMO

Q

-2 - - - -Q - -
- P PP S I, A R . S P O SN ¢ DS
9%‘5‘,&%&60&0\@ O 5‘”"2{&%@66@)‘0@ s
300 - w
o SiggH42 ©
v bridged O
o double O
—_ I © NH2
Z200f 4 cha
K}
§ _________________
= 100
0 L ‘
2 4 6 8

ho [eV]

Fig. 7. (a) HOMO/LUMO energy variations, (b) band-gap variations, (c)
oscillator strength spectra for single and multiple passivant groups of bridged
and double-bonded oxygen, NHz, and CH3 on (100) facets of SizaH42 nano-
cluster. Solid lines correspond to single group passivation and the dashed lines
represent the multiple group passivation.

localization center of orbitals determines the overlapping con-
ditions and on the other hand optical transitions are determined
by the overlap of frontier molecular orbitals.

IV. CONCLUSIONS

The effects of the spatial position and the relative position
of bridged oxygen passtivants on the absorption spectra of
hydrogen passivated Si NC are investigated. Examination of
the HOMO-LUMO band-gap, oscillator strength spectra and
the frontier molecular density distributions demonstrates that in
addition to passivant material and surface coverage, the spatial
position of each surface passivant and the relative position of
passivants can significantly affect the localization center of
frontier orbitals, which results in the variation of their overlap
and the modification of optical transition energies. Previous
studies have focused on chemical nature of surface passivation
on NC properties. Our presented results, however, show that
the role of spatial position and the geometrical arrangement of
surface passivants cannot be neglected.
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