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Abstract

The utilization of silicon nanostructures, from quantum dots to nanowires, for photovoltaic applications depends on understanding
the effect of their physical structure on their optical absorption properties. In this work, we perform TDDFT calculations to study the
length dependent optical absorption in pristine and doped silicon nanostructures. Our main findings are that: (i) The oscillator strength
as a function of length is quadratic at small lengths, and then increases linearly. (ii) The exciton binding energy is seen to decrease by
approximately 45% from 0.67 eV to about 0.3 eV with length increase, for a nanostructure with a cross-section diameter of approxi-
mately 12 A. (iii) Doping and codoping with P, B, and Zr have the potential to cause the optical absorption to change from UV to
the visible spectrum. The findings of this investigation demonstrate the potential to tailor silicon nanostructures for photovoltaic and

optoelectronic applications.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Ultra-small silicon structures have gained significant
attention for photovoltaic and other optoelectronic appli-
cations. Solar cells involving silicon quantum dots embed-
ded in amorphous thin-films (the so-called third generation
solar cells) have the potential to increase the efficiency of
the solar cells (Conibeer et al., 2008). Silicon nanowires
show considerable evidence from electrical transport mea-
surements that active dopants can be incorporated during
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growth, (Xie et al., 2009; Cui et al., 2000, 2003; Wang
and Dai, 2006; Zheng et al., 2004) and doping with either
boron (B) or phosphorus (P) drastically changes the electri-
cal transport character in silicon nanowires (Cui et al.,
2000). P and B doped Si quantum dot based thin-films have
shown lower electrical resistivity, which further promises
higher efficiencies in solar cells (Hao et al., 2009a,b;
Fukata et al., 2013). Si nanodots have demonstrated the
potential to be critical components in nanoscale waveguide
applications for photovoltaic and optoelectronics (Park
et al., 2010). Silicon nanostructures (SNS) possess low
reflectivity and stronger optical absorption (Adachi et al.,
2010; Tsakalakos et al., 2007; Sivakov et al., 2009) in the
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visible region compared to bulk and amorphous Si (Fukata
et al., 2013; Adachi et al., 2010; Tsakalakos et al., 2007;
Sivakov et al., 2009). SNS, by themselves, are also attrac-
tive candidates for such applications because of the tun-
ability of the magnitude and nature of the band gap
(direct or indirect) (Kocevski et al., 2013; Rand et al.,
2007; Wong, 2009; Reining et al., 2002; Weissker et al.,
2002).

Exciton binding energy is an important performance
parameter that can govern the utilization of SNS in appli-
cations for solar cells. To a good approximation, the exci-
ton binding energy can be defined as the difference between
the transport or (fundamental) band gap and optical band
gap (Rand et al., 2007; Wong, 2009; Reining et al., 2002;
Garcia-Lastra and Thygesen, 2011). A material with a
large exciton binding energy leads to the formation of an
electron-hole pair that is tightly bound, which results in
a poor material for solar cells because the electron-hole
pair will eventually recombine rather than contribute to
generating a current flow. The exciton binding energies
are expected to decrease with the increase of the dimen-
sions of the SNSs (Kupchak et al., 2006) but unfortunately
the band gap shifts from direct to indirect with the transi-
tion in size (Kocevski et al., 2013). Surprisingly, the exciton
binding energy of silicon nanocrystals (NCs) was found to
decrease with increase in length (Parkash et al., 2011) and
diameter (Kupchak et al., 2006) due to quantum confine-
ment effects (Kocevski et al., 2013; Trani et al., 2005; Lu
et al., 1995). Stable light emission of Si QDs and NCs is
observed in the spectral range: blue (2.64-3.0 eV), green
(2.25eV), orange (2.05 eV), red (1.70-1.80 eV) and infrared
(1.2-1.6 eV) (Shcherbyna and Torchynska, 2013; Cullis
and Canham, 1991; Lehmann and Gosele, 1991; Prokes,
1993; Kanemitsu and Okamoto, 1997; Schuppler et al.,
1995; Torchynska et al., 1999, 2005; Torchinskaya et al.,
2003; Kim et al., 2003). These PL bands were attributed
to exciton recombination in Si QDs, (Shcherbyna and
Torchynska, 2013; Cullis and Canham, 1991; Lehmann
and Gosele, 1991; Kanemitsu and Okamoto, 1997,
Schuppler et al., 1995; Torchynska et al., 2005, 2006;
Dybiec et al., 2004) the carrier recombination through
defects inside of Si NCs (Torchynska et al., 2006), or via
oxide related defects at the Si/SiOx interface (Shcherbyna
and Torchynska, 2013; Prokes, 1993; Torchynska et al.,
1999, 2005; Dybiec et al., 2004).

As SNS are being considered and incorporated in wide-
ranging photovoltaic and optoelectronic applications, it is
important to note that the tunability of the bandgap of
these ultra-small Si structures implies that optical absorp-
tion, and hence the optoelectronic performance, of SNS
are dependent on the physical structure. Therefore, optical
absorption by a solar cell will be dictated by the physical
structure of the SNS, which is not fully understood. In this
study, we use Time Dependent Density Functional Theory
(TDDFT) to investigate the optical properties of SNS,
from quantum dots to nanowires. The effect of doping with
P, B, and Zr on the optical response of SNS is also inves-

tigated, and is seen to show remarkable behavior, and
potential to tailor the response. Tailoring of the absorption
spectra is very important in the field of plasmonics and
photovoltaic applications. At the same time, TDDFT cal-
culations provide a natural framework for the calculation
of the exciton binding energy, and its inclusion in the cal-
culation of optical absorption. It is worth mentioning that
all the reported exciton binding energies either use empiri-
cal formulas or time independent DFT calculations. The
infrared (IR) spectra are also calculated and correlated to
the experimental results. Furthermore, we investigate how
the exciton binding energies, oscillator strength, and molar
absorptivity vary with SNS length — from quantum dots to
nanowires — and consequently their possible relations to
the other quantum confinement effects. Finally, the effects
of doping, co-doping, and distance between dopant atoms
with P, B, and Zr on both the band gap as well as absorp-
tion spectra parameter have been investigated to tailor the
absorption spectra.

2. Computational details

TDDFT calculations were performed on [110] oriented
SNS with lengths varying from 1 to 24 units. Each unit is
composed of 24 Si atoms and 16 H atoms, which is the unit
cell of a [110] silicon nanowire (Fig. la and b). The two
ends of a SNS are terminated by an additional 10 H atoms
as can be seen in Fig. 1c. SNS with a crystalline orientation
of [110] show outstanding mechanical and electronic prop-
erties (Ma et al., 2003; Adachi et al., 2013; Buin et al.,
2008).

All the calculations are performed using Gaussian 09
(Frisch et al., 2009) using B3LYP (Becke, 1993; Lee
et al., 1988; Vosko et al., 1980) and the 3-21G (Dobbs
and Hehre, 1987) basis set. The hybrid DFT method,
B3LYP contains Becke Three Parameter Hybrid Function-
als (Becke, 1993) that uses the non-local correlation pro-
vided by the LYP expression, (Lee et al., 1988) and local
correlation by VWN functional III (Vosko et al., 1980).
The geometry optimization process involves using analyti-
cal gradients of energy until a stationary point on the
potential surface is achieved. During geometry optimiza-
tion, neither symmetry restriction, nor any other special
restrictions to H or Si atoms were implemented. Frequency
calculations were performed on the optimized geometry to
ensure that it is a local minima on the potential energy
surface.

The 3-21G basis set was previously implemented by
Sorokin et al. (2008) on a very similar system. The calcu-
lated band gaps of the structures with periodic boundary
condition (PBC) (shown in Fig. 1a and b) and the longest
non-PBC SNS (24 units) in this study are 3.205eV and
3.229 eV, respectively, which is comparable to 3.5eV
obtained experimentally (Ma et al., 2003). We tested the
use of a larger basis set such as 6-31G and find that the
band gap for PBC changes to 3.170 eV, which is only about
a 1% difference compared to 3-21G basis set. However it
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Fig. 1. The (a) side- and (b) top- view of periodic unit cell of a [110] oriented nanowire. (c) Shows a SNS with 5 units of (a), which is terminated by 10
hydrogen atoms at the top and bottom ends. Orange and cyan spheres represent the Si and H atoms respectively. The red line shows the translational
vector to create a PBC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

was seen to consume approximately 230% more computa-
tional time, which make the TDDFT calculation with lar-
ger basis set computationally infeasible for the larger
structures. Another way to show the adequacy of the selec-
tion of 3-21G as a basis set is the relatively small change in
the length of the unit cell from 3.94 A using 3-21G, to
4.01 A using 6-31G using PBC unit cell. On the other hand,
for zirconium (Zr) we utilize LANL2DZ as a basis set,
which combines Los Alamos effective core potential
(ECP) as well as to double zeta (DZ) (Hay and Wadt,
1985a,b; Wadt and Hay, 1985).

The electronic absorption spectra were obtained by
Gauss view 5.0.9 (Dennington et al., 2009) using UV-VIS
peak half-width at half height of 0.16 eV and 50 excited
states. The calculated percentage of the contribution of
the molecular orbital transition in each excited state
(shown in Table 1) were obtained by taking the square of
the coeflicient for both excitation and deexcitation terms,
which in total is equal to 1 (100%). This is due to the nor-
malization condition in TDDFT calculation:

(X +YIX—7)=1,

where X are the “excitations” and Y the “de-excitations”.
The TD expansion differs from that of the other CI meth-
ods in that the wavefunction includes determinants for
both “excitation” and “de-excitation” terms. The G09 out-
put for TD calculations prints the coefficients of both types
of terms, X and Y, separately.

3. Results and discussion
3.1. Ground state calculations

The energy of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) as a function of the number of unit cells in the
SNS are summarized in Table 1. Band gap is taken as
the difference between energies of LUMO and HOMO,
which decreases from 5.4 eV for 1 unit to about 3.2 eV
for 24 units (which was the maximum based on computa-
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Table 1

HOMO, LUMO, and bandgap energies (AE) obtained by DFT, and excitation energies (E), oscillator strengths for the first excited state (f) and strength of

optically active states (Coefficient) obtained by TDDFT.

# Units DFT TDDFT
Enomo (eV) Erumo (eV) AE (CV) State no. E (eV) f MO
1 —6.655 -1.175 5.480 1 4.8149 0.0000 H - L (95%)
2 5.0206 0.1105 H — L+1 (93%)
2 —6.382 —1.564 4.818 1 4.2218 0.0000 H — L (96%)
3 4.3225 0.0003 H - L+2 (98%)
5 4.3511 0.0088 H — L+4 (98%)
4 —6.192 —2.030 4.163 1 3.6614 0.0003 H - L (97%)
6 —6.040 —2.330 3.711 1 3.2559 0.0001 H - L (97%)
8 —5.982 —2.492 3.490 1 3.0708 0.0001 H — L (96%)
10 —5.960 —2.586 3.373 1 2.9820 0.0002 H — L (95%)
12 —5.949 —2.638 3.311 1 2.9428 0.0006 H - L (92%)
H=2 — L+1 (93%)
14 —5.942 —2.665 3.277 1 2.9199 0.0014 H - L (89%)
H-1 — L+1 (5%)
16 —5.935 -2.677 3.257 1 2.9134 0.0028 H — L (84%)
H-1 - L+1 (7%)
H—4 - L (5%)
18 —5.927 —2.682 3.245 1 2.9173 0.0051 H — L (78%)
H—1 - L+1 (10%)
H—4 > L (6%)
20 —5.921 —2.684 3.238 1 2.9153 0.0078 H — L (72%)
H-1 - L+1 (12%)
H-3 > L (8%)
H-3 - L+2 (2%)
24 -5.910 —2.681 3.229 1 2.9124 0.0134 H — L (64%)
H—1 - L+1 (16%)
H-3 > L (9%)
H-3 - L+2 (4%)
H=5 — L+1 (2%)
00 —5.851 —2.645 3.205 N/A

tion limitation). From Table 1, the band gap for SNW
composed of 20 units is seen to be almost 60% lower than
that for the 1 unit Si quantum dot.

The total energies, Et, of SNS are also summarized in
supplementary material Table S1. In general, absolute
value of Er is both basis set and method dependent. On
the other hand, the difference between Et of two consecu-
tive SNS is expected to be comparable to the total energy
of SNS at PBC, which is —6921.617224 a.u. It was found
that the total energy difference decreases (from
—6921.63028 a.u. (for 2 wunits minus 1 unit) to
—6921.61716 a.u. (for 20 units minus 19 unit)) as length
of SNW increases, which can be explained from the slight
decrease in the binding energy between SNS repeating units
with length. In case of long SNS, particularly when the
number of repeating units >17, the binding energies
become almost constant, and the total energy difference
becomes almost equal to total energy of SNS at PBC.

The theoretical IR spectra of SNS with five units is
shown in Fig. 2. The weak intensity bands at frequencies
smaller than 500 cm ™' are related to Si-Si skeleton vibra-
tions and stretching vibrations. They are characterized by
a very weak IR molar absorptivity. This agrees with exper-
imentally measured Si-Si stretching mode of 516 cm™!

(Park et al., 2009). The group of bands in the range 550-
750 cm ™' and 900-950 cm ™! are related to Si-H bending
vibration. The bands in the range from about 2150 cm ™'
to 2250 cm™! are related to Si-H stretching vibration
(Milekhin et al., 1999).

The above values agree with the experimentally deter-
mined FT-IR values for amorphous silicon thin film that
showed that Si—H has three groups of bands (Srinivasan
and Parsons, 1995). The first band is observed around
635 cm™!, which is due to Si-H bending (Srinivasan and
Parsons, 1995; Xu et al., 2006). The bands at 845 and
890 cm~! are due to Si-H, vibrations (Srinivasan and
Parsons, 1995; Rabha et al., 2005). The band for Si-H
stretching mode is reported around 2100 cm™! in different
poly-crystalline SNS and Si thin films (Srinivasan and
Parsons, 1995; Xu et al., 2006; Rabha et al., 2005). It is
worth mentioning that all bands above 550 cm™' do not
involve a significant movement of Si atoms. It is possible
that the bands around 900 cm ! may have been observed
by Park et al. (2009) as a very small band at 957 cm™'
and was perhaps miss-assigned as the stretching mode of
amorphous Si-Si. In their study, prepared SNS are covered
mainly with C atoms rather than H or SiO,, which may
have contributed to the observed small intensity. A similar
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Fig. 2. The theoretical IR spectra for five units of SNS respectively.

IR spectra composed of three group of bands were
observed for other SNS (see supplementary material
Fig. SI).

3.2. Electronic absorption spectra

The first singlet electronic absorption transition of SNS
as a function of length is calculated using TDDFT method
and summarized in Table 1. For a very short SNS, the tran-
sition from HOMO to LUMO gives rise to a dark state. On
the other hand, for SNS with slightly longer lengths (with
number of units greater than 11 units), the HOMO-
LUMO contribution starts to be optically active in the first
singlet excited state S;. As a general trend, the absorption
band shifts to smaller energy values with length, and
reaches a limiting value at approximately 425nm
(2.9 eV). It is worth mentioning that the main contribution
to S; originates from HOMO to LUMO excitation for the
lengths considered. Furthermore, as the length increases,
H-1 - L+1 and H-3 - L contributions cannot be
neglected but remain weaker than the H — L contribution.
As an example a 5% contribution from HOMO-1 to
LUMO+1 starts to be detected at more than 14 units,
and increases to 12% at 20 units, where a newer contribu-
tion of 8% from the HOMO-3 to LUMO appears (see
Table 1). This is because as the length increases, the optical
bands move to longer wavelengths and accumulate in S;.
The molecular orbital plots of HOMO and LUMO are
shown in (Fig. S2 supplementary material). The plots show
that LUMO orbital changes from being localized over
length to the diameter with the increase of repeating units.

The exciton binding energy is defined here as the differ-
ence between the HOMO-LUMO energy (AE in column 4
of Table 1) and the corresponding excitation energy from
TDDDT (column 6 of Table 1). The exciton binding energy
was found to decrease from 0.67 eV for | unit to about
0.3 eV for the longest SNS. This agrees with previously
reported theoretical data of about 0.2 eV for extremely
long SINW (Parkash et al., 2011). Fig. 3 shows the increase

of the oscillator strength of S; and S; as a function of the
number of repeating units. The S, and S; are dark states
regardless of the number of repeating units. The S; is an
almost dark state in the SNS with length <11 units, and
its oscillator strength grows dramatically with length after
that. The increase in oscillator strength follows first a quad-
ratic (solid line) and then a linear trend (dashed line) for
medium and long SNS. A similar trend is observed for
S4. The transition dipole moment for the small SNS is
localized over the SNS diameter, while transitions for
longer SNS are localized over the length. This may be the
reason for the change in the dependence of the oscillator
strength with length. Explanation of this phenomenon
can be obtained by using the simplified PIB model to calcu-
late the transition dipole moment as a function of the box
length, which results in the transition dipole moment being
proportional to the length (supplementary material).

Fig. 4 shows the effect of length on the electronic
absorption spectra of SNS. The spectra of SNS with 4, 8,
and 10 units show the increase in the oscillator strength
for all states with increase in length. It is worth mentioning
that the spectra of SNS with 15, 20, and 24 units do not
have enough number of excited states to show all the bands
observed for smaller number of units. However, they still
clearly show the growth of the oscillator strength of S; with
length, as explained before in Fig. 3. The quantum confine-
ment effect results in the movement of all the band loca-
tions to higher wavelength with length increase. This
process eventually leads to accumulation of more contribu-
tions in S; as shown in Table 1. In summary, the spectra
show two simultaneous overlapping phenomena with the
length increase. The first is the increase of the oscillator
strength for all states. The second is band movement to
longer wavelength till it reaches a limiting frequency.

3.3. Effect of doping

Doping a SNS is seen to produce a very dramatic effect
on its optical absorption, Here, we study the effect of dop-
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Fig. 3. The oscillator strength of S; (blue lines) an S, (green lines) as a
function of number of repeating units. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Theoretically calculated electronic absorption spectrum of SNS
with different number of repeating units.

ing SNS with 2, 5, and 20 unit cells with different combina-
tions of P, B, and Zr atoms. Doping was achieved by
replacing one Si atom at the center of the SNS by a dopant
atom, followed by full geometry optimization. The ener-
getic parameters for the optimized SNS are summarized
in Table S2 in supplementary material. On adding one P
or B atom the total number of electrons becomes odd,
which results in open shell calculations with two different
spins, o and B, for both HOMO and LUMO energy levels.
The direct band gap AE is taken as the minimum energy
difference between the LUMO and the HOMO, having
the same spin. It is worth mentioning that, if band gap is
calculated using different spins it will produce an optically
spin forbidden transition (dark excited state). As a general
trend, all the doped SNS have a smaller band gap and
higher dipole moment than pure SNS. Doping with either
P or B atom alone dramatically decreases the band gap
by approximately 27% or 18%, respectively. On the other
hand, doping with Zr decreases the band gap approxi-
mately by 70% relative to the intrinsic SNS. A double dop-
ing, with one P and one B atom together, slightly decreases
the band gap to about 90% relative to intrinsic SNS. The
band gap is seen to decrease with dopants in the following
order: B <P <BZr <PZr <Zr <BP < pure SNS, regard-
less of SNS length. Careful inspection of the energies of
HOMO and LUMO for B and P shows that a P atom low-
ers the band gap by introducing higher HOMO of « spin,
while in case of a B atom the lowering is due to an intro-
duction of lower LUMO with  spin (see supplementary
material Fig. S3). Doping with Zr adds a lower LUMO
without changing the orbital spin. On the other hand,
codoped B and P SNS shows almost a similar band gap
to pure silicon SNS. It is worth mentioning that as the dis-
tance between the B and P atoms increases, the band gap
decreases. This may shift the band gap of codoped B-P
SNS to be slightly lower than Zr doped SNS, but even
for the case when the distance between the atoms is rela-
tively large, the band gap remains higher than in case of
PZr doped SNS. The codoping with stoichiometric ratio
of B and P atoms results in full overlap between the

HOMO from P atom with the LUMO of B atom, resulting
in larger band gap compared to doping only with either B
or P.

The normalized electronic absorption spectrum calcu-
lated using TDDFT for pure as well as doped SNSs with
2 units are shown in Fig. 5. The normalized spectra is the
spectra from the G09 calculations divided by the number
of repeating units. The pure SNS shows only one peak at
approximately 260 nm. The addition of just one Zr atom
not only shifts this band to 330 nm, but also produces a
new band at about 410 nm relative to undoped SNS,
approximately in the visible spectrum. Doping with B
results in a similar effect, but the new band shows an even
more drastic shift to 600 nm.

In case of P, the spectra is very distorted with 4 major
peaks at 340 nm, 390 nm, 490 nm, and 560 nm. More
importantly, the spectra becomes significantly broad, and
shows that the SNS converts from an almost non-
absorber to a very significant absorber of visible light.

The spectra of ZrP and ZrB are quite similar to each
other since they are composed of 2 bands. In case of ZrP
the two bands are approximately at 400 nm and 500 nm,
while in case of ZrB they shift to higher wavelengths of
440 nm and 530 nm. A comparison of these numbers leads
to the conclusion that the first bands of ZrP and ZrB may
originate from Zr itself. The spectra of ZrB can be consid-
ered as additive spectra, where band originating from Zr at
410 nm mixes with band of B at 600 nm, to form a new
band at 530 nm. On the other hand, the spectra of ZrP is
not additive. The presence of P and B atoms together
diminish their individual effects to a great extent, resulting
in a spectrum that is much similar to undoped SNS, but
with two noticeable differences. The first is a small shift
of spectra to higher wavelength, while the second is a small
weak tail at 340 nm.

The effect of the distance between B and P on the
absorption spectra was also studied, where ‘PB’, ‘PBd’
and ‘PBd2’ shown in Fig. 5 refer to different optimized sep-
aration distances between P and B atoms of (2.06 A,
4.45A, 8.73 A) and (2.10 A, 4.47 A, 14.11 A) for 2 and 5
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Fig. 5. The normalized electronic absorption spectra of SNS with 2
repeating units having different dopant atoms.
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units, respectively. Our calculations show that the bonded
co-doped B and P SNS (i.e. the one having the smallest
possible separation between B and P) is more stable than
the case where B and P are separated by large distances,
by 9.5 and 12.2 kcal/mol for 2 and 5 units, respectively
(see supplementary material Tables S3 and S4). The energy
required to separate the B and P atoms increase with sepa-
ration distance, which explains why the separation energy
of the structure with 5-units is more than the case with 2
units. This data agrees with the recent study done by
Fukata et al. (2013) using molecular dynamics, which
reported that doping with both B and P leads eventually
to the formation of a B—P chemical bond that stabilizes
the doped atoms in the Si side, inhibiting its diffusion to
the SiO, layer. As a consequence of the band gap decrease
with increase of the distance between B and P, the main
absorption band shifts to higher wavelength. For bonded
co-doped B-P the spectra is very similar to undoped SNS.
On integrating the molar absorption coefficient in Fig. 5
in the visible wavelengths (400-700 nm), we obtain total
absorbance in visible region. The total absorbance for dif-
ferent dopants in decreasing order is: ZrB>P>B>
Zr > ZrP > intrinsic SNS. It is worth mentioning that a
very similar trend is observed in the case of 5 and 20 units
of SNS (see supplementary material Fig. S4). The normal-
ized molar absorptivity in Figs. 5 and S4 revealed two facts
with increasing the number of repeating units, the expected
bathochromic (red) shift due to quantum confinement effect
and surprisingly, hypochromic shift. This may indicate the
better efficiency of relatively smaller quantum dots over lar-
ger ones as light absorbers, which is experimentally
observed by Sheng et al. (2014), Borgstrom et al. (2005),
Greenman et al. (2013) and Sorokin et al. (2008).

4. Conclusions

In conclusion, the effects of the physical structure and
doping on the potential to tailor the optical response of sil-
icon nanostructures (SNSs) have been investigated. The
length of a SNS plays an important role in tailoring the
band gaps. The band gap is seen to decrease with SNS
length for the same diameter, until the length becomes
greater than 8§ times the diameter (where the number of
repeating units is larger than 18), at which point the band
gap becomes almost independent of length. TDDFT calcu-
lations show that the optical absorption band moves to
higher wavelength with an increase in SNS length, and
eventually become almost constant for long SNS. Further-
more, the appearance of more configurations in longer
SNS than the shorter ones leads to overlapped states in
S;. Photon with polarization along the length of SNS is
most effective in causing HOMO to LUMO excitation,
and the oscillator strength and molar absorptivity increase
quadratically for medium SNS (with units between 10 and
16 units), and then linearly for SNS larger than > 18 units.
The observed absorption spectra obtained by TDDFT
appear at slightly smaller wavelength than HOMO-

LUMO energy gap difference, and this difference can be
related to exciton binding energy. The exciton binding
energy dramatically decreases with the length. Results sug-
gest a higher optical absorption in longer SNS than in
shorter ones. The theoretical IR spectra showed that Si-
Si bond vibration appears at lower wave number than
Si-H bond vibration. This is due to the greater difference
in the reduced mass of Si-Si, which is 14 times more than
that of Si-H.

A significant optical effect is found in the case of
dopedSNSs. Here the absorption is found to move signifi-
cantly from the high frequency spectrum for intrinsic SNS,
to the visible spectrum for SNS doped with either P or B.
Furthermore, the absorption spectra and total absorption
can potentially be further tailored through single and dou-
ble doping of the SNSs. For example, the ratios of total
absorption of doped ZrB over doped ZrP 2 and 5 units cell
SNS are 3.6 and 4.4, respectively. On the other hand, the
same SNS are completely transparent in visible region for
both pure and PB doped SNS. This implies that a con-
trolled doping of small SNS may make them highly effi-
cient solar cell or other optoelectronic materials, adapted
for particular applications.
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