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Abstract: To investigate the mechanism of the photoluminescence from 
silicon nanostructures, we perform computer simulation using tight-
binding scheme and empirical pseudo-potential Hamiltonian. The optical 
and electron correlation effects on confinement and the influence of 
surface states on gap energy is studied for silicon quantum dots. We 
examined the variation of the band gap as a function of sizes of small 
silicon quantum dots with hydrogen and oxygen passivation at the surface 
(SinHm, and SinOm).  It is observed that the gap decreases with increasing 
dot size in pure clusters. Furthermore, the band gap increases on 
passivating the surface of the dot with hydrogen and oxygen respectively. 
Both quantum confinement and surface passivation determine the optical 
and electronic properties of silicon nanoclusters.  Further, the oxygen 
passivated surface possess a wider energy gap than the hydrogenated 
surface. The room temperature visible luminescence is due to radiative 
recombination of electrons and holes in quantum confined nanostructures 
in which the localized surface states play a pivotal role. The entire energy 
spectrum starting from the very low lying ground states to the very high 
lying excited states for silicon dots having 3 to 44 atoms per dot are 
computed. The role of surface states on the gap energy, HOMO-LUMO 
states as well as the effect of passivation on the confinement has also 
been examined.  The results are compared and in conformity with other 
model calculations and experimental observations.  

Keywords: Nanoclusters; Confinement; Passivation; Radiative 
Recombination; Pseudo-potential; HOMO-LUMO States. 
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1. Introduction 
 

The discovery of visible photoluminescence from silicon nanostructures 
has focused interest in these nanoclusters, as well as in small semiconductor 
particles1,2. The most exciting perspective is that light emitting devices 
based on this effect appear feasible within the well established silicon 
technology for optoelectronic applications. The knowledge of band 
structures for these nano-silicon structures is essential to understand the 
effect. In the last decade, substantial efforts have been made to examine 
whether silicon can become intrinsically a direct semiconductor in 
nanocrystalline clusters. It is established that quantum confinement can 
modify the energy gap such that visible luminescence is produced as 
observed3,4 experimentally.  

The quantum efficiency of such systems is increased to 1-10% as 
opposed to 10-4 % in bulk silicon. Efficient emission of visible light has 
been observed from the silicon nanostructure when exposed to ultraviolet 
light.  It has been surmised that these nanostructures and the porous form of 
the silicon have a direct band gap and emit light from violet to red 
depending upon the size of nanostructures. With a large surface-to-volume 
ratio in nano and porous structures, the surface effects become more 
pronounced. Surface effects as well as the quantum confinement effects 
control the optical and electronic properties of these materials. It is possible 
that the luminescence properties may be related to different silicon 
compounds such as a – Si:H, polysilane, SiHx, SinOm and surface defect 
states possessing a different mechanism from usual radiative recombination. 
There is an ambiguity whether the observed visible luminescence is due to 
quantum confinement or due to some extrinsic effect because of the 
presence of siloxene-like compounds5-8. 

In spite of intensive experimental and theoretical studies, no conclusive 
evidences has been given on the mechanism of the efficient light emission 
from porous silicon and related materials8-20. Many issues like size 
dependent oscillator strength, density of states, radiative recombination rate, 
absorption coefficient and dielectric function, and the influence of surface 
passivation on optical properties are still not clearly addressed. One of the 
explanations for the blue-shifted photoluminescence (PL) from porous 
silicon is that the microstructure consists of islands of isolated quantum dots 
each experiencing quantum confinement3. 

In this paper, we, therefore, investigated the effect of quantum 
confinement on the energy gap in silicon dots of different sizes and 
geometry as well as the role of hydrogen and oxygen passivation therein. 
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The dependence of energy gaps on the size and geometry of the silicon dots 
is examined in detail using two different calculations namely empirical 
pseudo-potential and non-orthogonalized tight-binding (NOTB) approach. 
Surface passivation of the dot with hydrogen and oxygen atoms is modeled 
through appropriate pseudo-potential5-9.  The TB parameters are also 
obtained with appropriate fitting to different structures following Liu et 
al11,20. The findings give a more detailed account for the variation of energy 
gap, and HOMO-LUMO states as a function of dots size as well as the role 
of hydrogen and oxygen passivation on surface. These results are utilized to 
examine how quantum confinement in silicon nanoclusters (quantum dots) 
can lead to symmetry allowed optical transitions across the gap with energy 
in the visible range. 

 

2. Methodology 
 

Empirical pseudo-potential plane wave theory is used to study the 
electronic and optical properties of spherical quantum dots having varying 
sizes from 3 to 44 atoms in the dot. Usually, a large number of plane-wave 
basis states are required to describe adequately the electronic wave functions 
of the silicon dots. Instead, we use the empirical pseudo-potential 
approximation, which allows the wave functions to be expanded using a 
much smaller number of plane-wave basis states (approximately 50 states 
per atom). It is known that most of the physical properties of solids are 
dependent on the valence electrons to a much greater extent than on the core 
electrons. This is exploited in the pseudo-potential approximation by 
removing the core electrons and by replacing them and the strong ionic 
potential by a weaker pseudo-potential that acts on a set of pseudo wave 
functions rather than the true valence wave functions8.  

The interest in the present work is to find the size dependence of the gap 
energy and the near band gap solutions i.e. the separation between the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) in the presence of hydrogen and oxygen at the 
surface of the dots. We then solved the effective single-particle Schrödinger 
equation for different sizes of the quantum dots.  

Following Wang and Zunger7-9 two different forms of the local pseudo-
potential for hydrogen and oxygen (in atomic units) are used.  An ideal un-
relaxed structure with Si-H bond distance of 1.487A and Si-O bond 
distance 1.693A is used for all the cases. We used two different values of 
cutoff energies (Ecutoff = 5 Ry and Ecutoff = 10 Ry) for the plane wave 
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expansion and the same cutoff is used for the potential energy too. We solve 
the effective single-particle Schrödinger equation 

 (1)                                         Ĥi   =    ii ,                      

for different sizes of the quantum dot.  

The NOTB method is very useful to investigate the emission spectra and 
the radiative recombination rate of the direct band-to-band recombination 
process. Before the optical effects are examined, it is necessary to look at 
the optical gap and density of states using tight-binding approach. Our 
method is based on realistic structure models and reliable calculation 
methods for electronic structures to make a quantitative comparison 
between theoretical results and experimental data. For starting structures, we 
adopt the continuous random network (CRN) of bulk a-Si generated by 
Barkema and Mousseau10. There are two important reasons to use tight-
binding model for our computation: (1) the computation speed to calculate 
the electronic states of each structure model is considerably high, (2) it can 
well describe the conduction band by evaluating the sum of square matrix 
elements between the conduction and valence states to examine optical 
properties. 

In tight-binding approach, we need to solve the following equation to 
determine the electronic structure: 

 (2)                             H Cλ = Eλ S Cλ,              

where Cλ is the column vector representing the coefficients of expansion of 
the wave function λ with the eigen-energy Eλ in terms of some localized 
basis set φiα. Here i refer to the atomic site and α the orbital at the site i. The 
Hamiltonian matrix elements H and the overlapping matrix elements S are 
defined as 

(3)                         Hiα, jβ = ∫ φiα (r) Ĥ φjβ (r) dr, 
            

(4)                                  Siα, jβ = ∫ φiα (r) φjβ (r) dr.          

On the other hand, in the semi-empirical non-orthogonalized TB approach, 
these matrix elements are treated as parameterized functions of Rij = Rj  - Ri 
with the relevant parameters fitted to experimental results and/or first 
principles calculations. 

The orbital energies used in the calculation are s(Si)=-13.55 eV, 
p(Si)=-6.52 eV, s(H)=-8.67 eV and s(O)=-10.54 eV. For the hydrogen 
passivated Si clusters, the parameters characterizing the Si-H interactions 
within the NOTB formulation were obtained by fitting to the bond length of 
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Si-H and the molecular orbital energy of SiH4. Similarly, for the oxygen 
passivated Si clusters, the parameters characterizing the Si-O interactions 
within the NOTB formulation were obtained by fitting to the bond length of 
Si-O and the molecular orbital energy of SiO2. 

The TB parameters are carefully chosen to include an appropriate 
number of atomic bases for the reliability of statistics11. We used the sp3d5s* 

TB scheme proposed by Jancu12 and others13,14. In case of amorphous Si 
nano-structures the surface dangling states are usually terminated in order to 
sweep out the surface states from the band gap. The full-geometry 
optimization of silicon nanoclusters of different sizes is necessary for the 
calculation of electronic density of states of stable configuration13-15. For the 
hydrogen and oxygen passivated Si clusters, the parameters characterizing 
the Si-H and Si-O interactions within the TB formulation are obtained by 
fitting to the bond length of Si-H and Si-O and the molecular orbital energy 
of SiH4 and SiO4. For complete understanding of the passivation, a local 
analysis of the electronic structure for the un-relaxed Si as well as the un-
relaxed SinHm clusters is carried out. 

The eigen-value equation (Eq-3) is used for the analysis. Within the 
framework of the TB treatment, the electronic density of states can be 
expressed as the TB Hamiltonian for this study is developed in a sp3 
framework. For the un-relaxed Sin cluster, there are 4n possible states. 
Subtracting n1 dangling bond states, there are 4n-n1=n2 states with half of 
them i.e. n2/2=n3 being the bonding states and the other half anti-bonding 
states. In the mean time, there are 4n valence electrons in Sin and they 
occupy the lowest 2n states. Out of these 2n states, n3 are the bonding states. 
This means that the remaining 2n-n3=n4 states must come from the n1 
dangling bond states, leaving the other n4 dangling bond states unoccupied. 

Three-dimensionally confined silicon particles have symmetry allowed 
optical transitions across the gap. It is important to mention that we consider 
nano-crystals that have small dimensions in all three directions called 
quantum dot. The intrinsic properties of such clusters are expected to be 
obtainable from the most symmetric class of such clusters, disregarding any 
lattice contractions. As an idealization, we consider spherical dots with no 
relaxation of the bulk lattice7. There are two kinds of such clusters with Td 
symmetry for silicon, one with a silicon atom at the center and the other 
with a tetrahedral interstitial at the center. Since our interest is in states 
around the band gap, saturation of all dangling bonds at the surface is 
essential; otherwise the gap would be completely masked by the dangling 
bond states. Saturation of the dangling bonds removes the corresponding 
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localized surface states from the energy range near the Fermi energy. 
Physically the dangling bonds would suppress the luminescence. 
 

 
3. Results and Discussions 

 
 

Figure 1 shows the variation of HOMO-LUMO gap energy as a function 
of number of atoms in the dots i.e. dot size using empirical pseudo-potential 
calculation. 

 
Fig.1 Size dependent gap energy using empirical pseudo potential 
calculation. Filled circles (bottom) for pure clusters (free surface), 
filled square (middle) for hydrogenated surface and Open Square 

(top) for oxygenated surface. 
 

  A three-atom dot with tetrahedral arrangements joined by a single bond 
without and with hydrogen at the surface gave an energy gap ~ 2.213 eV 
and ~ 2.270 eV respectively. However, in the presence of oxygen the gap 
increases to ~ 2.454 eV. As we passivated the surface of 3-atom dot with 
hydrogen i.e. Si3H6 and 5-atom dot with hydrogen i.e. Si5H12 and with 
oxygen i.e. Si5O8, the occupied number of level changes and the emerged 
value of the gap shows a change. The same happens for larger dots also.  

 Following a similar procedure, we examined all other dots without and 
with hydrogen and oxygen atoms at the surface. We found an energy gap ~ 
1.483 eV and ~ 1.566 eV for 44 atom dot without and with hydrogen 
respectively. The value of the gap energy increases due to surface 
passivation with oxygen to ~1.928 eV. There is continuous increment in gap 
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energy for other dots; with oxygen it’s more compared to that of hydrogen 
passivation. 

 The value of the gap energy as observed from the energy spectrum 
decreases as the size of the dot increases implying weaker confinement for 
larger sizes. As we increase the number of atoms in the dot and change its 
geometry, the degeneracy’s are increasingly lifted. This is because the 
grouping-up tendency of the energy levels in a single energy value becomes 
less (effect of de-confinement).  For smaller sizes the confinement is more 
and the degeneracy’s are also higher.  As we saturate the surface dangling 
bonds with hydrogen atoms, there is an enhancement of the gap energy ~ 
0.057 eV for 3 atom cluster and ~ 0.083 eV for 44 atom dot. On the other 
hand, if the saturation of the surface dangling bonds take place with oxygen 
atoms, there is an enhancement of the gap energy ~ 0.241 eV for 3 atom 
cluster and ~ 0.445 eV for 44 atom dot. The degeneracy’s are also lifted as 
the presence of hydrogen and oxygen at the surface imparts an interaction 
potential that acts as a perturbation. For relatively larger dot, due to sp2 and 
sp3 hybridization, de-localization of the electron is more and the energy 
spectrum is more non-degenerate. For smaller dots, this effect of de-
localization near the surface is less and hence the degeneracy’s are more 
pronounced.  

 We present the results of our simulation (Figure 1) for the variation of 
gap energy for different sizes of the dot without hydrogen-passivation (filled 
circles), with hydrogen-passivation (filled square) and with oxygen-
passivation (unfilled square). The gap energy increases as the number of 
atoms in the dot decreases that confirm the stronger confinement for the 
smaller sizes.  Higher gap with passivation is due to the localization of 
electron cloud arising from the sp3 hybridization of the silicon-dangling 
bond with the hydrogen atom and with oxygen atoms. These results are in 
conformity with the earlier observation4-9. 

 Figure 2 compares our results for the size dependent gap energy to 
the empirically fitted non-orthogonal tight-binding model where the dot 
without hydrogen-passivation (filled circles), with hydrogen-passivation 
(filled square) and with oxygen-passivation (unfilled square). In the NOTB 
estimate a three atom dot without and with hydrogen at the surface gave an 
energy gap ~ 2.312 eV and ~ 2.356 eV respectively. However, in the 
presence of oxygen the gap increases to ~ 2.541 eV. As we passivated the 
surface of 3-atom dot with hydrogen i.e. Si3H6 and 5-atom dot with 
hydrogen i.e. Si5H12 and with oxygen i.e. Si5O8 the occupied number of 
level changes and the emerged value of the gap also show a change.  
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Fig. 2: Size dependent energy gap from NOTB calculation. Filled 
circles (bottom) for pure clusters (free surface), filled square (middle) 
for hydrogenated surface and open square (top) for oxygenated 
surface. 

 

  Following a similar procedure, we examined all other dots of varying 
sizes without and with hydrogen and oxygen atoms at the surface. We found 
an energy gap ~ 1.672eV and ~ 1.773eV for 44-atom dot without and with 
hydrogen respectively. The value of the gap energy increases due to surface 
passivation with oxygen to ~2.025eV. There is continuous increment for 
other dots too and with oxygen, it is more compared to that of hydrogen 
passivation. It is also clear that the NOTB overestimates the gap energy 
compared to that of pseudo-potential calculation. 

The value of the NOTB based gap energy as observed from the energy 
spectrum decreases as the size of the dot increases implies weaker 
confinement for larger sizes in a similar way as that of pseudo-potential one. 
As we increase the number of atoms in the dot and change its geometry, the 
degeneracy’s are increasingly lifted. This is because the grouping-up 
tendency of the energy levels in a single energy value becomes less (effect 
of de-confinement).  It is observed that for smaller sizes, the confinement is 
more and the degeneracy’s are higher.  As we saturate the surface dangling 
bonds with hydrogen atoms, there is an enhancement of the gap energy ~ 
0.044eV for 3 atom cluster and ~ 0.101eV for 44 atom dot. On the other 
hand if the saturation of the surface dangling bonds take place with oxygen 
atoms, there is an enhancement of the gap energy ~ 0.229eV for 3 atom 
cluster and ~ 0.353eV for 44 atom dot. The degeneracy’s are also lifted 
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because the presence of hydrogen and oxygen at the surface imparts an 
interaction potential that acts as a perturbation. For relatively larger dot due 
to sp2 and sp3 hybridization de-localization of the electron is more and the 
energy spectrum is more non-degenerate. For smaller dots this effect of de-
localization near the surface is less and hence the degeneracy’s are more 
pronounced. 

 We further look at the optical properties by calculating the size 
dependent oscillator strength and absorption coefficient. To do this, we 
turned our attention to the wave function both for the low-lying states as 
well as the pair of states near the band gap (HOMO and LUMO states) for 
different sizes. We calculate the ground state as well as excited state wave 
function for all dots using periodic boundary conditions. The real part of the 
ground state wave function has very strong oscillation near the core region, 
is highly asymmetric and decays to a very small constant value beyond a 
critical distance equal to the size of the box. The imaginary part of the wave 
function oscillates and then rapidly goes to zero. We have calculated the 
wave function for the HOMO and LUMO states as a function of r. Both the 
bonding and the anti-bonding states show strong oscillation near the core 
region and are highly asymmetric. The wave function for the HOMO and 
LUMO states for 3 atoms dot with hydrogen and oxygen at the surface 
behaves in a different manner. For 5 atom and other higher clusters, the 
nature of oscillation of the wave functions are different from that of the 3 
atom cluster and clearly reflects the effect of geometry of the structure. This 
result is expected because the bonding and the anti-bonding states are 
having different symmetry and the effect of passivation is different for the 
two cases. The surface states contribute differently for the HOMO and 
LUMO states. The nature of oscillation of the wave functions for higher 
clusters are also different from that of the 3 and 5 atom cluster and clearly 
reflects the effect of geometry of the structure. The results show that the 
HOMO-LUMO states are localized and bulk-like instead of surface-like6, 9. 

 Optical transitions between the highest occupied and lowest unoccupied 
orbital are allowed in a cluster of sufficiently low symmetry with surface 
passivation. In the limit of bulk Si, such transitions are forbidden because of 
the indirect band gap. Only symmetry breaking by the phonons makes such 
transitions weakly allowed, which leads to the weak band-gap 
photoluminescence for bulk Si. One can ask how the dipole-allowed 
transitions for crystalline nanoclusters are compatible with the dipole 
forbidden transitions in a bulk silicon lattice. However, this is because of the 
periodicity, which leads to a k-selection rule. This renders the dipole matrix 
element from the valence-band top to any linear combination of conduction-
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band bottom orbital zero. One should expect that the oscillator strength keep 
on decreasing by increasing the cluster size. The same trend is retained even 
in the case of surface passivated cluster.  These results are in conformity 
with the density functional approach by Delley and Steigmeier17. The results 
on electronic structure of silicon nano-cluster show that visible 
photoluminescence for surface passivated clusters are possible due to the 
effect of quantum confinement and surface effect plays a significant role in 
optical properties of nanosilicon structures. 

 
4. Conclusion  

 
 

We have used two different methods viz. empirical pseudo-potential 
method and non-orthogonalized tight binding (NOTB) method to calculate 
electronic structure of silicon quantum dots of different sizes ranging from 3 
to 44 atoms to examine the quantum size effects on gap energy. In the 
present treatment, we neglect the role of multi-band coupling.  In both cases, 
results show that the gap energy increases as the size of the dot decreases 
implying the stronger confinement for smaller dots. The NOTB results 
differ from pseudo-potential values by a constant shift towards higher side. 
The result is in conformity with the earlier observation of Wang and 
Zunger9, Proot et al14, and others15-20. The most interesting and remarkable 
result is obtained for the HOMO-LUMO gap energy, oscillator strength and 
absorption coefficient as we vary the size of the dot. It is observed that the 
change in the energy gap, oscillator strength and absorption coefficient on 
passivation as a function of the dot size is more prominent for larger dots. 
The presence of hydrogen and oxygen lifts the degeneracy’s of the eigen-
value spectrum and results in an enhancement of the gap energies. The basic 
characteristics of the quantum dot wave functions pattern indicate that in all 
cases, the HOMO and LUMO states are localized in the interior of the 
quantum dot with zero amplitude on the surfaces. Wolkin et al16 found that 
the PL characteristics are determined by both quantum confinement and 
surface passivation, which determined by the electronic states of the silicon 
quantum dots.  Thus, from the results for the oscillator strength we conclude 
that finely structured silicon appears to be capable of showing a very high 
luminescence in the visible range, as observed experimentally. Finally, for 
nanoclusters, excitonic correlations only weakly influence oscillator 
strength, but shift the energy scale.  

 The above study indicates that the hydrogen and oxygen passivation 
contributes surface states near the gap to enhance the gap energy and hence 
the confinement which is in conformity with the experimental results. The 
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passivated surface states play an important role as far as the 
photoluminescence from finite size dots are concerned. The presence of O2 
kinetics during the preparation of the sample can greatly influence the gap 
energy of Si nanostructures. The enhancement of the gap also depends on 
the formation of Si-H, Si-O and SiO2 at the surface of the dot. This 
enhancement in the band gap may be due to new electronic states appear in 
the gap for smaller quantum dots when a Si=O bond is formed, is in good 
agreement with experiments.   

 Our results on the optical absorption strongly suggest that the photo-
generation of carriers occurs in the crystalline silicon core with the band gap 
modified by the quantum confinement effect, while the visible room 
temperature photoluminescence comes from the near-surface region of 
crystallites. This study shows that the radiative recombination in the near 
surface region causes the strong visible photoluminescence at room 
temperature as observed by others18,19.  The blue shift of the absorption edge 
strongly suggests that the quantum confinement effect plays a key role in the 
absorption process. This agrees with the experimental results18,19. It is clear 
that the properties of silicon nano-crystallites in the presence and hydrogen 
and oxygen at the surface are fundamentally different from those of pure 
silicon clusters in porous silicon as studied extensively by Daldosso et al19. 
Therefore, we conclude that the surface passivation in addition to quantum 
confinement effect plays active role in deciding optical properties of silicon 
nanostructures.  

Our results demonstrates the theoretical evidence that the emission 
energy of small spherical nano-crystallites with diameter ranging from 4 to 
45 A0  can be tuned in the visible range by controlling the sizes which is in 
qualitative agreement with the study of Nishio et al14-20. The quantitative 
nature of difference is due essentially to the use of the different TB 
parameters used by us. From these investigations, we assert that small size 
silicon quantum dots are promising candidates for visible, tunable and high 
quantum yield light-emitting devices as predicted by many experimental 
findings1,2,4,18,19.  
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