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Abstract: 

Quantum confinement effects on optical transitions in ensembles of nc-Si QDs in a-SiOx 

matrix has been evident by simultaneously considering the dielectric function dispersions 

obtained by optical modeling with spectroscopic ellipsometry, the absorption edge, and the 

photoluminescence peak. Diminution of the peak amplitude in the ε2-spectra for reducing 

diameter of nc-Si QDs could arise due to the disappearance of excitonic effects in the E1 

transition, while the peak broadening indicate an amplification of disorder in Si QDs. Energy 

blue shift happens to take place in an analogous fashion for all the characteristic parameters, on 

decreasing size of the nc-Si QDs for diameters in the range 6.5<d<2.0 nm. The band gap 

widening with the reduction of QD size is well supported by the first-principles calculations 

based on quantum confinement, while studies on the Stokes shift in the optical gap from the PL 

data could comprehend on the imperfect passivation of the surface defects on tiny nc-Si QDs. 

Low dimensional nc-Si QDs (~2 nm in diameter) assembled in large density (~2.3×1012 cm-2) 

embedded in a-SiOx matrix synthesized by spontaneous and low-temperature (300°C) RF plasma 

processing, compatible to CMOS technology, is highly conducive for device applications. 

Systematic changes in composition and characteristics, including the thickness, of the individual 

sub-layers of the nc-Si QD thin films can be comprehensively pursued through a nondestructive 

process by ellipsometric simulation which could, thereby, enormously contribute in the precise 

optimization of the deposition parameters suitable for specific device fabrication e.g., all-silicon 

tandem solar cells and light emitting diodes, using silicon nanotechnology. 

Keywords: nc-Si quantum dots, ellipsometry, optical modeling, wide band gap, 
quantum size effect. 
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1. Introduction: 

In recent years, nanocrystalline silicon quantum dots (nc-Si QDs) embedded in SiOx 

matrix have been widely studied for its use as the charge storage medium in non-volatile 

memory devices,1 in Si-based light emitting diodes (LED’s) for applications in optoelectronic 

devices,2 single electron devices,3 with the advantage of being compatible with the mainstream 

complementary metal oxide semiconductor (CMOS) process and in all-silicon tandem solar 

cells.4 The key issue in creating such structures is that the size, position, and density of the nc-Si 

QDs have to be precisely controlled. One of the significantly promising techniques to form such 

nc-Si QDs structures within SiOx matrix is the spontaneous plasma processing of He-diluted 

(SiH4 +CO2) gas mixture even at a low substrate temperature of 300°C, compatible for device 

fabrication.5,6 While efficient photoluminescence (PL)4,5,7,8 and electroluminescence (EL)9,10,11,12 

in nc-Si QDs embedded in a-SiOx matrix have demonstrated enormous device feasibility of the 

material including multi-colour light emitting devices13,14, it still remains necessary to accurately 

determine its dielectric functions and optical constants, in addition to the compositional and 

thickness characteristics of its different sub-layers, in order to perform reliable device modeling.   

In addition to theoretical calculations,15,16,17 a number of reports  are available on 

experimental studies on the dielectric properties of nanocrystalline silicon quantum dots once 

embedded in a dielectric medium, in particular. Recently, some simulation process based on 

fitting of the spectroscopic ellipsometry (SE)  data have been reported, involving various models 

e.g., Lorentz oscillator (LO) model,18 Forouhi-Bloomer (FB) model,19,20 Tauc-Lorentz-oscillator 

(TLO)21,22 model, etc. The BEMA model has been successfully employed to evaluate the 

structural composition characteristics of different sublayer configuration of nano-crystalline 

silicon thin films grown from H2-diluted SiH4 plasma in Hot-wire CVD, Ar-assisted SiH4 plasma 

and Ar-assisted H2-diluted SiH4 plasma in RF-PECVD.23,24 On the other hand, the TL model has 

been satisfactorily utilized in determining the size varying changes in the optical properties of Si-

ncs embedded in SiOx matrix, considering the Si:O  compositional characteristic of the dielectric 

matrix remaining unchanged.25,26 For thin film system where Si-ncs are embedded in amorphous 

SiC dielectric matrix, the chemical composition of which changes on sample to sample leading 

to consistent changes in the optical property of the amorphous component, the BEMA model 

accompanied by TL model for amorphous part has been successfully applied for each layer.27 
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The present work deals with a comprehensive study on nc-Si QDs embedded in a-SiOx matrix, 

by optical simulation of the ellipsometry data in the photon-energy range ~1.5–6.0 eV. The 

optical modeling of the complex system consisting of nc-Si QDs and the a-SiOx matrix has been 

done with the combination of Bruggmann effective medium (BEMA) approximation28,29,30 and 

Tauc-Lorentz oscillator (TLO) model31 to find out the changes in the compositional 

characteristics of the ensemble and various optical constants of the nc-Si QDs, in particular, 

which have been found to be strongly dependent on its size. In addition, a large widening of the 

optical gap with the reduction in the size of nc-Si QDs has been evaluated and correlated to the 

predictions of the quantum confinement theory. The spectroscopic ellipsometry analysis has been 

supported by high-resolution transmission electron microscopy (HRTEM) in determining the 

size, density and the distribution of the nc-Si QDs, Raman spectroscopy in estimating the 

crystalline volume fraction in the ensemble and photoluminescence measurements in evaluating 

the widening of optical gap and its Stokes shift, deviating from the quantum confined 

assessment. Ensuing analytical techniques and specific spectroscopic simulations could assist in 

precise optimization of thickness, composition and characteristics of individual sub-layer of the 

nc-Si QD in a-SiOx matrix thin film, and facilitate in efficient utilization of the material in the 

fabrication of devices. 

 

2. Experimental Details: 

The nc-Si QDs embedded in a-SiOx matrix was synthesized on Corning® Eagle2000TM 

glass substrates and on carbon coated Cu microscope grids (Pacific Grid-Tech, USA), in an 

indigenously developed PECVD reactor operating at 13.56 MHz. Films were grown from (SiH4 

+ CO2 + He) gas mixture at a fixed flow of SiH4 (1 SCCM), He (69 SCCM) and maintaining a 

very low CO2 flow of 0.08 SCCM, at a low substrate temperature (300ºC). Size, density and 

distribution of the Si-QDs in the films were controlled by varying the RF power from 140 to 220 

W in the plasma. 

Microstructural properties of the deposited films were investigated by high resolution 

transmission electron microscope (HRTEM) (JEOL JSM2010) studies on samples ~40 nm thick 

and deposited on carbon coated copper microscope grids. Raman measurements were performed 
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at room temperature in a backscattering geometry, using a 488 nm air-cooled Ar+ laser as an 

excitation source. The Raman spectra were obtained using a TRIAX 550 single monochromator 

with a charge coupled device as the detector. The room temperature photoluminescence 

measurement was performed using a He–Cd laser as the excitation source operating at 325 nm 

with an output power of 45 mW.  

Optical properties of the nc-Si QDs embedded in a-SiOx matrix were measured by a fixed 

angle of incidence spectroscopic ellipsometer (JobinYvon). Let us recall that ellipsometry is an 

optical method which measures, as a function of the photon energy, the complex reflectance ratio 

ρ: 

     ρ = ���� = tanΨe��     (1) 

where rp and rs are the reflection coefficients for a linearly polarized light with its polarization 

parallel and perpendicular to the incident plane and where ∆ and Ψ are the two ellipsometry 

angles. The experimental ellipsometry angles Ψ and ∆ are converted to the pseudo-dielectric 

function <ε>, for a single interface, using:32 

    < � >= Sin�Φ�1 + ��������� tan�Φ�   (2) 

where Φ is the incident angle. The pseudo-dielectric function <ε> characterizes the whole system 

comprised of air, film and the substrate that reflects the light and it reduces to the dielectric 

function ε of the material when the reflecting sample has an infinite thickness and a smooth 

surface. 

 

3.  Spectroscopic Ellipsometry Analysis Method: 

 

In the SE analysis, the ellipsometric angles Ψ and ∆ can be expressed as functions of the 

optical constants of the nc-Si QDs, although these functions cannot be displayed with analytical 

formulas due to their complexity. Based on these functions, a spectral fitting to the experimental 

data can yield the dielectric function and optical constants of the nc-Si QDs at various photon 

energies. In the spectral fitting, an appropriate optical dispersion model should be used to 
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describe the spectral dependence of dielectric functions and the optical constants of the nc-Si 

QDs. The dielectric functions of the nc-Si QDs and a-SiOx are modeled by Tauc-Lorentz-

oscillator (TLO) and Cauchy models, respectively. Kramers–Kronig consistent TLO model has 

been used for spectral fitting to parameterize the dielectric functions of nc-Si QDs.21,22 The 

imaginary part (ε2) of the dielectric functions in the TLO model31 has been accounted as the 

product of the Tauc joint density of states with a Lorentz oscillator 

 ε��E! = "0																																																		for	E	≤E(�
)

*)+,�)�)-!.�).�)+.!.�,.). for	E > E(    (3) 

where A is the amplitude of Lorentz oscillator, E0 is the peak transition energy, Eg is the band 

gap energy, and B is the broadening factor. The real part (ε1) of the dielectric function is then 

deduced by Kramers-Kronig integration of ε2 as: 

    ε��E! = ε��∞! + �
0 P2 34.�3!3.�).

56- dξ   (4) 

where P stands for the Cauchy principal part of the integral and ε1(∞) stands for the magnitude of 

ε1 at the infinity.  

As mentioned in our earlier work, the nc-Si quantum dots embedded in the a-SiOx matrix 

on the glass substrate can be considered with a three-layer structure comprised of: i) thin 

incubation layer immediately on the substrate surface, ii) bulk nanocrystalline layer with variable 

composition of amorphous, nanocrystalline, and void components and iii) thin layer representing 

surface roughness, possessing high void fraction.23,33
 Therefore, a five-phase model (substrate/ 

incubation layer/bulk layer/surface layers/air) was used in the analysis. Each sublayer can be 

optically schematized as an effective medium consisting of a-SiOx, the nc-Si QDs and voids; and 

its complex dielectric function can be calculated with an appropriate Bruggmann effective 

medium approximation (BEMA) as  

f9:-<�	=>? 4@A-BC	DE��)!�4FGG4@A-BC	DE���4FGG + fH-<�IJ 4K-BCLJ�)!�4FGG4K-BCLJ��4FGG + fMN�O? 4PQCR��)!�4FGG4PQCR���4FGG = 0 (5) 

where fnc-Si QDs, fa-SiOx and fvoids are the volume fraction of nc-Si QDs, a-SiOx and voids, 

respectively; εnc-Si QDs, εa-SiOx, εvoids and εeff are the dielectric function of nc-Si QDs, a-SiOx, voids 

and the effective medium, respectively. 

Page 5 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t
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The spectral fitting is carried out by freely varying the parameters of the models to 

minimize the following mean square error (MSE): 

   MSE	�χ�! = �
�U�V∑ [YZ[\]�YZ^_`aYZ^_`

Ubc� + dZ[\]�dZ^_`adZ^_` ]  (6) 

where N is the number of data points in the spectra, M is the number of variable parameters in 

the model, χ�	is the standard deviation on the experimental data points, ΨExp and ∆Exp are the 

measured values of the Ψ and ∆, while ΨCal and ∆Cal are the corresponding calculated values, 

respectively.32  

4.  Results: 

Transmission electron microscope (TEM) has been used to investigate the detail 

microstructural properties of the deposited films. Figure 1 represents the bright-field TEM 

images of samples prepared at different  RF powers, demonstrating the QDs as deep dark spots 

distributed over the network. The HRTEM images presented at the inset of each section show the 

crystalline planes within corresponding QDs and the associated histograms represent the size 
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Figure 1.  TEM micrograph of nc-Si QDs and the corresponding histogram, demonstrating their size 
distribution. The HRTEM images at the inset show the crystalline planes within each series of QDs. 
Graphical presentation on the variation of size and density of the QDs measured form TEM and the 

variation of Raman crystallinity with RF power applied to the plasma. 

distribution of the Si-QDs. In these histogram plots the relatively large size dots have been 

excluded because of their presence in extremely small numbers. The variations of the  size, 

density and distribution of the QDs with varying the RF power in the plasma have been 

presented graphically. The average size of the quantum dots reduces gradually from 6.5 nm to 2 

nm as the RF power varies from 140 to 220 W, while the density of QDs varies in a reverse 

manner. Among the present set of samples, the lowest  average size of QDs measured from the 

TEM micrographs is ~2 nm with corresponding FWHM of ~1 nm and the highest density of 

~2.3x1012 cm-2. The volume fraction of crystallinity (XC) has been estimated from the Raman 

studies for samples prepared at various RF powers, using typical spectroscopic analysis for 

nanocrystalline silicon films demonstrated in our earlier reportes.27,29 Figure 1 exhibits a nature 

of variation of the crystalline volume fraction similar to the nature of change in number density 

of the nc-Si QDs, while the former changes in a linear scale and the later in a logerithomic scale. 

Eventually it signifies that with the systematic increase in the applied RF power the crystallinity 

improves and most importantly, that contributes to nc-Si QDs of rapidly increasing number 

density but of gradually reduced dimension, which has significant impact in device application 

using silicon nanotechnology. 
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9 

 

Figure 2. Combination of TLO and BEMA optical modeling of the ellipsometry data, exhibiting good 
match with the experimentally obtained data points. 

In view of the above-mentioned accomplishment in obtaining nc-Si QDs of gradually 

reduced dimension, ~ 6.5 – 2 nm, with simultaneously enhanced number density, 1x1011 – 

2x1012 cm-2, from plasma processing at low substrate temperature conducive to device 

fabrication, detail understanding of the material’s inherent optical and dielectric characteristics 

appears essential for its efficient utilization in device modeling. Figure 2 shows the 

experimentally obtained ∆ and Ψ spectra of one of the typical samples prepared at P= 220 W and 

the simulated data obtained from the combination of TLO and BEMA optical modeling, based 

on the methodology described in the above section, that identifies an excellent spectral fitting 

over a wide energy range from 1.5 to 6.0 eV. The inset presents the modeling scheme applied to 

individual sub-layers of the thin film system. The detail ellipsometry fitting results, including the 

thickness of the different layers and their individual composition for all of the five samples have 

been presented in Table-I. The significantly small MSE (χ2) (0.4 < χ2 < 0.8) values ascertain the 

accuracy of the optical models employed and the goodness of fitting. 

Table– I  
Details of individual layer-thickness and percentage composition of different sublayers, obtained from 

fitting of ellipsometry data with the combination of TLO and BEMA optical model. 
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RF 
Power 

(W) 

Incubation 
Thickness 

(Å) 

Incubation 
Voids 

(%) 

Bulk 
Thickness 

(Å) 

Bulk 
Cryst 

(%) 

Bulk 
Voids 

(%) 

Surface 
Thickness 

(Å) 

Surface 
Cryst 

(%) 

Surface 
Voids 

(%) 

χ2 

140 180.4 26.7 6100.6 49.1 18.2 257.1 34. 4 29.2 0.69 

160 148.2 21.6 5840.5 52.3 15.6 171.2 40.7 25.3 0.72 

180 107.1 20.4 5544.6 57.7 12.8 146.5 44. 1 22.7 0.47 

200 87.9 17.7 6200.4 61.8 10.5 114.5 48.9 18.6 0.78 

220 65.8 14.1 5205.7 68.5 4.6 104.7 52.3 15.4 0.44 

The dielectric functions (ε1 and ε2) and optical constants (n and k) of the nc-Si QDs with 

various average sizes embedded in a-SiOx matrix, as extracted from the fitting of the ellipsometry 

data have been presented in Fig. 3 and Fig. 4, respectively. Similar functions and constants of 

bulk crystalline silicon and amorphous silicon are also included in those figures for comparison. 

It has been evident from Fig. 3 and Fig. 4 that the nc-Si QDs exhibit a significant suppression in 

the dielectric functions and optical constants with respect to bulk C-Si, and features a broadened 

peak structure analogous to that of a-Si.   
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1

Figure 3. (a) Real (ε1) and (b) imaginary (ε2) parts of the size dependent complex dielectric function of the 
nc-Si QDs, obtained from the spectral fittings. The dielectric functions of bulk crystalline and amorphous 

silicon are also included for comparison. 

 

  

Figure 4. (a) Refractive index (n) and (b) extinction coefficient (k) spectra of the nc-Si QDs of varying 
average sizes. The optical constants of bulk crystalline and amorphous silicon are also included for 

comparison. 

 
All the TLO model parameters including A, B, E0, Eg and ε1(∝) obtained from the 

simulation of the ellipsometry data are presented in Table-II. For comparison, the corresponding 

parameters obtained from the literature are also included in the Table-II. The TL parameters are 

in close agreement with those reported in Ref.22; however, a relatively high value of the 

parameter A and Eg compared to Ref.21 could be due to the higher density of the size-controlled 

nc-Si quantum dots accommodated in the matrix for the present set of samples.  
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Table - II 
TLO parameters (A, B, E0, ε1(∝) and Eg) extracted from simulation of the ellipsometry data and Eg (PL) 

estimated from PL data, for various sizes of nc-Si QDs. 

RF Power 
(W) 

QD-
Size 

d 
(nm) 

Oscillator 
Amplitude 

A 

Peak 
Transition 

Energy 
E0

 (eV) 

Broadening  
Parameter 

B 

Offset 
ε1(∝) 

Optical 
Gap 
Eg 

(eV) 

PL-Gap 
Eg(PL) 
(eV) 

220 2.0 231.84 4.14 2.18 5.33 2.41 2.24 

200 2.6 212.76 4.01 2.07 4.83 2.09 1.95 

180 3.0 200.79 3.89 2.06 4.72 1.82 1.73 

160 4.7 158.98 3.62 1.82 4.64 1.52 1.46 

140 

So et.al. 
(Ref.22) 

Cen et.al. 
(Ref.21) 

6.5 

3.0 

 
2–3 

120.00 

167 

 
123 

3.68 

4.13 

 
4.35 

1.52 

2.03 

 
2.25 

4.23 

– 

 

– 

1.37 

1.87 

 
1.50 

1.35 

– 

 

– 

The nc-Si QDs exhibit a significant increase in the band gap (Eg) with the reduction in the 

size of QDs compared to that of bulk C-Si, as shown in Table-II. The band gap values of the nc-

Si QDs, obtained from the TLO fit, increases from 1.37 to 2.41 eV as the average size of QDs 

reduced from 6.5 to 2 nm. The band-gap expansion for the nc-Si QDs is consistent with the blue 

shift of the (αhν)1/2 vs hν plot, as shown in Fig. 5, where α= 4πk/λ is the absorption coeffi- 

 
Figure 5. Plot of (αhν)1/2 versus photon energy (hν) for nc-Si QDs of varying sizes and bulk crystalline 

silicon. α denotes the absorption coefficient, calculated from α = 4πk/λ, where k is the extinction 
coefficient and λ is the wavelength. 
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cient corresponding to the photon energy hν, extracted from the TLO fitting of the ellipsometry 

data. The band gap of the films, obtained by extrapolating the linear portion in Tauc’s plot, 

varies from 1.39 to 2.45 eV.  

In order to get a different perception of the optical transitions taking place and to account 

for the influence of size of the nc-Si QDs, the photoluminescence response of the set of samples 

has been obtained. The normalized PL spectra shown in Fig. 6 demonstrate a prominent blue 

shift in its peak energy from 1.32 to 2.13 eV, as the average size of nc-Si QDs is reduced from 

6.5 to 2 nm. Qualitatively, such a trend is the most direct evidence of the quantum confinement 

effect occurring in  nc-Si QDs embedded in a dielectric matrix e.g., a-SiOx
5 or a-SiNx

34. In 

addition, the changes in the Eg values of TLO model are consistent with the shift of the peak of 

the PL spectra of the nc-Si QDs in a-SiOx matrix. 

400 500 600 700 800 900 1000 1100

 

 

N
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Figure 6. Normalized photoluminescence spectra of nc-Si QDs in a-SiOx matrix with various sizes of the 

QDs, exhibiting blue shift of the PL peak on gradual miniaturization of the QDs. 
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5. Discussion: 

It appears from the plot in Fig. 1 that the average size of nc-Si QDs, estimated from 

TEM, reduces from 6.5 to 2.0 nm while the crystalline fraction, calculated from the Raman 

analysis, increases from 50.2 to 63.0%, as the RF power varies from 140 to 220 W. Similar 

variations of the crystalline fraction in the bulk layer, from 49.1 to 68.5%, along with 

simultaneous lowering in its void density from ~18 to 4% has been estimated from the fitting of 

the ellipsometry data as presented in Table-I. While the bulk thickness remains sufficiently high, 

~5,200–6,100 Å, the incubation layer systematically shrinks in thickness from ~180 to 65 Å and 

its void density reduces from ~26 to 14%. Similar improvement in the surface layer in terms of 

shrinkage in thickness from ~257 to 104 Å along with increase in crystallinity from ~34 to 52% 

and reduction in void density from ~29 to 15% have been extracted from the simulation of the 

ellipsometry data. Considering the remarkably low magnitude of the fitting parameter χ2, it could 

be inferred that the ellipsometric simulation provides a reliable comprehension on the systematic 

improvement of all the individual layers of the thin films comprised of nc-Si QDs embedded in 

a-SiOx matrix, as a consequence of gradual increase in the applied RF power to the interacting 

plasma in RF glow discharge. In addition, simultaneous miniaturization of nc-Si QDs with 

number density in abundance, makes the material extremely suitable for devices. 

The crystallization process in this He-diluted (SiH4 +CO2) plasma system could be 

typically controlled by the energy transfer to the growth-zone through the bombardment of 

ionized He+ (24 eV) and metastable He* (20 eV) from the plasma,35,36 which is substantially 

analogeous with the energy transfer mechanism by atomic-H that prevails in H2-diluted 

plasma.37,38
 The formation energy of He* being lower than that of ionized He+, the effect of the 

bombardment of He* becomes more important at low RF power. In addition, excited atoms of 

He* arrive at the growing film surface only at thermal velocities which are much less than the 

impingement velocity of He+ ions. In comparison with the energy transferred by He+ this process 

is much softer. Strain minimization within the primarily amorphous matrix through energy 

transfer by de-excitation of He* at the growth zone helps forming nucleation centers. At elevated 

RF power, both He* and He+ become reactive and those are produced at larger concentrations as 

well. Additional energy transfer, at higher power, helps growing nucleation centers in 

abundance, thereby providing increasing number density of silicon nanocrystallites within the 
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network. As a result, the overall crystalline volume fraction in the network increases. However, 

the effective precursors for crystalline growth, in particular, get statistically distributed over large 

density of nucleation centers. Moreover, continuously increasing flux of the growth precursors at 

higher RF power, although ensures higher growth rate of the material, provides lesser available 

time for needful development of the crystallites and terminates the growth of individual 

crystallites before maturity. Consequently, fabrication of tiny Si-nanocrystallites in quantum dot 

configuration (nc-Si QDs) with diameter 2 nm, assembled in large density 2.3×1012 cm-2, has 

been made possible by controlling the RF power at 220 W, applied to the He-diluted (SiH4 + 

CO2) plasma. 

The dielectric functions of the material are closely related to its electronic band structure 

which is often described by the joint density of states (JDOS). The critical points generally 

noticed in the spectra of the dielectric functions of the crystalline material are considered to be 

originated from the singularities in the JDOS.39 Fig. 3 and Fig. 4 demonstrate that the dielectric 

functions and the optical constants of the samples with different size of nc-Si QDs exhibit a 

similar nature that resembles the spectral feature of amorphous silicon, both in real and 

imaginary parts. The size of nc-Si QDs has a significant influence on both the magnitude and 

shape of the spectra for the dielectric functions and the optical constants. As the QDs are reduced 

in size, a noticeable decrease in the intensity and blue-shift in the peak energy with respect to 

both C-Si and a-Si features happens to take place for both the spectra of the dielectric functions 

and the optical constants. Particularly looking at the ε2-spectra in Fig. 3(b), it can be noticed that 

for the QDs of average size ~6.5 nm, the peak of the ε2-spectrum lies somewhere in between the 

two critical points E1~ 3.4 eV and E2 ~ 4.3 eV of bulk C-Si.22,40,41 As the size of Si QDs is 

gradually reduced to ~ 2 nm, the transition energy associated with this peak systematically blue 

shifts and approaches towards the E2 of C-Si. Following the systematic changes in the ε2-spectra 

it appears that for reducing diameter of nc-Si QDs the peak amplitude diminishes, the 

distribution becomes broadened and the peak position blue-shifts in energy. The diminution 

could be interpreted as a disappearance of the excitonic effects in the E1 transition, the peak 

broadening may indicate an amplification of disorder in the Si QDs, while the blue shift of the 

transition energy associated with this peak towards E2 of C-Si may be interpreted as a 

consequence of band gap expansion due to quantum size effects.22,42 Such behaviors of ε2 for nc-

Si QDs have been reported by other groups, both theoretically43,44 and experimentally21,22,45. 
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The increase in the parameter B that generally describes the broadening of the ε2 peak and 

is related to the disorder in the material indicates that systematic miniaturization of the nc-Si 

QDs induces intrinsic disorder into the system during growth, which probably accounts from the 

increased grain boundary defects that is intrinsic to the size reduction. The parameter A is larger 

for a smaller effective mass in the TL model.31 Hence, smaller size Si-QDs seem to possess 

smaller effective mass because of their associated larger magnitude of the A parameter. This 

could be attributed to the increased oxygenation of the a-SiOx matrix surrounding the nc-Si QDs 

and the associated enhanced Si–O to Si–Si ration in the network, as the Si–Si dipoles have a 

larger effective mass than the Si–O dipoles. At higher applied RF power to the He-diluted SiH4 

plasma, the terminal H atoms are replaced by bridging O atoms in the Si-network and the 

enhanced oxide barrier at the neighboring medium around the Si nanocluster induces 

miniaturization of the nc-Si QDs dimension.6 

The band gap widening and its dependence on the size of nc-Si QDs have been 

demonstrated by some theoretical calculations based on quantum confinement on such system 

and that yields a relation:5,46,47,48 

   E(�g! = E(h + q/d9     (7) 

where d is the size of the nc-Si QDs in nm, Eg(d) is the band gap in eV of the  

nc-Si QDs, Eg0 is the band gap of bulk C-Si at room temperature. The widening of band gap 

estimated via the TL parameterization and PL measurements discussed above have been plotted 

in Fig. 7 and the best fit of those individual data to the theoretical equation above, results in two 

different sets of factors: Eg0= 1.15 eV, q= 3.72, n=1.52 and Eg0= 1.15 eV, q= 3.08, n=1.46 which 

are in adequate proximity. Thus, the band gap obtained in this work is in good agreement with 

the first-principle calculation of the optical gap of silicon nanocrystals based on quantum 

confinement,46,49 while the exponent (n) of the size dependence closely resembles other 

experimental reports.16,50  
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Fig. 7: Band gap expansion of the nc-Si QDs as a function of their average physical dimension. 

However, the band gap obtained from the TLO fitting of the ellipsometry data is 

relatively high compared to the same from PL measurement, as shown in the Fig 7. This is 

basically due to the Stokes shift of the nc-Si QDs.51 It is more prominent in the lower size dots. 

Imperfect surface passivation leads to the surface defects which have relatively enhanced effect 

over the reduced bulk of the lower size dots, thereby more prominently hindering the effect due 

to quantum confinement. Ultimately, we observed a stokes shift more vibrant in the miniaturized 

quantum dots. Further improvement of the material by extended passivation of the surface 

defects could lead to enhanced functional confinement effects for efficient optoelectronic 

applications of the high density tiny nc-Si QDs in devices.  

Silicon nanostructures have stimulated the photonic research by its possibility of light 

emission with tunable energy and usable efficiency at room temperature in spite of having the 

indirect nature of its fundamental gap. Accordingly, it is crucial to explore the physical effects of 

reduced dimensionality on the electronic band structure of Si. In this study a set of samples with 

nc-Si QDs embedded in a-SiOx matrix have been investigated systematically, following their 

changes in the absolute magnitude of the optical constants and the dielectric indices and their 

spectral dependence as a function of the nc-Si QD diameters between 6.5 and 2.0 nm, which 

turns out to be a size range where quite large changes are detected. 
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In order to account for the QC effect beyond the band gap in nc-Si QDs, the separation 

between the energies corresponding to PL peak and the absorption edge is interesting, 

particularly when those may vary commonly as expected from the simplest models of QC,52 or 

the PL may be much less sensitive to the QC when surface states are involved.53 PL may occur 

due to either one of these mechanisms in some Si nanocrystals from systems of nc-Si/a-SiOx 

composites.54 Let us now discuss on the correlation between the optical band gap and the PL 

peak energy. There is an intensive debate both on the strong PL (in spite of the weak oscillator 

strength)55 and on the unusually large Stokes shift.56 In particular, we note that whereas a large 

Stokes shift was reported in many studies, only feeble shifts are realized in the present case.  

Basically, three classes of thoughts are available. Firstly, it is assumed that the dissipation 

of the energy of the excited carriers is by optical-phonon emission, that is followed by a radiative 

transition of the rest of its energy.54 Secondly, it is suggested that the radiative transition is from 

the band edges to a surface state at the Si/SiO2 encapsulating shell of the crystallites.56,57 In the 

third kind, it is considered that the excitation itself causes a variation in the local configuration 

such that the energy allied with the transition is smaller than that associated with the 

absorption.58,59 Another school of thoughts considers a common conduction band for absorption 

and emission, while the radiative PL transition takes place from the conduction band to an 

intermediate level of valence band which is different from the level involved in the absorption 

processes for which there is no environmental effects.25,60 In addition, common conduction band 

energy level shifts as expected from the QC models while valence band energy level hardly 

varies for the shrinkage in the size of the nanocrystals. The electrons excited to the conduction 

band dissipate the excess energy by optical phonons that excite the vibronic Si–O surface states 

around the Si-ncs. This enhanced surface vibration couples with the valence band such that the 

Si–O configuration is changed at the surface of the Si-ncs, on the one hand, and result in the 

suppression of the nonradiative processes (i.e., the phonon emission) associated with the holes, 

on the other hand. The effect of vibronic Si–O surface states around the Si-ncs seems to be more 

prominent for smaller nanocrystals because of the enhanced oxide barrier, due to the inclusion of 

oxygen in abundance, at the neighboring a-SiOx medium around the miniaturized nc-Si QDs 

dimension.6 The high PL intensity, the well-known sensitivity of the PL behavior to the 

oxidation state of the surface,54 and the larger Stokes shift for smaller NCs are consistent with 

this picture.25 
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 6.  Conclusion 

Nanocrystalline silicon quantum dots (nc-Si QDs)  of controlled sizes embedded in  

a-SiOx matrix have been synthesized by spontaneous plasma processing of He-diluted (SiH4 + 

CO2) gas mixture at a low substrate temperature of 300°C, compatible for device manufacturing. 

Efficient energy transfer at higher power helps growing nucleation centers in abundance, thereby 

providing increasing number density of silicon nanocrystallites and consequently, enhanced 

crystalline volume fraction. Statistical distribution of the effective precursors for crystalline 

growth over large density of nucleation centers and simultaneous inadequate time available for 

the needful development of crystallites due to elevated flux of precursors, together induce 

termination of growth of the individual crystallites before maturity, although ensuring higher 

growth rate of the material. Consequently, tiny Si-nanocrystallites (~2 nm in diameter) in 

quantum dot configuration (nc-Si QDs) have been assembled in large density (~2.3×1012 cm-2) in 

elevated crystalline network, which do possess promising applications in devices. 

Size dependent optical constants and dielectric functions of the nc-Si QDs, including the 

compositional variations and thickness of different sub-layers in the thin films of nc-Si QDs 

embedded in a-SiOx matrix have been obtained by proper spectroscopic simulation of the 

ellipsometry data in the energy range of 1.5–6.0 eV, using combination of Bruggmann effective 

medium approximation (BEMA) and Tauc-Lorentz oscillator dispersion model. The nc-Si QDs, 

in general, exhibit a significant suppression in the dielectric functions and optical constants with 

respect to bulk C-Si, and features a broadened peak structure analogous to that of a-Si. As the 

QDs are reduced in size, a gradual decrease in the intensity and blue-shift in the peak energy 

with respect to both C-Si and a-Si features happens to take place in case of both the spectra for 

the dielectric functions and the optical constants. The diminution could be interpreted as a 

disappearance of the excitonic effects in the E1 transition, the peak broadening may indicate an 

amplification of disorder in the Si QDs, while the blue shift of the transition energy associated 

with this peak towards E2 of C-Si may be interpreted as a consequence of band gap expansion 

due to quantum size effects. A systematic widening in the band gap of the nc-Si QDs with the 

reduction in its size has been identified both from TLO parameters obtained by simulation and 

Tauc’s plot to the TLO fitted ellipsometry data, and photoluminescence measurements as well, 

which are in excellent agreement with the predictions of first-principles calculations based on 

quantum confinement. 
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Proper simulation of the ellipsometry data provides a reliable comprehension on the 

systematic changes in composition and characteristics, including the thickness, of all the 

individual sub-layers viz., the incubation layer, the bulk layer and the surface over-layer of the 

thin films, comprised of nc-Si QDs embedded in a-SiOx matrix, grown by controlled variations 

of the deposition parameters. The dielectric functions of the crystalline material are closely 

related to the electronic band structure of the material. Ellipsometric model parameters obtained 

from simulation could provide explicit perception on various optical constants, e.g., refractive 

index, optical band gap, etc. Studies on the Stokes shift in the optical gap from the PL data could 

comprehend on the imperfect passivation of the surface defects on tiny nc-Si QDs. Altogether; 

ellipsometric simulation could enormously facilitate in the precise optimization of the deposition 

parameters to tune the optical and compositional characteristics of nc-Si QD thin films, suitable 

for specific device fabrications e.g., all-silicon tandem solar cells and light emitting diodes, using 

silicon nanotechnology. 
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Graphical Abstract 

Energy blue shift due to quantum confinement effects in tiny nc-Si QDs  

accompanied by larger Stokes shifts in PL at smaller dimensions. 
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