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a  b  s  t  r  a  c  t

In this  study,  the optical  properties  of  silicon  quantum  dot  as a  function  of particle  size  were
calculated  and  investigated.  The antireflection  coating  performance  for the spectrum  range
of 300–400  nm was  designed  and  optimized  using  MATLAB  version  7.11.  Results  show  that
the reflectivity  of  surface  decreases  from  30.2%  to 0.4003%  when  the  size  of  bulk  silicon
particle  decreases  from  40  nm to  2.2  nm.  Moreover,  the reflectivity  of  the  designed  single-
layer (Air/Nano  Si/Si  bulk)  is 0.2443%  at  the  incident  angle  of  0◦ with  wavelength  of  350  nm
and particle  size  of  2.6  nm.  For  the  designed  (Air/Nano  Si/Al2O3), reflectivity  is 1.3272%
at  the  incident  angle  of 0◦ with  wavelength  of  350  nm  and  particle  size of 2.4  nm.  Silicon
quantum  dot  is an  excellent  antireflection  coating  against  incident  light  when  compared
with  other  antireflection  coatings.  This  material  also  exhibits  good  light  trapping  of  wide
wavelength  spectrum  and  can  thus  be  used  in producing  high-efficiency  devices.

©  2017  Published  by Elsevier  GmbH.

1. Introduction

Nanostructures can be used in modifying the electronic properties of many nanoscale devices. The electrons in bulk
materials can move in three directions. Meanwhile, the properties of electrons in nanostructures can be determined by the
effects of quantum confinement. The nanostructures that are designed with two-dimensional, one-dimensional, and zero-
dimensional electron motion are called quantum wells, quantum wires, and quantum dots. These impressive examples of
manipulating the properties of the current-carrying particles fundamentally illustrate new possibilities for electronics that
become viable at the nanoscale [1].

Semiconductor quantum dots are essentially tiny zero-dimensional crystals with size in the order of nanometers [2] and
interactions similar to those of bulk semiconductor materials. Their electronic and optical properties are closely related
to the size and shape of the individual crystal. Quantum dots are advantageous in that their size can be easily tuned for
many applications. Large quantum dots present more significant spectrum shift toward the red direction and exhibit less

pronounced quantum properties compared with small dots. Conversely, small particles result in subtle quantum effects
[3]. Small crystal size generally generates large band gap energy. When the difference in energy is significant between the
highest valence band and the lowest conduction band, much energy is needed to excite the dot and the crystal returns to
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ts ground state [4]. Quantum dots also exhibit large quantum yield (i.e., percentage of the absorbed photons from emitted
hotons) and are thus being studied for use in effective solar cells [5].

The present work aims to study and calculate the change in optical properties of silicon as a function of particle size,
nd design and optimize the antireflection coating performance for the spectrum range of 300–400 nm.  The novelty and
otivation of our work is to study of ultraviolet radiation range of incident light with wavelength between (300nm–400 nm)
hich utilized in space applications not just for earth applications.

. Theoretical basis

.1. Brus equation

When the sizes (Ps = 2R) of the nanoparticles become comparable to or smaller than the Bohr exciton radius (�B), a
uantum confinement effect is expected from these particles. In these materials, the electrons are confined in three directions
nd become the optical properties of material associated with particle size. Such a system is called a zero-dimensional system,
hich is evident in quantum dots [1,6]. The Bohr radius is given by

�B = 4�ε 2

e2

[
1
m∗
e

+ 1
m∗
h

]
, (1)

here ε is the dielectric constant. me* and mh* are the effective masses of electrons and holes, respectively.
Different theoretical models can be used in understanding the variation in band gap with particle size; the most commonly

sed method is effective mass approximation (EMA), in which the variation in excitation energy with particle size is predicted
or estimating the crystalline size [7]. In the present study, the EMA  model was  used in estimating the particle size.

According to the EMA  model, the lowest excited state of crystallite is the ground state of an electron hole pair. The ground
tate energy of exciton or the increase in effective band gap as a function of crystalline size is given by [8]:

Enano
g (R) = Ebulk

g +
2�2

2R2
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e

+ 1
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h

]
− 1.786e2

εR
, (2)

here Enano
g (R) is the effective bandgap, Ebulk

g is the bulk bandgap, and R is the radius of the particles. The second term on
he right hand side shows that the effective band gap is inversely proportional to R2 and increases as size decreases. The
hird term shows that the band gap energy decreases with the decrease in R because of the increase in Columbic interaction
orce. However, given that the second term becomes dominant with small R, the effective band gap is expected to increase

ith the decrease in R, especially when R is small. The Columbic interaction force is typically small compared with quantum
onfinement. The third term is much smaller than the first term. Therefore, these terms can be neglected. Thus, the equation
ay  be expressed as [4]:

Enano
g (R) = Ebulk

g +
2�2

2R2

[
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e

+ 1
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h

]
(3)

.2. Refractive index and energy band

Refractive index is closely related to the energy band structure of the material; many attempts have been made to relate
efractive index and energy gap (Eg) through simple relationships [9–14]. However, these relationships of n are independent
f temperature and incident photon energy. In [14], the various relationships between n and Eg are reviewed. Different
elationships are also suggested between the band gap and the high-frequency refractive index, and a linear form of n as is
resented as a function of Eg:

n =  ̨ + ˇEg, (4)

here � = 4.048&  ̌ = −0.62 eV−1

Considering the simple physics of light refraction and dispersion, an empirical relationship is proposed as [15]

n = 1 +

√(
A

Eg + B

)2

(5)

here A = 13.6 eV and B = 3.4 eV [16]. Another approach for solving the problem is through considering the band structural
nd quantum–dielectric formulations [17,18]. By introducing A as the contribution from the valence electrons and B as a
onstant additive to the lowest band gap Eg , the expression for the high-frequency refractive index is written as
n2 − 1 = A(
Eg + B

)2
, (6)

here A = 25Eg + 212, B = 0.21Eg + 4.25, and (Eg + B) refers to an appropriate average energy gap of material.
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2.3. Characteristic matrix

The amplitude of the reflected wave at the interface between the substrate and the incident media is proportional to the
Fresnel amplitude reflection coefficient r [19]:

r = �◦ − �1

�◦ + �1
, (7)

where �◦ is the optical admittance or the effective refractive index of the incident medium and �1 is the refractive index of
the substrate.The reflectance R is given by [20]

R = rr∗ =
(
�◦ − �1

�◦ + �1

)  (
�◦ − �1

�◦ + �1

)∗
(8)

When plane electromagnetic wave is normal incident to the surface, the optical admittance is equal to the refractive
index n if the reflectance R is given as

R =
(
n◦ − n1

n◦ + n1

)2
(9)

Meanwhile, at oblique incidence,

�p = n/cos�, (10)

�s = ncos�, (11)

Where, �p is the optical admittance for P-Polarization and �sis the optical admittance for S-Polarization.
For a system consisting of one layer of thin film on substrate, the characteristic matrix is given by[

B

C

]
=

[
cosı isinı/�1

i�1 sinı cosı

][
1

�sub

]
. (12)

For a system consisting of several layers (q), the characteristic matrix is given by [21][
1

Y

]
=

{
q∏
r=1

[
cosır isinır/�r

i�rsinır cosır

]}[
1

�sub

]
. (13)

The square matrix (2 × 2) on the right hand side describes the characteristics of each film and the angle of incidence and
polarization pattern.

Where, ır = 2�nrdrcos �r/�
nrdr: optical thickness for layer.
A useful property of the characteristic matrix of thin film is that the determinant is in unity. Therefore, the determinant

of the product of any number of these matrices is also in unity. The multilayer can be replaced by a single surface, which
presents an input optical admittance (Y = B/C). Eq. (13) includes all information for assembly of multilayer, and reflectivity
and transmittance can be obtained for oblique incident of wave from the following equation [20]:

R =
(
�◦B − C

�◦B + C

)  (
�◦B − C

�◦B + C

)∗
. (14)

T = 4�◦Re (�sub)
(�◦B + C) (�◦B + C)∗ . (15)

3. Results and discussion

Acomputer program using MATLAB version7.11was design for studying and calculatingthe change in optical properties
of silicon as a function of particle size.The program was  also used fordesigning and optimizing the antireflection coating
performance for the spectrum range of 300–400 nm. The programming is based on the using of Matlab to construct a set of
mathematical functions that are used to calculate the optical properties of the designs as function of the coating material
particle size and the wavelength of the incident light respectively. The programs set up are based on several Eqs. (3), (4), (8)
and (13). Eq. (4) was adopted because it achieved good agreement with the experimental work by (Asmiet Ramizy et al.)
[22]. By using these equations the optical characteristics of the design calculated according to the input data such as, Layers
No, refractive indices for base and coatings material, incident angle, electron and hole Effective mass and energy gap for the

optical coatings materials are used. Figs. 1 and 2 was illustrated the coatings that were designed in this study.

Figs. 3–6 show the change in optical properties of silicon as a function of particle size. The optical properties of silicon are
affected by the decrease in particle size. Specifically, when particle size approaches to the Bohr exaction radius (˛B = 4.3 nm),
the energy gap increases but refractive index and reflectivity decrease. This result is due to the effect of quantum confinement.
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Fig. 1. (A) (Air/Si bulk), refractive index for the air (no = 1), refractive index for substrate (n1 = 3.44). (B) (Air/Nano Si),refractive index of the air (no = 1),
�o = 350 nm,  L = 0.25�o. (C) (Air/Nano Si/Si bulk),refractive index of the air (no = 1), refractive index for substrate (n1 = 3.44),PsnanoSi = 2.6 nm,  �o = 350 nm,
L  = 0.25�o.

Fig. 2. (A) (Air/Al2O3), refractive index for the air (no = 1), refractive index of substrate (n1 = 1.76). (B) (Air/Nano Si/Al2O3),refractive index of the air (no = 1),
refractive index of substrate (n1 = 3.44), PsnanoSi = 2.6 nm,  �o = 350 nm,  L = 0.25�o.

Fig. 3. Reflectance as a function of particle size of silicon from air, at incident angle (� = 0◦) and (� = 45◦).
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Fig. 4. Reflectance as a function of refractive index of silicon from air, at incident angle (� = 0◦) and (� = 45◦).

Fig. 5. Reflectance as a function of energy gap of silicon from air, at incident angle (� = 0◦) and (� = 45◦).

Fig. 6. Refractive index and the energy gap as a function of particle size of silicon from air.
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Fig. 7. Reflectance as a function of particle size of the design (Air/Nano Si/Si bulk), nsub = 3.44, at �o=350 nm,  L = 0.25�o, at incident angle (� = 0◦) and (� = 45◦).

Fig. 8. Reflectance as a function of refractive index of the design (Air/Nano Si/Si bulk), nsub = 3.44, at �o = 350 nm, L = 0.25�o, at incident angle (� = 0◦) and
(�  = 45◦).

F
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ig. 9. Reflectance as a function of energy gap of the design (Air/Nano Si/Si bulk), nsub = 3.44, at �o = 350 nm,  L = 0.25�o, at incident angle (� = 0◦) and (� = 45◦).
hen particle size (Ps = 2R) is equal or smaller than the Bohr exciton radius, the effect of quantum confinement increases
ramatically, there by significantly decreasing reflectivity and refractive index of material [22,23].

Figs. 7–9 show the optical properties of the designed antireflection layer (Air/Nano Si/Si bulk) as a function of particle
ize.The reflectivity of Si bulk is 28.1%when particle size is in the range of 20–40 nm.  This result agrees with that of other
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Fig. 10. Reflectance as a function of wavelength for design (Air/Nano Si/Si bulk), PsnanoSi = 2.6 nm,  nsub = 3.44, L = 0.25�o, �o = 350 nm,  at incident angle
(�  = 0◦) and (� = 45◦).

experimental investigation [22]. The refractive index of the silicon antireflection coating is approaches to silicon substrate
refractive index as showed in inset graph in Fig. 7. Thus,the reflectivity of this designed layer is equal to the reflectivity
of silicon bulk, however, when the particle size of coating approaches to the Bohr exciton radius, the effect of quantum
confinement shows a decrease in reflectivity to 25.7% at the incident angle of 0◦ with wavelength of 350 nm and particle
size of 10 nm.

The decline in the value of reflectivity with low particle size of coating increases significantly when particle size is equal
or smaller than the Bohr exciton radius. The minimum reflectivity is 0.244% when the partial size of coating is 2.6 nm.  This
finding indicates that the particles are confined in low dimension, and the probability of recombination of electrons and holes
is high in low-dimensional structures. Accordingly, the structures exhibit high-emission efficiency because of the effects of
quantum confinement [24]. Therefore, the silicon with nanoparticle size of 2.6 nm and thickness of a quarter waves can
be used as an antireflection coating performance for the spectrum range of 300–400 nm.  When the particle size of coating
become smaller than 2.6 nm,  refractive index decreases dramatically and approaches to the refractive index of air. Moreover,
its effect on the reflectivity of the designed layer is low or negligible, thereby increasing reflectivity again.

The successfully designed single-layer (Air/Nano Si/Si bulk) is shown in Fig. 10. This designed layer presents particle size
of 2.6 nm and reflectivity of 0.2443% at the incident angle f 0◦ when the thickness of layer equals a quarter wave at �o in the
spectrum range of 300–400 nm.  The maximum and maximum reflectance of 3.03% and 0.2443% are observed at the incident
angle of 0◦. At the incident angle of 45◦, the reflectance (R = 1.4744% for S-Polarization and R = 2.4338% for P-Polarization)
is at a quarter wave thickness at �o. The center wavelength shifts toward the shorter wavelengths. The shift of the center
wavelength can be accurately quantified using a simple model of the center wavelength � versus the angle of incidence �.
This dependence can be accurately described by the following expression [25]:

� = �◦
√

1 − sin2�/�2,

where �o is the central wavelength at normal incidence, � is the angle of incidence, and � is the effective refractive index
inside the coating.

The angle-induced changes can be qualitatively divided into (1) the wavelength shift and (2) the polarization effects.
Wavelength shifts to shorter wavelengths (in the blue direction) as the angle of incidence moves from the normal. Initially,

the performance shifts toward the red direction because the optical thickness of each of the layers in the design increases
as the angle of incidence increases (by a factor inversely proportional to the cosine of the angle of refraction inside the
layer). However, the important parameter is not the total phase shift introduced in the waves by the layers but rather the
phase difference between the waves reflected from all of the interfaces into the summation of the partial reflected waves.
For normal incidence (� = 0◦),polarization does not influence reflectivity. Increasing the angle of incidence leads to a split of
the reflectivity characteristics for the S- and P-polarized beams. This split becomes evident for incident angles larger than
approximately 15◦. Furthermore, at oblique angles (� = 0◦), the reflectivity band shifts toward shorter wavelengths [26,27].

The result of layer coating of nano silicon with thickness of a quarter wave on the sapphire substrate shows a very low
reflectivity when the particle size is smaller or equal to 2.4 nm (Figs. 11–13). When particle size increases, the refractive index
of coating increases dramatically and the reflectivity of design also increases. Therefore, the coating of silicon with particle
size of 2.4 nm with thickness of a quarter wave on the sapphire substrate is a promising antireflection coating performance

for the spectrum range of 300–400 nm.

Fig. 14 shows the successfully designed single-layer (Air/Nano Si/Al2O3)with particle size of 2.4 nm.  For the spectrum
range of 300–400 nm,  the maximum reflectance is 1.7725% at wavelength of 300 nm and the minimum reflectance is 1.3272%
at a quarter wave thickness at �o = 350 of the incident angle of 0◦. At the incident angle of 45◦, the reflectance (R = 4.5383%
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Fig. 11. Reflectance as a function of particle size of the design (Air/Nano Si/Al2O3), nsub = 3.44, at �o = 350 nm,  L = 0.25�o, at incident angle (� = 0◦) and
(�  = 45◦).

Fig. 12. Reflectance as a function of refractive index of the design (Air/Nano Si/Al2O3), nsub = 3.44, at �o = 350 nm, L = 0.25�o, at incident angle (� = 0◦) and
(�  = 45◦).

Fig. 13. Reflectance as a function of energy gap of the design (Air/Nano Si/Al2O3), nsub = 3.44, at �o = 350 nm,  L = 0.25�o, at incident angle (� = 0◦) and (� = 45◦).
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Fig. 14. Reflectance as a function of wavelength for design (Air/Nano Si/Al2O3), PsnanoSi = 2.4 nm,  nsub = 3.44, L = 0.25�o, �o = 350 nm,  at incident angle (� = 0◦)
and  (� = 45◦ ).

Table 1
The values of Reflectivity coating Nano Si of the substrate (Si bulk, Al2O3) for incident angles (0◦ , 45◦).

Number of Figure The design Particle size of the
coating (Ps) nm

Incidence angle Reflectivity R

8 (Air/Nano Si/Si bulk) 2.6 0 R = 0.2443
45 RS = 1.4744

RP = 2.4338
13 (Air/Nano Si/Al2O3) 2.4 0 R = 1.3272
45 RS = 4.5383

RP = 0.1487

for S-Polarization and R = 0.1487% for P-Polarization) is at a quarter wave thickness at �o. This result shows that reflectivity
shifts toward shorter wavelengths, as discussed earlier. Table 1 included the optimum reflectivity result of the coating layers
designed.

4. Conclusion

The reflectivity of antireflection coating layer within the ultraviolet region of 300–400 nm depends on the refractive index
of coating and angle of incidence. The value of refractive index can be controlled through particle size. The antireflective
coating of a single layer with nanoparticle size shows more efficient in reducing the reflection of electromagnetic radiation
than with bulk dimensions coatings, the best coating is one layer of Si nano with particle size of 2.6 nm.  This design obtains
the lowest reflection of R = 0.2443% at � = 0◦, and R = 1.4744 for S-Polarization and R = 2.4338% for P-Polarization at � = 45◦.
These properties are promising for solar cell application. On Al2O3substrate, the best coating is one layer of Si nano with
particle size of 2.4 nm.  This design obtains the lowest reflection of R = 1.3272% at � = 0◦, and R = 4.5383 for S-Polarization and
R = 0.1487% for P-Polarization at � = 45◦. These characteristics are promising for optical detection application.
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