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KTiOPO4 (KTP) is a non-linear optical crystal with high non-linear optical coefficients and an optical
damage threshold that has wide applications in optical devices. The optical properties of KTP
nanoparticles are critical in nanotechnology. This study employs COMSOL Multiphysics software and
the finite element method (FEM) in order to examine the effects of particle size (10 to 100 nm) on the
optical properties of spherical KTP nanoparticles, including refractive index dispersion, scattering
cross-section, band gap energy, and cut-off wavelength. The obtained results were compared with the
available experimental data. The results of this research showed that the refractive index dispersion
and scattering cross-section for KTP nanoparticles follow the FEM model and Mei's theory for
spherical nanoparticles. For radiated light with a specific wavelength, decrease in the size of KTP
nanoparticles causes a decrease in the scattering cross-section, refractive index, and absorption edge
wavelength. By decreasing the particle size from 100 nm to 50 nm, the refractive index remained
almost constant at 1.81 and decreased slightly with further decrease in particle size to 20 nm. Also,
reducing the particle size below 20 nm decreased the refractive index to 1.80. The band gap energy
of KTP nanoparticles increased from 3.9 eV to 6.27 eV as the particle size decreased from 100 nm to
10 nm. However, a significant increase in band gap energy was observed when particle size decreased
from 20 nm to 10 nm. The results of the simulation work were found to be consistent with the

previous reports.

1. Introduction

The chemical formula for potassium titanyl phosphate,
or KTP, is KTiOPO4, and it has gained popularity in recent
years due to its excellent nonlinear optical applications,
especially for doubling the frequency of 1064 nm radiation
from Nd:YAG lasers [1-4]. In 1976, Zumsteg et al. identified
KTP as a nonlinear optical (NLO) material [5]. It crystallizes
in the non-symmetric Pna2l space group in an
orthorhombic system [6]. It is one of the most widely
utilized ferroelectric materials in the field of electro-optic
and nonlinear optics applications [7, 8]. Bulk KTP single
crystal has biaxial optical properties and is chemically inert.
It exhibits outstanding features including wide acceptance
angles, high optical damage threshold, high nonlinear-
optical coefficients, and thermally stable phase matching [9-
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13]. Table 1 lists the key characteristics of bulk KTP crystal
[5].

Generally, researchers refer to crystalline solids with
grain sizes smaller than 100 nm as nanocrystalline
materials [14]. Because of surface effects, size, and quantum
confinement, they behave mechanically, -electrically,
physically, and chemically different compared to their bulk
counterpart.

When a substance's size is reduced to the nanoscale, its
physical  properties undergo modifications and
enhancements. These characteristics are shape- and size-
independent at the macroscopic level, but when a material
is shrunk to the nanoscale, significant changes are observed
in the physical parameters [15-23]. Specifically, decreasing
the size of particles to nanoscale induces appreciable
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changes in optical and electronic properties of materials
such as band gap energy, absorbance, refractive index,
dielectric constant, and electrical capability compared to its
bulk form [24]. For the past few decades, researchers have
theoretically studied the physical -characteristics of
materials, including band gap energy, melting temperature,
dielectric constant, and electrical susceptibility. These
quantities are crucial for the creation of optical and
electronic nano-devices.

According to theoretical studies, cohesive energy
decreases as nanomaterials such as Si, Sn, Pb, and Bi get
smaller in size because there are more dangling bonds,
which lower the melting temperature and increase the band
gap energy[15]. Also, reducing the size of the nanoparticle
reduces its refractive index, as reported by the previous
studies. The effects of size on the refractive index of
nanoparticles including Si, ZnO, CdS, InP, TiO2, and Ge have
been theoretically studied in the literature [15-17]. In
addition, theoretical studies have been reported about the
effects of particle size on the optical properties and band
gap of nanoparticles and nanostructures such as Si, ZnO,
CdS, InAs, GaN, and InP [15, 20].

Several reported works are available about the synthesis
of KTP nanoparticles and nanostructures by different
methods such as Pechini, sol-gel, mechanical-chemical,
combustion, and co-deposition, and the experimental
measurement of their physical and optical properties
(linear and nonlinear) [25-34] and applications such as
nanofilters and nanomembranes [25-34]. Thuy et al., for
example, used a simulation model with the Finite-Difference
Time-Domain (FDTD) method and a direct laser writing
technique to study the production of any photonic structure
of polymer-based nonlinear KTP nanoparticles, both
experimentally and theoretically [32]. They have studied
the second-harmonic generation (SHG) of individual KTP
nanoparticles with a size of around 100 nm under a pulsed
laser excitation wavelength of 1064 nm. KTP NPs displayed
a higher nonlinear coefficient than the bulk one, and the SHG
was totally stable at ambient temperature. The signal-to-
noise ratio was high because of its transparency at both
fundamental and SH wavelengths. Additionally, they
showed off a superb method for generating desired
polymeric photonic structures with a single KTP
nanoparticle [32]. Furthermore, Zhou et al. have studied
KTP nanocrystals using atomic force microscopy (AFM) and
second-harmonic generation microscopy (SHGM) [33].
Nikolaev et al. have studied how cluster ion characteristics
affect the development of nanostructures on the KTP
surface [34].

Despite several experimental studies on the synthesis of
KTP nanoparticles and the investigation of their properties
and applications, there are only a few reports about the
effects of particle size on the optical properties of KTP
nanostructures. Furthermore, there is a lack of extensive
reporting on the use of computer simulation to explore and
enhance the optical properties of these nanostructures. To
the best of the authors knowledge, no theoretical research
has yet been done using computer modeling to examine how
the size of the KTP nanoparticle affects its optical
characteristics, such as the scattering cross-section,
refractive index, and band gap energy. Therefore, this work
could open the way for further research to improve the

optical properties of KTP nanoparticles and their use in
optical devices, with the advantage of saving time and costs
in research. This study employed COMSOL Multiphysics
software to simulate and analyze the effects of size on the
optical properties of KTP spherical nanoparticles with a
circular cross-section in two dimensions, using the finite
element method (FEM). The outcomes were compared with
those of other available works.

Table 1. Properties of KTP bulk crystal [5]

Chemical formula: KTiOPO4
(KTP)

Crystal structure:
Orthorhombic

space group: Pna21

point group mm2

Cell parameters: a=6.404 4,
b=10.616 A,c=12.814 A, Z=8,
Melting point: 1172° C
Curie point: 936° C,

Mohs hardness: =5,
Density: 3.01 g/cm3,

Color: colorless,
Hygroscopic susceptibility:
no,

Specific heat: 0.1643 cal/g°C,
Thermal conductivity:

0.13 W/cm/K,

Electrical conductivity:
3.5*108s/cm

(c-axis, 22° C, 1kHz)

Structural and
Physical
Properties

Transmitting range: 350 nm - 4500 nm
Refractive indices:

nx ny nz
1064 nm: 1.7377 1.7453 1.8297
532nm: 1.7780 1.7886 1.8887
Absorption: o< 1% cm'! @
1064nm and 532nm

Optical
Properties

2. Modelling and simulation

Using the commercial finite element analysis software
COMSOL Multiphysics package, this study models spherical
KTP nanoparticles with varying particle sizes (10-100 nm)
and simulates their optical (linear) properties, including
refractive index dispersion, scattering cross section, band
gap energy, and cut-off wavelength.

2.1. Theoretical Framework

The theoretical framework of this study is the theory of
light absorption, known as Mei theory, that was introduced
in 1908 [35-40]. It illustrates how incident electromagnetic
waves cause coherent oscillations of electrons, which
polarize the nanoparticles, and is based on Maxwell's
equations, utilizing ideas from classical electrodynamics
theory. The Mie theory describes how electromagnetic light
scatters when a spherical particle is submerged in a
continuous environment using mathematical and physical
principles [10, 15]. The Helmholtz equation can be used to
illustrate the electric field (E) and magnetic field (H), two
components of the electromagnetic radiation field.
Accordingly, the scattering amplitude functions in terms of
the extinction and scattering coefficients are obtained
using the series of E and H. For a spherical particle of radius
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R, the extinction cross-section and the scattering cross-
section are provided as follows using Mie theory [38]:

2 (o)
Oext = x_ZZ(Zn + 1)[Re(an + bn)] (1)
n=1
2 N 2 2
Osea = =7 )20+ D{Ianl? + by?) (2)
n=1
Osca = Oext — Oabs (3)

where 0y, is the absorption cross-section and x is the

size parameter given by the following relation:
2nRe,

7 (4)

where 1 is the wavelength of the incident light, R is the

particle's radius, and ¢, is the dielectric constant of

medium. The Mie scattering coefficients in terms of the
Riccati-Bessel equations are a, and b,, [38]:

X =

— ml/)n(mX)l[Jn(X) - wn(y)ll,)n(mx) (5)
" mlpn("wf)gn(x) - En(x)ll’,n(mx)
_ lpn(mx)lpn(x) - ml/Jn(J’)ll)n(mx) (6)

" Y ma)é, (x) — mé, ()P, (mx)

in which v, (x) and &,(x) are Riccati-Bessel functions

and m = gi, where ¢ is the complex dielectric constant of
m

nanoparticle and ¢, is the real dielecteric constant of
surrounding medium. The scattering approach leads to the
expression for extinction cross section o,,; as:

24m2R3¢e,, /3 &
Oext = i (&1 + 26,)2 + &2

(7)

where &; and ¢, are the real and imaginary components
of the dielectric constants, respectively.

The dispersion relation of refractive index can be
expressed by Sellmeier's equations [10, 41]. These
equations for KTP bulk crystal are expressed as follows:

s _ 05067 4 143982
e =7 72 = 13637
1.268641
2 2972515 + —— 2" 8
n,2=9 55+/12_13889 (8)
s _ 134416 4 22I04SE
Nz = 2o 2 —11799

where 14, 1,, and 1, are the components of refractive
index and A is the wavelength of the radiation.

In the nanoscale, due to the increase in the surface to
volume ratio and the quantum confinement effect, the
optical properties of materials are controlled significantly
by their particle size and shape. To investigate the effects of
particle size on the refractive index and dielectric constant
of KTP nanoparticles, first the equation related to the
refractive index of the bulk material is considered based on
its characteristics and then the equations related to the
nanoparticles are extracted as follows [16, 17]:

Ngq.*
1 Feman? )
rlDa=1+(r1—1)(1—%“)<1—;V—;> (11)
&pa = (Mp,a) (12)

where 1 is refractive index for the bulk material, np , is
refractive index for nanoparticles, N is the number of atoms
per unit volume, w, is the natural angular frequency of
electrons in atoms of the bulk material, m is the electron
mass, g, is the electron charge, « is the shape factor, n, and
n are the number of atoms inside the volume of
nanomaterial and bulk material respectively, N is the
number of surface atoms for the nanomaterial. Also, d is the
diameter of the atom, D is the diameter of the nanoparticle,
p is amaterial dependent constant, and ¢, , is the dielectric
constant of nanoparticles.

The theory related to the optics of a bulk sample with
direct transition, with the assumption of irradiating light
with energy of hf and intensity of I,to a sample with
thickness of ¢, band gap energy of E,, and transmission
intensity I, the absorption coefficient @, and complex
refractive index (1) are given as follows:

hc
Ey(eV) = I (13)
cut—off
_dme
= (14)
n=n + ik (15)
I =1l (16)
(ahf)" = B(hf — Eg) (17)

where h is plank constant, f is frequency of radiation, ¢
is speed of light, A4 is cut-off wavelength, 4, is vacuum
wavelength, 7 is the real part of refractive index, k is the
imaginary part of refractive index. k is called the optical
extinction coefficient, and related to absorption coefficient.
nin equation (17) is 2 for direct transition and % for indirect
transition, and B is a constant parameter related to the
structural properties of material.

The following equation has been introduced for the
band gap energy of nanoparticles [18-23] :

3N, d
Egn = Egp <1 + E) = Egp (1 + 3a5>

where Egy and Egp indicate the band gap energy of nano
and bulk materials, respectively.

(18)

2.2.Simulation technique

The underlying partial differential equations are solved
by the finite element method in the COMSOL Multiphysics
software. It should be mentioned that the discretization of
the modeling domains into smaller, more manageable
domains called elements is how the finite element
approach works. A set of equations covering all of the
model's components is put together and solved to
determine the solution. A spherical KTP particle with an air
domain that has been shortened using a perfectly matched
layer (PML) is regarded to be the simulation domain in
order to calculate the refractive index dispersion based on
Sellmeier equations with respect to the KTP particle size.
The model resolves the Maxwell's equations for the
electromagnetic radiation scattered by spherical KTP
particles. Figure 1 displays the model geometry in which
half of the system is simulated in order to preserve the
symmetry of the system. The far-field calculations were
carried out on the inner border of the PML. Using an
incident plane wave flowing in the x direction and an
electric field polarized along the z-axis, the simulation
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computes the local electromagnetic field at each mesh
point. Within the "Wave Optics" module, Electromagnetic
Waves, Frequency Domain (EWFD) was the interface
utilized in this simulation. The study was conducted in the
frequency domain in three dimensions. Following the
construction of the model and the application of materials
to the relevant domains, the Perfectly Matched Layer (PML)
and scattering boundary condition were defined, as seen
schematically in Figure 2(a). After applying the mesh to the
PML domain, the remaining structure was built in a free
tetrahedral pattern, as seen in Figure 2(b). On the outside
boundary of the PML, the scattering boundary condition
was established. The Electromagnetic Waves, Frequency
Domain (EWFD)" interface adds the inclusion of "Wave
Equation, Electric" physics. The refractive index dispersion
of a specific KTP particle was obtained in this study using a
parametric sweep, which was set for wavelengths between
400 and 1000 nm with a step size of 100 nm. A parametric
sweep was established for particle size from 10 to 100 nm
in steps of 10 nm to examine the effects of particle size on
refractive index, band gap, cut-off wavelength, and
scattering cross section. Moreover, in order to investigate
the effects of particle size on band gap energy and
absorption edge wavelength, in addition to the parametric
solution for particles from 10 to 100 nm with a step of 10
nm, the experimentally reported results in the literature for
KTP nanoparticles with the particle sizes of 54, 53.08,
47.58,44.5,39.42,17.89,17.47,17.24,17.19, 17.16, 17.06,
16.31, 15.90, 15.86, 15.71, 15.11, 14.95, 14.61, 14, 13.76,
13.64,13.49,12.90,12.78,and 12 nm are also simulated for
more exact comparison with the experimental data.

z
x107
y ‘\L, X "
Fig. 1. The geometrical model used for simulation of optical properties
of a KTP nanoparticle.

media surrounding KTP NP: air

PML

Scattering
boundary

(@

Y.\L. X
(b)
Fig. 2. (a) The model's schematic diagram, and (b) the simulation's 3D
mesh structure.

Also, similar to the photonic crystal, we assumed the
model in 2D to be consisted of KTP nanoparticles with
circular cross-section placed equidistant from each other in
a cubic structure [42-44]. Certain wavelengths of light
cannot enter the crystal structure because of the space
between the particles. A given frequency range of waves is
reflected rather than traveling through the crystal,
depending on the spacing between the particles [44]. The
photonic band gap is the term for this range of frequencies.
Since this model has a repeated pattern, it is possible to use
periodic boundary conditions and thus, only one particle is
required for this simulation. The model geometry and its
mesh are shown in Figures 3(a) and (b), respectively. This
analysis has two primary problems. First, KTP's refractive
index depends on frequency; second, the wavevector needs
to be ramped in order to conform to the band diagram. The
two combined complexities make it challenging to solve
without reformulating the issue, even though each of these
problems may be addressed alone with the eigenvalue
solver. Consequently, a stationary solver has been used to
define a nonlinear eigenvalue problem with the eigenvalue
as an unknown [38, 39]. The electric field is normalized in
the eigenvalue equation such that the average field over the
domain is unity. Using an updated refractive index to the
computed eigenvalue, the nonlinear solver determines the
right eigenvalue. Moreover, the wavevector, k, can be swept
by the parametric solver. The wavevector of propagating
wave is considered in the simulation as boundary
conditions for Floquet periodicity. The periodic condition
was defined on the outer boundary of the square cell sides.
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(a)

FaVa Y

(b)
Fig. 3. (a) Geometry of the model, and (b) meshing construction of
geometry.

3. Results and discussion

Considering a KTP spherical nanoparticle with a
diameter of 10 nm exposed to radiation with wavelengths
of 400-1000 nm with steps of 100 nm, the effect of the
radiation wavelength on the scattering cross section is
calculated. The obtained results, using equations 1,2, 3, and
7,are shown in Table 2, which indicates gradual decreasing
of scattering cross section with increasing radiation
wavelength. Also, light with a wavelength of 400 nm was
irradiated on nanoparticles with sizes of 10-100 nm with
steps of 10 nm to show the effects of the size of
nanoparticles on the scattering cross section. The obtained
results are reported in Table 3, where the simulation
results show that the scattering cross section increases
with increasing the size of the KTP nanoparticles and the
data are fitted to an exponential function with the equation:
y=yo+Ae Ro* as plotted in Figure 4.

Table 2. Simulation results for the scattering cross section for a KTP
nanoparticle with the diameter of 10 nm irradiated with different light
wavelengths.

» (nm) )
400 43.896x10-21
500 16.816x10-21
600 84.862x10-22
700 41.804x10-22
800 22.734x10-22
900 13.939x10-22
1000 99.044x10-23

Table 3. Simulation results for the scattering cross section of KTP
nanoparticles with different sizes.

Size (nm) Osca(M?)
10 43.896x10-21
20 23.889x10-19
30 22.201x10-18
40 92.362x10-18
50 23.673x10-17
60 48.626x10-17
70 12.757x10-16
80 49.921x10-16
90 18.938x10-15
100 45.222x10-15
54
n
4 Model Exponential ‘/“
Equation y = y0 + A*exp(RO*X) |
Plot Sca /
o~ Yo -0.03401 + 0.04052 /
£ 34 A 3.31675E-4 + 1.65603E- /
< RO 0.09535 + 0.00501 /
F‘é Reduced Chi-Sq 0.00903 f"
o] R-Square (COD) 0.99671 /
24 Adj. R-Square 0.99577 o
(0]
3 /
14
(]
04 L]
0 2I0 4IO 6IO 8IO l(I)O
Size (nm)

Fig. 4. Calculated variation of scattering cross section with size of KTP
nanoparticles. The red curve is the fitted function to the calculated
results.

According to Sellmeier equations (Eq. 8), the variation
of refractive index at x direction (nx) and with the help of
equations 14 and 15, absorption coefficient (ax) as a
function of wavelength (400-1000 nm) for a KTP
nanoparticle (size: 20 nm) are plotted and shown in
Figures 5, and 6 along with the experimental data obtained
for a KTP crystal [10] for comparison. Relatively similar
decreasing trends of refractive index with wavelength are
observed for both sets of simulated and experimental data.
These comparisons show that the refractive index and
absorption coefficient of KTP in nanoscale are slightly
lower than those of the bulk. In addition, the dependence of
n components and absorption coefficient components on
the KTP particle size are investigated by selecting the
particle size in the range of 10 nm to 100 nm by the steps
of 10 nm. For these purposes, the KTP particles are
considered under light radiation with a wavelength of 400
nm. The simulated results for refractive index components,
based on equations (9) to (11) are obtained and shown in
Figure 7. According to this figure, by reducing the size from
100 nm to 50 nm, the refractive index remains constant at
the values of 1.826, 1.838, and 1.893 respectively for ny, ny,
nz and decreases slightly with further decrease in particle
size to 20 nm. However, by decreasing the particle size to
the values below 20 nm, the refractive index decreases to
1.815, 1.827, and 1.840 respectively for nx, ny, n.. These
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results have shown that reducing the particle size in the
nanoscale has a negligible effect on the refractive index,
and its value lies slightly lower compared to the bulk
counterpart. Also, the variations of x component of
absorption coefficient of KTP spherical nanoparticles as a
function of particle size are calculated according to
equations 14 and 15, and shown in Figure 8. It should be
noted that the particle size dependence of refractive index
and absorption coefficient follow the similar trends. The
calculated values of other components of absorption
coefficient are listed in Table 4 which show the same trend
as ax. Experimental data were not available to make a
comparison in this part.

1.814 —=— our work
'Y —*[10]

g
©
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N
1
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1.808

1.806

1.804

x component of refractive index (7,)

1.802

T T T T T T
500 600 700 800 900 1000
Wavelength (nm)
Fig. 5. The x component of refractive index dispersion for a simulated

KTP spherical nanoparticle with the diameter of 20 nm (our work) and
comparison to experimental data for KTP crystal from reference [10].
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Fig. 6. The x component of absorption coefficient dispersion for a
simulated KTP spherical nanoparticle with the diameter of 20 nm (our
work) and comparison to the experimental data for KTP crystal from
reference [10].
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Fig. 7. The calculated components of refractive index (n) for simulated
KTP spherical nanoparticles with different diameters.
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Fig. 8. The calculated x component of absorption coefficient (o) of
simulated KTP spherical nanoparticles with different diameters.

Table 4. Simulation results for the components of absorption
coefficient of KTP spherical nanoparticles with different sizes.

Size (nm) Olx Oy a;
10 2.4080 5.0591 18.6176
20 2.4169 5.0853 18.7139
30 2.4217 5.0878 18.7203
40 2.4219 5.0886 18.7263
50 2.4221 5.0887 18.7273
60 2.4222 5.0892 18.7282
70 2.4222 5.0892 18.7283
80 2.4222 5.0893 18.7284
90 2.4222 5.0893 18.7285
100 2.4222 5.0893 18.7285

Ablue-shift occurs in the wavelength of absorption edge
at the nanoscale as a result of decreasing particle size [45,
46] and this is responsible for the increase of band gap
energy [15, 47]. It has been reported that bulk KTP crystal
exhibits an absorption edge at the wavelength of 350 nm
and its band gap energy is in the range of 3.47 eV to 3.8 eV
[5, 7, 11]. The band gap values of simulated KTP spherical
nanoparticles are calculated based on equations (13) and
(18), and the results are shown in Figure 9. Here, in order
to investigate the effects of particle size on band gap energy
and absorption edge wavelength, in addition to the
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parametric solution for particles from 10 to 100 nm with a
step of 10 nm, the experimentally reported results in the
literature (ref [28,30]) for KTP nanoparticles with the
particle sizes of 54, 53.08, 47.58, 44.5, 39.42, 17.89, 17.47,
17.24,17.19,17.16,17.06,16.31,15.90,15.86,15.71,15.11,
14.95, 14.61, 14, 13.76, 13.64, 13.49, 12.90, 12.78, and 12
nm are also simulated for more exact comparison with the
experimental data. Figure 9 indicates the significant
influence of KTP particle size on the band gap, specifically
a dramatic decrease of band gap is observed when the
particle size increases from 10 to 20 nm. However, further
increase in particle size results in only slight decrements of
band gap. Also, for the particle sizes of 20 to 40 nm, a
saturation of band gap occurs at 5 eV. These results show
that the band gap energy decreases with increasing
particles size, and the band gap energy of nanoparticles is
greatly higher than its corresponding bulk material. To
further investigate the effects of nanoparticle size on band
gap energy, the simulation results are compared with the
experimental results from the literature. To compare the
obtained results with the previously reported experimental
results, nanoparticles with different sizes that reported in
experimental data [28, 30], have been also considered for
simulation. This comparison indicates that our simulation
results and the experimental data especially for particles
with a size of 13 to 18 nm, are well consistent with only
ignorable differences. The observed difference between the
simulation and experimental results in other data ranges
can be expected and justified due to different synthesis
methods and conditions used in experimental works [28,
30] and diverse assumptions and theories considered in
the simulation with the finite element method.

6.5 4

6.0 A aa,
—=— our work|
5.5 L4 e [30]
A
< . [28]
L 504 °
u” ¥

4.5

4.0

35 T T T T T
o] 20 40 60 80 100

Size (nm)

Fig. 9. Simulated band gap energy of KTP nanoparticle as a function of
particle size. Experimental data from references [28] and [30] are
shown in the figure for comparison.

The photonic band gap of KTP nanoparticles was also
investigated theoretically by COMSOL Multiphysics and
Rsoft softwares. A photonic crystal can be simply defined
as a medium with highly dispersive alternating optical
properties, whose transmission and reflection strongly
depend on the wavelength of radiation. The constant or
grid periodicity of this structure, a, represents the
minimum length of the space in which the grid structure is
repeated. In a photonic crystal, the permittivity is defined
as an alternating spatial function. Periodicity primarily
creates continuous and borderless limits in the frequency
domain, preventing wave propagation within the structure.

These regions are called the photonic band gap or
frequency band. Between two consecutive photonic slits,
there is an allowed frequency band (and vice versa) where
wave propagation is possible under certain conditions. In
photonic crystals, just like Bravais crystal groups in solid
state physics, two-dimensional geometries can be divided
into five main families. But only two crystal groups (square
structure and triangular structure) are important in two
dimensions. For reasons such as the complete and effective
reflection of the photonic crystals and the zero density of
states in the photonic gap, photonic crystals have a
privileged position in optoelectronics. Most of the time,
information about the band structure in one-, two-, or
three-dimensional photonic crystals is only needed along
the edges of the Brillouin zone [48-50].

The changes in the photonic gaps of KTP nanoparticles
as a function of particle size simulated by COMSOL
Multiphysics and Rsoft softwares are shown in Figures 10
and 11, respectively. Since the distance between particles
in the photonic structure is assumed to be a multiple of the
radiation wavelength; depending on the distance between
the particles, the waves in the photonic gap are reflected
instead of propagating in the structure. The vertical axis in
Figures 10 and 11 represents dimensionless quantity of
normalized frequency (a/A), and the horizontal axis
represents k, where a is the distance between particles, A is
the radiation wavelength, and k is the wavenumber. The
results obtained from COMSOL and Rsoft softwares
confirm each other with a slight error, as can be observed
in Figures 10 and 11. According to these Figures, the
dimensionless quantity of photonic gap width decreased
from 0.1 to 0 when particle size increased from 20 nm to 50
nm. Therefore, this effect becomes visible only for particle
sizes below 30 nm.

In summary, the results indicate that the size of KTP
particles can greatly regulate the optical characteristics of
KTP crystals at the nanoscale. Their innovative and wide-
ranging applications in optical devices and processes, such
as nanofilter membranes, waveguides, second harmonic
generation, and nanosensors, can stem from their
dependence on particle size and the enhancement of
optical properties with size [14, 26, 29].
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4. Conclusion

Using COMSOL Multiphysics software for computer
simulation, the impact of particle size on the optical
characteristics of spherical KTP nanoparticles was
examined theoretically in this study. The results showed
that reducing the size of KTP nanoparticles under
irradiated light with a specific wavelength has different
effects on the refractive index, cut-off wavelength,
scattering cross section, band gap energy, and photonic
gap. So that, by reducing the particle size, the refractive
index, cut-off wavelength, and scattering cross section
decreased, but the band gap energy increased to about 6.2
eV when the particles size decreased to 10 nm. Also, the
dimensionless quantity of photonic gap width increased
from 0 to 0.1 when particles size decreased from 50 nm to
20 nm. Also, increasing the wavelength of irradiated light
from 400 nm to 1000 nm on a nanoparticle with a specific
size gradually reduced its refractive index and scattering
cross section. Thus, the obtained results show that the size
of KTP nanoparticles is an important and influential factor
on their optical properties, so reducing the size of
nanoparticles, specifically below 30 nm, can significantly
control their optical properties. These simulated results
were also compared with available experimental data from
the literature and discussed.
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