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ABSTRACT

In this research work, the linear and nonlinear optical properties of linear low-density polyethylene
(LLDPE) composites with anatase phase of titanium dioxide nanoparticles in different weight percentages
are investigated. Solvent casting method have been used to synthesize the thin film of LLDPE/anatase
nanocomposites. Thin films are characterized via XRD technique and field emission scanning electron
microscope (FESEM). Wrinkles formed on the surface of thin films by adding the titanium dioxide.
Linear optical and electrical parameters such as linear absorption coefficient, extinction coefficient,
refractive indices, optical conductivity, and dielectric constants at various wavelengths from 190 nm to
2700 nm are determined for different weight percentages of nanoparticles in polymer nanocomposites.
Z-scan technique has been employed to explore the nonlinear optical properties using CW laser at
532 nm wavelength. The nonlinearity is examined at various irradiance of laser to study the effect of irra-
diance on nonlinear optical properties. Pure LLDPE has saturable absorption (SA) at low laser irradiance.
As the laser irradiance increases, the nonlinearity behavior turns from SA to reverse saturable absorption
(RSA). The results show the suitability of the thin films for the applications in optical devices that involve
the use of optical limiting properties of materials.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Linear low density polyethylene (LLDPE) is related to the poly-
ethylene polymer family which is classified as thermoplastic.
LLDPE is usually referred to the ethylene copolymers in the density
range of 0.915-0.925 gcm~3, with a co-monomer (butene, hexene
or octene or butene) (Carraher, 2016), The molecular formula of
LLDPE is (C,H,),, the chain of LLDPE is primarily consisted of
CH,CH, repeating units with intermittent branches obtain from a
comonomer (Holding, 2010).

The comonomers are also named as short-chain branches of the
polymer and their physical and mechanical properties vary accord-
ingly. Mechanical properties such as tear, tensile and impact are
strongly reliant on the chemical nature of the comonomer type
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(Mark, 2009). Almost research about the LLDPE are focused in
the mechanical, electrical and the thermal properties of the poly-
mers and its composites (Hotta and Paul, 2004). The dielectric of
LLDPE composites with ground tire rubber particles are studied
by Genesca (Marin-Genesca et al., 2020). In other research, LLDPE
polymer were filled with ground tire rubber and polyester recycled
to study the mechanical properties of it (Moghaddamzadeh and
Rodrigue, 2018). Also LLDPE was filled by copper powder (Luyt
et al., 2006), aluminum nitride (Zhou, 2011), and filled with silicon
nitride to enhanced thermal conductivity (Zhou et al., 2009). LLDPE
has an absorbance of the UV light and it is transparency in the vis-
ible light, it transmittance about 92% at 439 nm (Xie et al., 2016).
Other linear optical and nonlinear optical properties of the LLDPE
are not searched so far, as in literature review.

Z-scan technique(Sheik-Bahae et al., 1990) depend on the spa-
tial distortion of a laser beam, interacting with a nonlinear optical
material, is exceedingly utilized to examine the nonlinear optical
properties of materials due to their easiness, high sensitivity and
well-established theory (Thilak et al., 2013).

In this paper, linear and nonlinear optical properties of LLDPE/
TiO, anatase phase are explored by synthesizing a film of LLDPE/
anatase via simple casting method. The investigation of nonlinear
properties of LLDPE/TiO, has not been carried out by any
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researcher. The present investigations are important for many
applications in switching, generation of lasers, aerospace, automo-
tive and marine industries. Particularly the use of polymeric mate-
rials in electrical engineering for improvements in operating
voltages, performance, reliability, and size reduction are increasing
tremendously.

2. Methodology
2.1. Materials

TiO, anatase phase having average particle size of 10-30 nm
with 99% purity, purchased from Nanostructured & Amorphous
Materials Inc., USA, was mixed with LLDPE (SABIC, Saudi Arabia),
and dissolved in Xylene (Fisher Chemical).

2.2. Preparation of LLDPE doped TiO; films

LLDPE polymer is dissolved in xylene by stirring and heating the
solution at 90° and stirred by magnetic stirrer for an hour until the
solvent is totally dissolved. Then different amount of anatase
nanoparticles are prepared to make different weight percentage
of nanoparticles corresponding to the weight of polymer (0.5,
0.75, 1, 1.25 and 1.8 wt% anatase nanoparticles). The polymer
nanocomposites solution is placed into the ultra-sonication
machine. In order to achieve homogeneous dispersion, magnetic
stirrer is used for two hours. Subsequently the solutions are trans-
ferred into a petri dish and leave to dry for at least 48 h. When all
the solvent is evaporated, the thin films are peeled off from the
petri dish. It is pertinent to mention that the amount of diluent
in the solution is adjusted such that the prepared films had thick-
nesses in the range of 0.04 mm.

2.3. Characterization

The crystal structure of LLDPE/anatase nanocomposites films is
conformed using X-ray diffraction (XRD) technique, (XRD- Bruker
D8 advance, Germany). The morphology of LLDPE/TiO, nanocom-
posites is observed by FESEM, model JEOL-JSM-7600F; manufac-
tured by JEOL Ltd., Akishima, Tokyo, Japan.

To examine the linear optical properties of the prepared films o
nanocomposites, JASCO V-770 spectrophotometer is employed to
estimate the reflectance R (1), transmittance T (1), and the absor-
bance abs (1) in 190 nm to 2700 nm range at the normal incidence.
All the optical parameters such as optical band gap (Eg), absorption
coefficient (o), linear refractive index, extinction coefficient (k),
real and imaginary part of dialectical constant are calculated.

Z-scan technique is utilized to evaluate the third order nonlin-
ear optical properties of the films like magnitude and sign of non-
linear refractive index, nonlinear absorption coefficient and real
and imaginary parts of the susceptibilities. To calculate the these
mentioned nonlinear optical parameters: to types of Z-scan tech-
nique are used; open aperture and close aperture Z-scan technique.
In our Z-scan system we have used (HO-ED-LOE-03, Holmarc,
India) that is used a Diode-Pumped Solid State CW laser with
wavelength 532 nm and has Gaussian profile. The laser beam
power has changed to see the effect of irradiance on the
nonlinearity.

3. Results and discussion
3.1. X-ray diffraction

X-ray diffraction pattern for TiO, nanoparticles, pure LLDPE and
1.23 wt% of anatase nanoparticles in the LLDPE matrix is depicted
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Fig. 1. XRD patterns of anatase nanoparticles, pure LLDPE polymer, and LLDPE/
anatase nanocomposites.

in Fig. 1. The peaks in XRD pattern of LLDPE matches with COD card
no. 1514536 for LLDPE polymer (Yu et al., 2013). In the figure three
diffraction peaks centered at 20 = 19.18°, 30.7° and 40.93° assigned
to (110), (200) and (002) plans respectively. The XRD pattern of
TiO, confirms that the TiO, has anatase tetragonal structure of
the particles according to the COD card no. 5000223 related to ana-
tase tetragonal nanoparticles (Horn et al., 1972) with space group
14-1/amd (141). The lattice plane indices (hkl) correspond to var-
ious diffraction peaks of TiO, are noted from its COD files and
marked in Fig. 1. The Lattice parameters are calculated using equa-
tion (1) of tetragonal crystal system.

1 Ktk P
B I e e (1)
dhkl a ¢

The value of a and c are 3.7814 and 9.4788 A respectively, and
the unit volume is 135.5372 A3,

FESEM is employed for studying the surface morphology of
LLDPE composites with anatase nanoparticles. Fig. 2 exhibits the
surface images related to LLDPE/TiO, composite films. As evident
from the figure, a wrinkle on the surface formed by adding tita-
nium dioxide. The wrinkles increase with increasing the amount
of titanium. At first, the surface is quite smooth and by increase
doping the roughness increases. The surface morphology is greatly
altered with the amount of anatase in composite structure. The
wrinkle formation on the surface might be due to that the TiO2
nanoparticles correlated to the LLDPE polymer chain and effect of
the solvent evaporation process (Visaveliya et al., 2017). During
evaporation if lower surface is somehow contracted then the top
layer might ultimately deform to produce wrinkles.

3.2. Linear optical parameters

Transmittance and reflectance spectra of LLDPE/anatase
nanocomposites as a function of wavelength are presented in
Fig. 3 (B and C). The transmittance of pure LLDPE is very low, it
decreases gradually from longer-wavelength so that it has the low-
est values in the visible and UV regions. With adding TiO, anatase
nanoparticles there is corresponding decreasing trend in the trans-
mittance, however, in nanocomposite with 0.75 and 1.25 wt% of
anatase the transmittance is found to be higher.

Variation of reflectance of LLDPE/anatase nanocomposite and
pure LLDPE with wavelength is depicted in Fig. 3-C. It is observed
that the reflectance is low, below 3 %. Pure LLDPE is approximately
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Fig. 2. FESEM images of A). pure LLDPE and B-F). LLDPE/anatase nanocomposites of 0.5, 0.75, 1, 1.25, and 1.8 wt%.

around 1.8% for long-wavelength and begin to decrease gradually
from 840 nm to UV range, where it has its minimum value around
1.3%. With Incorporating TiO, anatase into the LLDPE, the reflec-
tance has overall decreased tend.

Linear absorption variation in terms of the wavelength of pure
LLDPE and LLDPE doped with different contents of anatase are

depicted in the inset of Fig. 3-A. The observed spectrum of pure
LLDPE has high absorption which is around 12% in the visible
region. Adding TiO, anatase structure to the LLDPE increases its
absorption slightly, around 15%, as the weight percentage of ana-
tase nanoparticles is increased, the absorption increases specifi-
cally in UV region. The linear absorption coefficient of
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Fig. 3. A). Absorption spectra (inset) and absorption coefficient B) Transmittance C). reflectance spectra, and D) Tauc’s plot for direct optical band gap energy of pure and

anatase composites LLDPE at various amount of anatase.

nanocomposites is calculated using equation (2) (Darwish et al.,
2017) where d is the thickness of the sample. The variation of lin-
ear absorption coefficient with wavelength is shown in Fig. 3-A

1. 13 —R2)+ (1-R?
d 2T AT?

+ R 2)

Direct optical band gap energy of LLDPE/anatase nanocompos-
ites are calculated from transmittance and reflectance spectrum
using Tauc’s plot as in this equation (3) (Al-Ghamdi, 2017; Hendi
and Rashad, 2018)

(ahv)® = A(hv — Ey) 3)

The Tauc’s plots of LLDPE/anatase nanocomposites are shown in
Fig. 3-D. The values of band gap energy are 5.87, 5.64, 5.60, 5.51,
5.06, and 5.42 for 0, 0.5, 0.75, 1, 1.25, 1.8 wt% of anatase respec-
tively. It observed that by adding anatase nanoparticles there is
an overall decrease in the optical band gap energy. The reduction
in the value of band gap might be due to the splitting of each level
into many levels equal to number of interacting atoms according to
the energy band theory (Li, 1993). So, the bands come closer or
overlapped which reduce the energy gap between the levels.

Refractive indices are calculated using Fresnel’s Formula (Aksoy
and Ruzgar, 2017; Yaqub et al., 2020) given in equation (5) and its
variation with wavelength is shown in Fig. 4-A. Pure LLDPE has a
low refractive index which is around 1.3 and with adding TiO,, it
has overall decreasing trend because it depends on reflectance of
the samples.

The extinction coefficient of LLDPE/anatase nanocomposite are
calculated using equation (4) (Dere, 2020). The variation of extinc-
tion coefficient of LLDPE/anatase nanocomposite with wavelength

is shown in the Fig. 4-B. In general, LLDPE/anatase nanocomposites
with various weight percentages have close values of extinction
coefficient in the visible and UV regions, but it varies a lot in the
infrared region. There is no regular pattern of extinction coefficient
with changing amount of TiO, nanoparticles which might be due to
irregular distribution of nanoparticles in polymer nanocomposites.

Ao

1+R 4R 2
Nn=c——+,/——-—k 5

Optical conductivity is calculated using equation (6) (Pankove
and Kiewit, 1972) and its variation with energy of incident photon
is shown in Fig. 4-C.

onc
Oopt = an (6)

Optical conductivity is caused with the diffusion current in the
material, this current arises under optical excitation without the
presence of applied electrical field, so in the LLDPE/anatase
nanocomposites the optical conductivity has low value when the
photon has low energy, by increasing the energy of the incident
photon o, slightly increase and at E = 6 eV. g,y It increases
rapidly, this is due to that at this energy the electron has absorb
the energy and translate to higher band of energy.

3.3. Open aperture Z-scan

The open aperture Z-scan technique is utilized to manifest the
nonlinear absorption coefficient of pure LLDPE and LLDPE/ anatase
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Fig. 4. Refractive index (A), extinction coefficient (B), and optical conductivity (C)) of LLDPE/anatase for various amount of anatase nanoparticles.

nanocomposites. Figs. 5 and 6 show the measured values of the
normalized transmittance as a function of the distance from the
beam focus in the open aperture z-scan for pure LLDPE and 1 wt
% anatase nanoparticle in the LLDPE matrix. Other concentrations
of LLDPE/anatase are shown the same traces but AT differ with
changing the concentration of nanoparticles in which that AT
increased with increasing the concertation at fixed irradiance. For
all the concentrations the transmittance is measured for the differ-
ent laser irradiance (8, 5.6, 4, 2.8, and 2 kW/cm?). In the pure LLDPE
at low laser excitations levels, the open aperture curve demon-
strates the presence of saturable absorption (SA) that the transmit-
tance increases at the focus. As the laser irradiance is increased, the
data is characteristic of reverse saturation absorption (RSA) in the
film, that is, the transmission at the focus decreases with increase
in intensity. Due to the changing behavior of nonlinearity from SA
to RSA. The nonlinear absorption coefficient changes from negative
to positive with increasing irradiance. The such influence of non-
linearity are observed before in PANI-Ag film (Sezer et al., 2009)
and linear polymer in dimethylformamide (Gao et al., 2007) and
others. It can be seen in Fig. 6 that the nonlinear absorption behav-
ior is strongly affected by the irradiance. The dependance of non-
linear absorption coefficient on the intensity of the laser is
illustrated in the Fig. 7.

The nonlinear absorption coefficient B is obtained by fitting the
experimental data of open aperture measurement with equation
(9) (Sheik-Bahae et al., 1990)

-9 (@)]"

(m+1)*?

T(z) = i

m=0
where

_ Ploley

do (Z) [] N %z]

ol

Z, is Rayleigh range of laser, Ly = 1=¢= is the effective length of
the films, o is the linear absorption coefficient, I, is he intensity of
the laser power at the focus. From the fitting curve we calculate the
nonlinear absorption coefficient using equation (10) (Vinitha and

Ramalingam, 2010).

_ 2V2AT
N IOLejf

(10)

The nonlinear absorption process has different mechanisms to
occur (Nagaraja et al., 2013). In the current case, were CW laser
used, the mechanisms of nonlinear absorption are competing,
and more than one mechanism will occur in a time (Sezer et al.,
2009). As in Fig. 7, it is clearly that B depends on the intensity of
laser output power, in which the values of nonlinear absorption
coefficient decrease with increasing in the laser power for LLDPE/
anatase films, this indicates two photon absorption induced free
carrier absorption (Nagaraja et al., 2013) has the dominated mech-
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Fig. 5. Open aperture Z-scan of pure LLDPE polymer in the different laser output power; 25, 35, 50, 75, and 100 mW for A-F.

anism in the LLDPE/anatase nanocomposites. These samples can be
used for optical limiting applications, because all films show a
decrease in transmission with increase in the laser power.

3.4. Close aperture Z-scan

To determine the nonlinear refractive index of LLDEP/anatase
nanocomposites, close aperture z-scan technique is performed.
The thickness of the films in the range of 0.04 mm, which is satisfy
criterion for diffraction L < z, for close aperture Z-scan (Sheik-
Bahae et al., 1990). Figs. 8 and 9 demonstrate the closed aperture
z scan profiles of pure LLDPE and LLDPE/anatase 0.5 wt% nanocom-
posites, and similar results are obtained in the other concentra-
tions of anatase nanoparticles, but different values of ATy,
obtained with changing the concentration of anatase nanoparti-
cles. The closed aperture Z-scan curve exhibit peak followed by
valley transmittance for all pure LLDPE and LLDPE/anatase films.
Which is mean these films have negative nonlinear refractive
indices.

Nonlinear refractive index n; is calculated after fitted the exper-
imental data using equation (11) (Sheik-bahae et al., 1989; Sheik-
Bahae et al., 1990)

4xAD,

T@=1+G w9

(11)

where = £, Ay is the on-axis phase shift represented by following
relation

AT, ,

® " 0.406(1 5%

S is the linear aperture transmittance, and it is equal to 0.3 in
our experiments, AT,_, is the difference between the peak-valley
normalized transmittance. To calculate n, equation (12) used
(Chapple et al., 1997)

A(Do = knzloLeff (12)

The ATy, of close aperture Z-scan curve differs as the anatase
nanoparticles concentration is changed resulting from the modifi-
cation in the nonlinear phase shift which leads to a change in the
value of the nonlinear refractive index n, with changing the
amount of nanoparticles. The magnitude of n, depends on the con-
centrations of anatase nanoparticles in the nanocomposites, is
shown in the Fig. 7.

The close aperture z-scan data is used to calculate the nonlinear
refractive index n,, and it is important to note that usually nonlin-
ear refraction conjunction with nonlinear absorption. This implies
that the closed aperture data will contain both nonlinear refraction
and nonlinear absorption components. By dividing the closed aper-
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ture z-scan trace by the open aperture z-scan trace, one can extract
pure nonlinear refraction (Chapple et al., 1997).

The AZ,., separation distance between valley and peak of
LLDPE/anatase nanocomposites for all films are approximately
1.7z,. Which is mean these nanocomposites have Kerr nonlinearity
concluding from satisfy the condition of Kerr nonlinearity (Kumar
etal,, 2007). In case 1.8 wst.%; AZ,,_, is more than 1.7z, that mean it
assign to the thermal nonlinearity (Sheik-bahae et al., 1989).

3.5. Third-order nonlinear optical properties

Nonlinear optical materials can be beneficial for all optical
switching, wavelength manipulation and signal processing. The
third-order optical nonlinearities of LLDPE/anatase nanocompos-
ites are investigated by Z-scan technique to examine the influence
of various amount of nanoparticles in nanocomposites and laser
intensity on the cubic nonlinear response. The third-order nonlin-
ear properties of materials are described as the nonlinear suscepti-
bility, the nonlinear absorption coefficient or nonlinear refractive
index.

Third-order nonlinear optical susceptibility is complex quan-
tity, the real part depends on nonlinear refractive index n,, while
the imaginary part depends on B as in the equations 13-15

Re(£®) (esu) — 10-* %58 p (cm2 yw) 13)
212

Im (%) (esu) = 10" 8‘)fm_'?}'ﬁ(cm/W) (14)

1% =\ Re(x®))* + (Im(x))? (15)

where & represents the dielectric constant in a vacuum, n, denotes
the linear refractive index, c is the speed of light in a vacuum and »
symbolize the laser wavelength(Shanshool et al., 2017). The imagi-
nary, real and the absolute values of y(3) for LLDPE/TiO, anatase
nanocomposites are listed in Table 1. LLDEP/anatase polymer
nanocomposites have high values of y(3) that is in the order 107>
esu.
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Table 1
Values of y(3) for LLDPE/TiO, anatase nanocomposites.
C% Io KW/cm? %105 esu x210%esu  x10esu
pure 8 1.58 0.53 1.66
5.6 4.95 0.18 4.95
4 1.29 0.42 1.36
2.8 1.47 0.53 1.56
2 3.84 1.26 4.04
0.5 8 3.21 0.66 3.28
5.6 145 0.53 1.55
4 1.77 0.56 1.86
2.8 1.53 0.52 1.62
2 1.02 0.59 1.18
0.75 8 1.89 0.46 1.95
5.6 1.70 0.33 1.73
4 1.28 0.32 1.32
2.8 1.52 0.54 1.62
2 1.71 0.55 1.79

Table 1 (continued)

C% o KW/cm? %105 esu %210 esu x10 % esu
1 8 1.10 0.32 1.14
5.6 0.81 0.30 0.86
4 0.54 0.34 0.64
2.8 0.46 0.34 0.57
2 1.52 0.29 1.54
1.25 8 18.75 4.21 19.21
5.6 30.37 4.68 30.73
4 46.41 6.18 46.82
2.8 50.32 6.54 50.75
2 20.17 8.68 21.95
1.8 8 0.58 0.21 0.61
5.6 0.33 0.14 0.36
4 0.82 0.29 0.87
2.8 0.27 0.12 0.30
2 0.48 0.57 0.74




N. Yaqub, W.A. Farooq and M.S. AlSalhi
4. Conclusion

Pure LLDPE film as its nonlinearity properties change from SA to
RSA at the same wavelength by changing the irradiance suggests
the film can be used in sensor application for optical limiting as
sensor protection from high laser power, and in the low power it
is used for magnification of transmitted signal. LLDPE/anatase
nanocomposites have a high value of third order nonlinear optical
susceptibility required to use in manufacturing of optical devices.
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