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Abstract The linear and nonlinear optical properties of polymer/inorganic nanocompos-
ites have received a great interest because of their potential application such as optical
limiting devices. A flexible foil like polymer/ZnO nanocomposites and polymer/ZnO/CuO
nanocomposites have been prepared via casting method. ZnO and CuO nanoparticles were
used as filler, while four different types of polymer were used as polymer matrix. The
purity and composition of the nanocomposites were confirmed via EDX analysis and EDS
mapping. Surface morphology of samples was tested by FESEM that were shown the
dispersion of ZnO and CuO nanoparticles successfully. To study the influence of adding
CuO nanoparticles on polymer/ZnO nanocomposites; the liner transmittance was measured
and linear absorption coefficient was calculated. The results show a decrease in linear
transmittance and increase in linear absorption coefficient when CuO nanoparticles was
added. Then, the absorption coefficient and refractive index of the as-prepared sample were
analysed using an open and closed aperture single beam Z-scan technique via Q-switched
Nd-YAG pulse laser at 532 nm. The nonlinear refractive index was in the order of
107" cm*/W with a negative sign whereas the nonlinear absorption coefficient was in the
order of 1077 cm/W. The real part, imaginary part and the absolute value of the third order
nonlinear optical susceptibility ¥ were calculated. The ¥ was in the order of 107° esu.
The effect of adding CuO nanoparticles to nanocomposites was enhanced their nonlinear
optical properties. Consequently, a good optical limiting was obtained. The optical limiting
threshold of the samples was measured. The results showed that the prepared nanocom-
posites can be considered as an excellent candidate for optical limiting devices, which
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clearly affected by the adding CuO nanoparticles and the type of polymer matrix.
Nanocomposites PMMA/ZnO/CuO and PS/ZnO/CuO showed the low optical limiting
threshold, which were equal to 60 and 50 Mw/cm?, respectively.

Keywords Optical limiting threshold - Polymer/ZnO nanocomposites - Polymer/ZnO/CuO
nanocomposites - Third order nonlinearity

1 Introduction

Nowadays, polymer inorganic nanocomposites have focused by significant scientific and
technological interest. Those nanocomposites are a sort of composite materials comprising
of inorganic nanoparticles, which are dispersed in a polymer matrix uniformly. Both
properties of inorganic nanoparticles and polymer will be changed when inorganic
nanoparticles are added in a polymer matrix. Thus, it will be enhanced, and advanced new
functions to the nanocomposite (Li et al. 2010). A single material with novel properties can
be obtained by successfully joining materials of different characteristics to prepare
nanocomposites. Consequently, it can be used to provide high-performance novel materials
and can be applied in many scientific fields. The optical properties of nanocomposites have
received much attention because they are different from individual polymers. In addition,
they offer unique properties which greatly differ from that of conventional materials (In-
dolia and Gaur 2013).

Zinc oxide (ZnO) is one of the groups of II-VI semiconductors. It is the most attractive
semiconductor due to the unique combination of electrical and optical properties, and
important features like biocompatibility, long-term environmental stability, non-toxicity
and low cost (Jeeju et al. 2012). The future where ZnO devices become part of our daily
lives is already approaching (Irimpan 2008). ZnO has been added as fillers in many
polymers, such as PMMA, PS, PVDF, PVA, PVC and PC (Indolia and Gaur 2013; Jeeju
et al. 2012; Chen et al. 2003; Sangawar and Golchha 2013; El-Kader et al. 2013; Al-Taa
et al. 2014; Al Jaafari and Ayesh 2011).

Copper oxide (CuO) can be defined as a p-type semiconductor oxide with a narrow band
gap of about 1.2-1.4 eV at room temperature. CuO has a monoclinic crystal structure. The
copper atom is surrounded by four oxygen atoms in an approximately square planar design
(Al-Gaashani 2012). It has been attracting attention due to its multipurpose applications in
optoelectronic devices which are effective at ultraviolet and blue regions. Its excitation
binding energy is very large (60 meV) at room temperature. It has two absorption peaks at
391 and 485 nm (Jundale et al. 2013). CuO nanoparticles showed different peak absorption
at 370-391 nm depending on the particle size; i.e., they exhibit blue shift at the absorption
peaks with decreasing of nanoparticle size (Dagher et al. 2014).

The literature revealed that doping another nanoparticles material modified the ZnO
nanoparticles (Li et al. 2010).

Ando et al. (1995), Chen et al. (2009), and Shahmiri et al. (2013) stated that CuO
nanoparticles have been showing high optical nonlinearity, .

Chen et al. (2013) and Anand et al. (2014) mentioned that CuO nanoparticles film was
found to be a good optical limiter under high repetition rate laser with ultrafast pulse
duration.
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Optical limiter is one of the most important types of devices used to control the
amplitude of high light intensity. For an ideal optical limiting material, high transmission is
observed at normal light, whereas low transmission is detected at intense light. So, it is
used as a protection for human eyes and optical detectors. The self-defocusing in con-
junction with the nonlinear absorption process in semiconductors will enhance the optical
limiting performance (Aleali and Mansour 2010).

In spite of the many studies that had been conducted, there is a need to enhance the
understanding of all photonics technologies and contribute to the knowledge pertaining to
the suitability of using nonlinear optical materials as optical limiter, especially the common
usage of optical detectors, and sensors for different scientific purposes (Jeeju et al. 2012).
The optical limiting devices are needed to protect the photosensitive components from high
intensity laser radiation.

The importance of studying linear and nonlinear optical properties is consider as an
opportunity to determine and choose the nanoparticles of materials and nanocomposites in
which the linear and nonlinear optical properties are known so it can be used in opto-
electronics applications. This work is considered as a contribution to fill the lack of
nonlinear optical studies on polymer—ZnO and polymer—ZnO-CuO nanocomposites.

In this work, flexible foil like polymer/ZnO and polymer/ZnO/CuO nanocomposites
with different polymer matrix; PMMA, PVDF, PVA, and PS are prepared. For as-prepared
samples, the linear transmittance is measured and the linear absorption coefficient is cal-
culated. Besides, the nonlinear optical properties such as nonlinear refractive index and
nonlinear absorption coefficient are determined using Z-scan technique, then the third
order nonlinearity is calculated. As well as the optical limiting property is explored using
transmittance technique. To the best of the author’s knowledge, the preparation of poly-
mer/ZnO/CuO nanocomposites and study their linear and nonlinear optical properties are
considered to be the first work.

2 Method and materials

Four different types of polymers were used as polymer matrix; poly (methyl methacrylate)
(PMMA), poly (vinylidene fluoride) (PVDF) polyvinyl alcohol (PVA), and polystyrene
(PS). All of them were supplied by Sigma-Aldrich.

Zinc Oxide (ZnO) was purchased from Sigma-Aldrich. It was used as a filler in poly-
mer/ZnO and polymer/ZnO/CuO nanocomposites. The size of the nanoparticles was
50 < size < 100 nm. This particle size was chosen because nonlinear optical properties are
enhanced as the particle size of nanoparticles that are used as fillers in nanocomposite
increases (Jeeju et al. 2012; Sreeja et al. 2010; Haripadmam et al. 2012).

Copper oxide (CuO) was purchased from Sigma-Aldrich; the size of the nanoparticles
was 25 < size < 50 nm. It was added to polymer/ZnO nanocomposites to enhance the
linear and nonlinear optical properties of the samples. The ZnO nanoparticles were also
modified to avoid aggregation and agglomeration that may happen during their dispersion
in the polymer matrix.

To prepare polymer/ZnO nanocomposites one of the four polymers (PMMA, PVDF,
PVA, and PS) was used as the polymer matrix and ZnO nanoparticles were used as fillers.
Then CuO nanoparticles was added to each one of four polymer/ZnO nanocomposites to
prepare polymer/ZnO/CuO nanocomposites.
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3 Preparation of polymer/ZnO nanocomposites

Nanocomposites PMMA/ZnO were prepared in two steps; firstly, the PMMA solution was
prepared by adding chloroform (CHCls) to the (PMMA). Secondly, Zinc oxide (ZnO) with
concentrations of 10 wt% was added to the mixture of PMMA/chloroform. The procedures
of preparation was maintained in our previous literature (Shanshool et al. 2016).

PVDF/ZnO nanocomposites were prepared using the same procedures applied for the
preparation of PMMA/ZnO nanocomposites. PVDF was dissolved in DMF as solvent using
a magnetic stirrer (angular velocity of 400 rpm and time duration of 2 h at 60 °C). Zinc
oxide (ZnO) with concentrations 8 wt% were added to the mixture of PVDF/DMF. Then a
sonicator was used for 15 min to disperse the nanoparticles in the solution. After that, the
solution was stirred at room temperature for 2 h by a magnetic stirrer (angular velocity
400 rpm) at room temperature to get a homogeneous solution.

PVA/ZnO nanocomposites was prepared by the same procedures used to prepare
PMMA/ZnO nanocomposites. Firstly, PVA solution was prepared by adding distilled water
(H,O) to the PVA. A magnetic stirrer (angular velocity of 400 rpm and duration time 2 h at
70 °C) was used to help it dissolve. Secondly, zinc oxide (ZnO) with concentrations of
10 wt% were added to the mixture of PVA/water.

PS/ZnO nanocomposite was prepared by applying the same procedures used to prepare
PMMA/ZnO nanocomposites. Firstly, PS was dissolved in toluene to prepare PS solution.
Then it was stirred using a magnetic stirrer (angular velocity of 400 rpm and time duration
of 2 h at 60 °C). Secondly, zinc oxide (ZnO) with concentrations of 10 wt% was added to
the mixture of PS/toluene. The same steps which used after adding ZnO nanoparticles to
mixture of PMMA/Chloroform was followed when adding ZnO nanoparticles to PVA/
water and PS/toluene.

Casting technique was used to prepare foils like PMMA/ZnO, PVDF/ZnO, PVA/ZnO,
and PS/ZnO. PMMA/ZnO solution was casted uniformly on a glass petri dish and each one
of three other solutions were casted uniformly on a ceramic petri dish at room temperature.
After few hours the film was pulled out easily as flexible foil. Next, the foil was kept at
room temperature for one day for PMMA/ZnO and at 60 °C for one day for PVDF/ZnO,
PVA/ZnO, and PS/ZnO to solidify. Later, the foils like polymer/ZnO of four different
types of polymer matrix were collected.

4 Preparation of polymer/ZnO/CuO nanocomposites

Copper oxide (CuO) nanoparticles were added to the polymer/ZnO nanocomposites. The
PMMA-ZnO, PS/ZnO and PVA/ZnO nanocomposites with 10% of ZnO, and PVDF/ZnO
with 8% of ZnO were chosen to be added 1% CuO. These nanocomposites with ZnO and CuO
concentrations were prepared as the requirements of the study because they have suit-
able transmittance that can be used in the Z-scan technique with a laser source at a wavelength
of 532 nm. After preparing polymer—ZnO nanocomposites as mentioned above, CuO
nanoparticles (1 wt%) were added to these nanocomposites. A sonicator was used for 15 min
to disperse the CuO nanoparticles in the solution. After that, the solution (polymer/ZnO/CuO)
was stirred at room temperature for 2 h using a magnetic stirrer (angular velocity of 400 rpm)
to get a homogeneous solution. By using casting technique, each one of the solutions (PVDF/
ZnO/CuO, PVA/ZnO/CuO and PS/ZnO/CuO) was casted uniformly on a ceramic dish at
room temperature, whereas PMMA/ZnO/CuO was casted on a glass dish using the same
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procedure. Then, the first three nanocomposites were kept in the oven at 60 °C for 1 day,
while PMMA/ZnO/CuO samples were kept at room temperature for one day. After that, the
film was pulled out easily from the substrate as a flexible foil.

5 Characterization of the samples

UV-Vis spectrophotometer (PerkinElmer instruments-Lambda 900 UV/VIS Spectrometer)
was used to measure the linear transmittance and reflectance spectra of the as-prepared
samples. The reflectance was measured in a separate parameter using UV-Vis spec-
troscopy itself which has the features to measure the R values.

The surface morphologies of the as-prepared nanocomposites were characterized using
field emission scanning electron microscope (FESEM, Carl Zeiss, Merlin Compact, Oxford
Instrument, 55VP) with accelerating voltage of 3.0 kV. Prior to the analysis, the samples
were coated with a fine layer of platinum in order to reduce the charging effect.

Energy dispersive X-ray (EDX) was used to analyze the compositional and purity of the
as-prepared nanocomposites materials. An EDS mapping is an image used to show the
spatial distribution of elements in as-prepared samples. EDX analysis and EDS mapping
were obtained from the plug in the analysis of FESEM.

The setup of single beam Z-scan technique is shown in Fig. 1. A Q-switched Nd: YAG
pulse laser, (Beijing Mini laser Technology Co., Ltd.) which gives second harmonic at
532 nm (7 ns, 5 Hz) was used as the light source. A 10 cm lens was used to focus the laser
beam. The transmitting light energy in the far field, which passed through the aperture, was
recorded by energy meter (OPHIR Photonics, A Newport Company). The procedures of
Z-scan measurements were explained in our previous studies (Shanshool et al. 2015, 2016).

6 Results and discussion

6.1 Field emission scanning electron microscope (FESEM)

Figure 2 presents the top-view FESEM images of the surface morphology of foil like
polymer/ZnO/CuO nanocomposites for four types of polymer where two different

Fig. 1 Z-scan setup
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magnifications; were used (10 and 50 K) each type of nanocomposites. Figure 2a, b rep-
resent PMMA/ZnO/CuO nanocomposites, (c) and (d) represent PVDF/ZnO/CuO
nanocomposites, (e) and (f) represent PVA/ZnO/CuO nanocomposites and (g) and
(h) represent PS/ZnO/CuO nanocomposites. A homogeneous dispersion of ZnO and CuO
nanoparticles can be observed in the polymeric matrix, however that dispersion in polymer/
ZnO/CuO was better than the desperation obtained in polymer/ZnO which indicate that
ZnO nanoparticles were modified when CuO nanoparticles were added to the nanocom-
posites. Also, the effective size of the ZnO nanoparticles was calculated via imagel
software. Interestingly, it is noted that irregular-shaped ZnO nanoparticles and CuO
nanoparticles were formed. For PMMA/ZnO/CuQ, the size ranged from 74 to 289 nm, For
PVDF/ZnO/CuO, it ranged from 75 to 102 nm, For PVA ZnO/CuO, it ranged from 37 to
62 nm and for PS/ZnO/CuO it ranged from 78 to 107 nm.

6.2 Energy dispersive X-ray (EDX) and EDS mapping

To check the composition and distribution of the element existed in the as-prepared foil
like polymer/ZnO/CuO nanocomposites, EDX survey scan and EDS mapping analysis
were performed on these samples. Figure 3a represents the EDX of PMMA/ZnO/CuO
nanocomposites which showed the four elements detected in the sample which were
carbon (C) that arose from the PMMA structure, oxygen (O) that also arose from the
PMMA structure, zinc (Zn) and copper (Cu) from the dopant ZnO and CuO. Figure 3b
represents the EDX of PVDF/ZnO/CuO nanocomposites which showed the five elements
detected in the sample which were carbon (C) and fluorine (F) that arose from the PVDF
structure and oxygen(O), zinc(Zn), and copper(Cu) that arose from dopant ZnO and CuO.
Figure 3e represents the EDX spectrum of PVA/ZnO/CuO nanocomposite which showed
the four elements detected which were carbon (C) that arose from the PVA structure,
oxygen(O) that arose from the PVA structure and dopant ZnO and CuO, and zinc (Zn) and
(Cu) elements from the compounds (ZnO) and (CuO). Figure 3f represents the EDX
spectrum of PS/ZnO/CuO nanocomposite that showed four elements detected in the sample
which were carbon (C) that arose from the PS structure, and oxygen (O), zinc (Zn) and
copper (Cu) which arose from the dopant ZnO and CuO. This result suggests that the as-
prepared samples were in high-purity condition. Figure 3c, d, g, h show the EDS mapping
of PMMA/ZnO/CuO, PVDF/ZnO/CuO, PVA/ZnO/CuO, and PS/ZnO/CuO nanocompos-
ites, respectively. The good spatial distribution was shown obviously from the same ele-
ments in the EDX spectra of every nanocomposite.

6.3 Transmittance

Figure 4 represent the transmittance spectra; (a) pure PMMA, PMMA/ZnO and PMMA/
ZnO/CuO, (b) pure PVDF, PVDF/ZnO, and PVDF/ZnO/CuO, (c) pure PVA, PVA/ZnO
and PVA/ZnO/CuO, (d) pure PS, PS/ZnO and PS/ZnO/CuQO. Pure PMMA showed high
transparency in the visible region (approximately 90%) but relatively lower in the UV
region (around 80%). Meanwhile pure PVA showed transparency around 85% in the
visible region and lower in the UV region. Pure PS showed transparency approximately
80% in the UV and visible regions. However pure PVDF showed the lowest transparency
in the UV and visible regions for all nanocomposites, it was around 15%. The effect of
adding ZnO nanoparticles to all polymers was clear, polymer/ZnO nanoparticles showed
lower transmittance than pure polymer in all four nanocomposites. These results are in
accordance with the studies by Anzlovar et al. (2012) and Khan et al. (2014) for PMMA/

@ Springer



Influence of CuO nanoparticles on third order nonlinearity... Page 7 of 21 18

Fig. 2 Top view FESEM images of: a, b PMMA/ZnO/CuO nanocomposites; ¢, d PVDF/ZnO/CuO
nanocomposites; e, f PVA/ZnO/CuO nanocomposites; g, h PS/ZnO/CuO nanocomposites
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M Spectrum s

Fig. 3 a EDX of PMMA/ZnO/CuO, b EDX of PVDF/ZnO/CuO, ¢ EDS mapping of PMMA/ZnO/CuO,
d EDS mapping of PVDF/ZnO/CuO, e EDX of PVA/ZnO/CuO, f EDX of PS/ZnO/CuO, g EDS mapping of
PVA/ZnO/CuO, h EDS mapping of PS/ZnO/CuO

7ZnO0, Indolia and Gaur (2013) and Bhunia et al. (2014) for PVDF/ZnO, Kumar et al. (2014)
and Mallika et al. (2015) for PVA/ZnO, and Jeeju et al. (2012) for PS/ZnO.

The effect of adding CuO nanoparticles in nanocomposites was observed clearly. The
transmittance spectrum of polymer/ZnO/CuO nanocomposite showed lower value than
nanocomposite that contained only ZnO nanoparticles for four different nanocomposites.
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Fig. 4 Transmittance spectra of nanocomposites, a PMMA/ZnO/CuO, b PVDF/ZnO/CuO, ¢ PVA/ZnO/
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The highest effect was noticed in PS/ZnO/CuO nanocomposites, while the lowest effect
was noticed in the PVA/ZnO/CuO nanocomposite.

6.4 Linear absorption coefficient (o)

The linear absorption coefficient (at) for foil samples was calculated according to Hamdalla
et al. (2015):

1. (1-R)

o= Eln T (1)

where d is the thickness of the sample, T is the transmittance, and R is the reflectance that
was obtained from the data of UV-visible spectroscopy.

The thickness of the prepared samples like the flexible foil was determined using a
digital micrometre at different places in each film and an average was determined; the
thickness was around 75 pm for PMMA/ZnO/CuO, 35 pm for PVDF/ZnO/CuO, 90 pm for
PVA/ZnO/CuO, and 120 um for PS/ZnO/CuO.

Figure 5 represent the linear absorption coefficient spectra; (a) pure PMMA, PMMA/
ZnO and PMMA/ZnO/CuO, (b) pure PVDF, PVDF/ZnO, and PVDF/ZnO/CuO (c) pure
PVA, PVA/ZnO and PVA/ZnO/CuO, (d) pure PS, PS/ZnO and PS/ZnO/CuO. In all
nanocomposites, the results showed that o increased with the increase of ZnO nanoparti-
cles contained, especially in short wavelengths. This means that there is a high probability
of the transition to be directly allowed to take place (Nwanya et al. 2016). The presence of
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absorption edges was observed, which is an indication of a good degree of crystallinity of
nanocomposite samples (Al-Hussam and Jassim 2012). In addition, o depends on the
wavelength of light that is actually being absorbed. The effect of CuO nanoparticles is
observed clearly in which the addition of the nanoparticles increased the linear absorption
coefficient of the nanocomposites. The highest effect is noticed in the PS/ZnO/CuO
nanocomposite.

6.5 Nonlinear optical properties

Z-scan technique (Opened and Closed Aperture) was used to determine nonlinear
absorption coefficient and nonlinear refractive index, besides third-order nonlinear optical
susceptibility ¥ of as-prepared samples was calculated.

The radius of the laser beam at the focus w, was calculated to be 26.6 pm. The
irradiance of the laser beam at the focus I, was 0.9 GW/cm?. The Rayleigh length, Z, was
calculated to be 4.17 mm. The procedures have been described by Sheik-Bahae et al.
(1989), Bahae et al. (1990) and Van Stryland and Sheik-bahae (1998) were used to analyse
the obtained data. The high nonlinear effect observed in the present work belonged to the
ZnO and CuO nanoparticles, whereas the pure PMMA, PVDF, PVA, and PS had a neg-
ligible nonlinear optical response at 532 nm when measured using the same technique.
These results are in accordance with Dorranian et al. (2012) for PMMA, Husaini et al.
(2012) for PVA, Haripadmam et al. (2014) for PS, and Shanshool et al. (2015) for PVDF,
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all of them were prepared as thin film. In this work, to the best of the author’s knowledge,
study on the nonlinear optical properties of polymer/ZnO/CuO nanocomposites as flexible
foils is considered to be the first work. Therefore, the results could not be compared with
previous literature.

6.6 Nonlinear refraction index (closed aperture)

Figure 6 shows the measurements of the normalized transmittance versus the sample
position in the closed-aperture Z-scan, (a), (c), (e) and (g) for polymer/ZnO and (b), (d),
(f) and (h) for polymer/ZnO/CuO. For polymer/ZnO nanocomposites, it can be observed
that the value of ATp_y for PMMA/ZnO nanocomposite showed the highest value while
PVDF/ZnO showed the lowest value. For polymer/ZnO/CuO nanocomposites, the effect of
adding CuO nanoparticles for all nanocomposites is clear whereby, the value of ATp.y
increased. The highest increment is shown in the PS/ZnO/CuO nanocomposite, whereas
the lowest increment is shown in the PVDF/ZnO/CuO nanocomposite.

A peak followed by a valley is the hallmark of a negative nonlinear refractive index in
all types of polymer/ZnO and polymer/ZnO/CuO nanocomposites, which is due to self-
defocusing (Irimpan 2008). Therefore, the figures demonstrated that the samples have
exhibited self-defocusing effect, i.e., they have negative nonlinearity. This means that,
these samples will diverge the high intense beam which is incident on them (Nagaraja et al.
2013).

There are electronic and thermal effects to the nonlinear refractive index. However, the
separation between them is not easy (Jacinto et al. 2006; Freitas et al. 2008).

From Fig. 6a—h the distance between peak and valley (AZp.) was found to be
approximately 7 mm in nanocomposites of PMMA/ZnO and PMMA/ZnO/CuO, PVDF/
ZnO and PVDF/ZnO/CuO, and PS/ZnO and PS/ZnO/CuO;when compared to AZp.
v = 1.7 Z, which satisfied the condition of third-order nonlinearity (Bahae et al. 1990;
Aranda et al. 1995; Battaglin et al. 2001; Yang et al. 2002; Kumari et al. 2012). Thus
confirming the presence of pure electronic third-order nonlinearity. However, for AZp.
v > 1.7 Z, for PVA/ZnO and PVA/ZnO/CuO nanocomposites, Fig. 6e, f the occurrence of
thermal nonlinearity was clearly shown and the nonlinear effect observed represented the
third-order process (Mathews et al. 2007; Tamgadge et al. 2014). Usually, the thermal
effect has a dominant contribution to the nonlinear optical mechanism when continuous
wave laser is used. On the other hand, electronic contribution dominates in nonlinear
optical mechanism when pulsed laser is used, as in the current work, except in some
limited cases in which thermal contribution will dominate. This limited case took place
when it satisfied the condition that states that the thermal response time of the sample will
be in the range of pulse duration of pulsed laser (Boyd 2007). Even when using pulsed laser
of short pulses, the cumulative thermo-optical effects will arise in the sample in which its
refractive index is temperature dependent (i.e. dn/dT # 0) (De Nalda et al. 2002) hence
thermal lens is formed. Consequently, it contributes to the result of closed aperture Z-scan.
The expression of a nonlinear refractive index n, of thermal effect is (Boyd 2007; Tam-

gadge et al. 2015):
dn\ aw?
dn

where (ﬁ) is the thermo-optical coefficient which is defined as the variation of the

refractive index with temperature (Ghosh 1998), o is the linear absorption coefficient. w, is
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the radius of the laser beam at the focus, and k is the thermal conductivity (k = [pC,|D),
where p is the density, C, is the specific heat at constant pressure, (pCP) represents the
heat capacity, and D is the thermal diffusivity. These parameters affected the determination
of thermal response time. As AZp was more than 1.7 Z,, the thermal response time of
PVA/ZnO nanocomposite was considered in the range of pulse duration; hence thermal
contribution was dominant (Boyd 2007).

By using the variable transmittance values of the closed-aperture Z-scan, the nonlinear
phase shift A®y and the nonlinear refractive index n, were determined.

A®, can be calculated using (Bahae et al. 1990; Dorranian et al. 2012):

ATp_y

0.466(1 — 5)°% ®)

Ad,
AT,, is the change in transmittance between the peak and valley in a closed aperture Z-
scan, and is defined as:

ATpy = Tp — Ty (4)

where T, and T, are the normalized peak and valley transmittances as seen in Fig. 5.
The ratio of the light passing through the aperture to the light in front of the aperture
was defined as S. The details of calculation S was mentioned in previous study (Shanshool
et al. 2015, 2016).
Thus the values of ADy can be calculated and was used to calculate the nonlinear
refractive index n, using the equation (Irimpan 2008):

JAD,
n =
27 2aloLyy

(5)

where A is the wavelength of the laser source, I, is the irradiance of the laser beam at the
focus, and L is the effective length of the sample, which is calculated as (Haripadmam
et al. 2012; Bahae et al. 1990):

Loy =— (6)
where o is the linear absorption coefficient and d is the thickness of the sample.

The values of A®, L. and n, of all polymer/ZnO and polymer/ZnO/CuO nanocom-
posites are listed in the Tables 1, 2, 3, and 4. The obtained values of n, for as-prepared
samples are in order 10~'% cm/W that are larger than values in previous studies which was
in order 10~"* ¢cm?/W for PS/ZnO nanocomposite prepared as thin film (Jeeju et al. 2012),
107" cm*W for PMMA/ZnO nanocomposite prepared as thin film (Jeeju 2012), and
10~ cm*W for PVA/ZnO nanocomposite prepared as thin film (Jeeju et al. 2014).

6.7 Nonlinear absorption coefficient (open aperture)

By removing the aperture, open aperture Z-scan was used to investigate the nonlinear
absorption coefficient. During this process, the transmitted beam was collected by the
detector without any limitation.

In order to evaluate the nonlinear absorption coefficient, Fig. 7 shows the measurements
of the normalized transmittance versus the sample position in the open-aperture Z-scan for
polymer/ZnO and polymer/ZnO/CuO, (a) represent PMMA/ZnO and PMMA/ZnO/CuO,
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Table 1 Values of Ly, f3, @o,
n,, Re x®, Im x® and Iy for
PMMA/ZnO (10 wt%) and
PMMA/ZnO (10 wt%)/

CuO(1 wt%) nanocomposites as
foil

Table 2 Values of L g, 8, ®o,
n,, Re ¥®, Im ¥® and Ix® for
PVDF/ZnO (8 wt%) and PVDF/
ZnO (8 wt%)/CuO (1 wt%)
nanocomposites as foil

Table 3 Values of L g, f3, @o,
n,, Re x®, Im x® and Iy for
PVA/ZnO (10 wt%) and PVA/
ZnO (10 wt%)/CuO (1 wt%)
nanocomposites as foil

Table 4 Values of L g, 8, @y,
n,, Re x®, Im x® and Iy for
PS/ZnO (10 wt%) and PS/ZnO
(10 wt%)/CuO (1 wt%)
nanocomposites as foil

Nanocomposites PMMA/ZnO PMMA/ZnO/CuO
Lese X 1072 cm 4.139 2.864

B x 1077 cm/W 2.125 4.114

AD, 1.157 1.588

m x 107" em*/W —2.630 —5.217

Re ¥ x 1078 (esu) —3.1127 —4.5589

Im ¥ x 107 (esu) 1.0645 1.5213

Ix®l x 107° (esu) 1.0650 1.5220
Nanocomposites PVDF/ZnO PVDF/ZnO/CuO
Legr x 107% cm 1.051 0.862

B x 1077 cm/W 1.942 4.740

AD, 0.181 0.294

n, x 1072 em®>W —1.624 —3.220

Re ¥ x 107® (esu) —1.4116 2.2535

Im ¥ x 107 (esu) 0.7144 1.4037

Ix®l x 107° (esu) 0.7145 1.4039
Nanocomposites PVA/ZnO PVA/ZnO/CuO
Les X 1072 cm 5.044 4.904

B x 1077 cm/W 1.744 2.178

AD, 1.134 1.996

m x 10712 em*/W —2.116 —3.830

Re ¥ x 1078 (esu) —2.0139 —3.1275

Im ¥ x 107 (esu) 0.7025 0.7527

Ix®I x 107° (esu) 0.7028 0.7533
Nanocomposites PS/ZnO PS/ZnO/CuO
Legr x 107% cm 8.927 4.283

B x 1077 cm/W 0.844 3.118

AD, 0.521 1.996

n, x 107" em*W —0.550 —4.386

Re ¥ x 1078 (esu) —0.5659 —3.8574

Im ¥ x 107 (esu) 0.3678 1.1604
Ix®1 x 107° (esu) 0.3678 1.1611

(b) represent PVDF/ZnO and PVDF/ZnO/CuO, (c) represent PVA/ZnO and PVA/ZnO/
CuO, and (d) represent PS/ZnO and PS/ZnO/CuO. The transmittance was sensitive to
nonlinear absorption. The transmittance showed a minimum value at the focus Z = 0 and
then increased steadily on both sides of the focus, that represented a valley. From the
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resulting data as comparison between four nanocomposites of polymer/ZnO, the valley of
PMMA/ZnO nanocomposites is found to be deeper than the other three nanocomposites,
whereas the PVDF/ZnO nanocomposites had the lowest deep valley among all the studies
of nanocomposites. This indicates that PMMA/ZnO nanocomposite exhibits stronger
nonlinear absorption performance than other nanocomposites. The two-photon absorption
caused the change in the transmittance in the samples (Mahdi and Altaify 2009). From the
data, a symmetric valley indicates a positive nonlinear absorption coefficient  for all types
of nanocomposites which represents two-photon absorption.

The effect of adding CuO nanoparticles for all nanocomposites is clear. The valley of
the nanocomposite that contains CuO nanoparticles in addition to ZnO nanoparticles is
deeper than nanocomposite containing only ZnO nanoparticles that is due to the red shift of
energy gap. The energy band gap of polymer/ZnO/CuO nanocomposites is shifted to the
lower value as the CuO nanoparticles was added in every one of polymer/ZnO/CuO
nanocomposites. Here the shift of the energy gap enhanced two photon absorptions (Sreeja
et al. 2010; Vinitha et al. 2010). Thus, the results of the open aperture Z-scan of the
polymer/ZnO/CuO nanocomposites show that the nonlinear absorption coefficient values
were enhanced with the addition of CuO nanoparticles.

To determine the value of nonlinear absorption coefficient B, the following equation
(Vinitha et al. 2010) was used:
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Fig. 7 The normalized transmittance as a function of sample position in the open aperture Z-scan for
nanocomposites foil: a PMMA/ZnO and PMMA/ZnO/CuO, b PVDF/ZnO and PVDF/ZnO/CuO, ¢ PVA/
ZnO and PVA/ZnO/CuO, d PS/ZnOand PS/ZnO/CuO
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where At is the one valley value obtained from the data of the open Z-scan curve.

The values of f calculated from Eq. (7) for all types of nanocomposites are listed in
Tables 1, 2, 3, and 4. The obtained values of B for as-prepared samples are in order
1077 cm/W that are larger than values obtained in previous studies for polymer/ZnO
nanocomposites which was in order 10~ cm/W for PS/ZnO nanocomposite prepared as
thin film (Jeeju et al. 2012), and 10~° cm/W for PMMA/ZnO nanocomposite prepared as
thin film (Jeeju 2012).

6.8 Third-order nonlinear optical susceptibility 3

x(3) is the third order susceptibility that explains processes like third harmonic generation.
The nonlinear susceptibility should be practically large as the main step to select materials
for nonlinear optical applications. Its value varies with different of nonlinear materials and
normally, the third order susceptibility of semiconductors is in the range of 107 '"°—
107'% esu. The real part of the third order susceptibility is dependent on the nonlinear
refraction index n,, while the imaginary part of the third order susceptibility is dependent
on the nonlinear absorption coefficient B (Nagaraja et al. 2013). The real and imaginary
parts of the third-order nonlinear optical susceptibility ¥ can be calculated by using the
refractive index n, and nonlinear absorption coefficient B, according to the following
equations (Mathews et al. 2007):

Re /3 N 2

% (esu) = 10 ny (em®/W ) (8)
L, &.cn?

I, 1) (esu) = 10 ZTJ B (cm/W) 9)

where ¢, is the dielectric constant in a vacuum, c is the speed of light in a vacuum, n,, is the
linear refractive index and A is the laser wavelength.

The absolute value of the third-order nonlinear optical susceptibility X(3) can be cal-
culated by:

7P = [(Re (x*))” + (Im(x))})'"? (10)

Third order nonlinearity is usually measured in esu, and sometimes in m?/V>. The
values of polymer/ZnO/CuQO nanocomposites are tabulated in Tables 1, 2, 3, and 4. The
obtained values of third optical susceptibility x‘* for as-prepared samples are in order
107 esu that are larger than the values obtained in previous studies which was in order
102 esu for PS/ZnO nanocomposite prepared as thin film (Jeeju et al. 2012), 107" and
107" esu for PMMA/ZnO nanocomposite prepared as thin film (Kulyk et al. 2009; Jeeju
2012) respectively.

6.9 Optical limiting

The suitability of a sample to be used as an optical limiter depends on the sign and the
value of the nonlinear refractive index, n,. Besides that, the presence of a strong nonlinear
absorption produces good optical limiting (Kumar et al. 2008). The negative sign of n,
indicates the suitability of the sample to be used as an optical limiter for laser radiation due
to self-defocusing, which means it will diverge the radiation. According to the results that
were obtained in Fig. 6 and Tables 1, 2, 3, and 4, the sign of n, which were obtained for all
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as-prepared nanocomposites were negative. Hence, they are considered as promising
candidates to be used as optical limiter devices at a wavelength of 532 nm (Ryasnyanskiy
et al. 2007). The property of optical limiting is mostly found to be absorptive nonlinearity.
Hence, it is related to the imaginary part of the third order susceptibility (Mathew et al.
2012). The optical limiting threshold reduced when the size of the nanoparticle increased
and the optical limiting performance was enhanced (Hari et al. 2011).

6.10 Measurements of optical limiting threshold

The setup of the transmittance technique, which was used to determine the optical limiting
threshold of the as-prepared samples, is same as the setup of the Z-scan technique, but the
sample should be fixed at the focal point (i.e. it will be constant at this point and will not
move along the z-axis as in the Z-scan measurements). Figure 8 represents the setup of the
transmittance technique. Variable beam splitter (attenuator) was used in the path of the
laser to vary the output power of the laser source. The transmittance in the far field was
measured using an energy meter and was normalized, and then plotted as a function of
input fluence (Mw/cm?). It should be mentioned that the absorption spectra of the as-
prepared samples were checked after irradiating them with a laser source and it was found
that almost no change happened in the pattern and its intensity, hinting that the as-prepared
samples have good photo stability.

Figure 9 represents the normalized transmittance as a function of input fluence for four
types of polymer/ZnO and polymer/ZnO/CuO nanocomposites that are (a) PMMA/ZnO
and PMMA/ZnO/CuO, (b) PVDF/ZnO and PVDF/ZnO/CuO, (¢) PVA/ZnO and PVA/ZnO/
CuO, and (d) PS/ZnO and PS/ZnO/CuO. Initially, the output power increased as the input
power increased, meanings the output power varies linearly with the input power, and the
linear transmittance obeyed Beer’s law:

I=1e™ (11)

where I is the incident energy, I, is the output energy, o is the linear absorption coefficient
and d is the thickness of the sample, until it reaches a certain threshold value when the
sample starts to defocus the laser beam, thus causing the cut off of a greater part of the
beam cross-section by the aperture (Manshad and Hassan 2012).

/ Lens Aperture \

Variable
attenuator Sample Energy meter
Laser Beam H | I
<>

K Focal length /

Fig. 8 Setup of transmittance technique
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The arrow in the figure indicates the approximate fluence in which the normalized
transmission begins to deviate from linearity which is defined as the limiting threshold
(Hassan et al. 2013).

From Fig. 9a, it is clear that the addition of CuO nanoparticles reduced the optical
limiting threshold from 140 Mw/cm? for PMMA/ZnO to 60 Mw/cm® for PMMA/ZnO/
CuO. Figure 9b shows the reduction of the optical limiting threshold of PVDF/ZnO, which
is equal to 350-300 Mw/cm? for PVDF/ZnO/CuO. The value of optical limiting threshold
of PVA/ZnO is equal to 130 Mw/cm?, while it is reduced to 80 Mw/cm?® for PVA/ZnO/
CuO as shown in Fig. 9c. The PS/ZnO/CuO nanocomposite shows the lowest optical
limiting threshold which is 50 Mw/cmz, while it is 250 Mw/cm? for the PS/ZnO
nanocomposite, which is clearly shown in Fig. 9d. The PS/ZnO/CuQO nanocomposite has
the lowest value of optical limiting threshold, so it is considered the best optical limiter,
representing the lowest energy band gap of four types of polymer/ZnO/CuO nanocom-
posites. Besides, it had a deeper valley in the trace of open aperture Z-scan (nonlinear
absorption coefficient) (Fig. 7) compared to the other three nanocomposites. Also, it had
the highest imaginary part of third order susceptibility (Table 4). The highest optical
limiting threshold of 300 Mw/cm? shown by the PVDF/ZnO/CuQ nanocomposite which
had the highest energy band gap, and the lower imaginary part of the third order sus-
ceptibility (Table 2) was of the other three nanocomposites.
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Fig. 9 Optical limiting threshold of nanocomposites, a PMMA/ZnO and PMMA/ZnO/CuO, b PVDF/ZnO
and PVDF/ZnO/CuO, ¢ PVA/ZnO and PVA/ZnO/CuO, d PS/ZnO and PS/ZnO/CuO
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7 Conclusion

A flexible foil-like pure polymer, polymer/ZnO and polymer/ZnO/CuO nanocomposite of
four different polymer matrix, which are PMMA, PVDF, PVA and PS have been prepared
successfully with ZnO and CuO nanoparticles which were used as filler. For polymer/ZnO
nanocomposites, the low linear transmittance was observed in the UV region due to the
high absorption of ZnO nanoparticles, whereas, the lower transmittance was noticed for
polymer/ZnO/CuO. The linear absorption coefficient of polymer/ZnO/CuO nanocompos-
ites show increment than its value of polymer/ZnO nanocomposites. The EDX analysis and
EDS mapping confirmed the purity of the as-prepared samples. The homogeneous dis-
persion of ZnO and CuO nanoparticles in the polymer matrix was observed in
nanocomposites samples through the FESEM test. The nonlinear refractive index had a
negative sign for all as-prepared nanocomposites, while they showed strong nonlinear
absorption which is increased by adding CuO nanoparticles. The absolute value of the third
order nonlinear optical susceptibility ¥ of as-prepared samples was in the order of
107° esu. These obtained values, for n,, f and x(3), are larger than the values stated in
previous studies. The effect of adding CuO nanoparticles enhanced the optical limiting
property of nanocomposites; the four different polymer/ZnO/CuO nanocomposites showed
lower optical limiting threshold than their values with only ZnO nanoparticles. The lowest
optical limiting threshold was obtained by PS/ZnO/CuO which was equal to 50 Mw/cm?,
therefore it was considered the best optical limiter than other as-prepared nanocomposites.
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