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Abstract

In this work, new polymeric based films are fabricated and optically characterized. The
new films include poly(vinyl alcohol), plain and blended with poly(vinyl pyrrolidone),
comprising glycerin, and acetic acid,as additives. XRD and FTIR analysis were conducted
to give insight into the structure of the films. The reflectance and transmittance for these
films are measured in the UV—vis—NIR regions. Using these measurements, the refractive
index, the permittivity and many other optical constants are retrieved. The results reveal
that the fabricated films possess an extinction coefficient that is almost 3 times less, and a
refractive index that is 0.1 higher than plain PVA in the telecommunications wavelength
range. Besides, a noticeable increase in the refractive index of the films is achieved, up to
0.35 higher compared with silicon dioxide at the near infrared spectral region. Moreover,
when compared to silicon and Germanium, in the ultraviolet and visible spectral region, a
substantial reduction of 3 to 4 orders of magnitudes in extinction coefficient is achieved, in
the favor of the investigated films. Interestingly, the films also show small dispersion over a
wide range of wavelength. Therefore, the newly proposed films can be candidates for opto-
electronics, solar cells, and integrated optics applications where high refractive index and
low loss are desired for high density of fabrication.

Keywords Dispersion - Nonlinear optical - Optical constants - Refractive index -
Permittivity - Polymers

1 Introduction

Recently, polymers have drawn a lot of attention in the development of many opto-
electronic and microelectronic devices (Liang and Wang 2016; Shen et al. 2017;
Jiang et al. 2020). Polymeric materials have been introduced in integrated capacitors
(Tan 2020), light detectors (Yang and Ma 2019), memristors (Yalagala et al. 2019),
light-emitting diodes (Lee et al. 2019), optical circuits (Nocentini et al. 2018), laser
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technology (Wei et al. 2019), optical waveguides (Oh et al. 2016), and electro-optic
modulators (Gad 2007; Gad et al. 2008), among other devices. One of the distinctive
advantages of polymers is that they can be doped with different additives to produce
new composites with tailored physical properties (Abdel-Aziz et al. 2021; Deshmukh
et al. 2017; Dhayal et al. 2021; Jilani et al. 2021). Consequently, characterization of
the optical constants of the polymeric composites is critically needed in order to evalu-
ate the modification and improvement in their electronic and optical properties.

Poly(vinyl alcohol) (PVA), as one of the most widely used polymers (Abdelrazek
et al. 2010), has recently received considerable interest, owing to its numerous poten-
tial applications in optical components. PVA exhibits a semi-crystalline structure and
is comprised of carbon chain backbone with hydroxyl groups attached to methane car-
bons (Al-ramadhan et al. 2016). One of the motivations to use PVA in this work is that
its physical characteristics are impacted by the presence of OH groups, where the two-
dimensional hydrogen bonding of PVA facilitates the development of polymer com-
posites when it reacts with other functional polymers.

On the other hand, polyvinylpyrrolidone (PVP) is one of the attractive synthetic
polymers that has carbonyl groups and pyrrolidone rings within its structure (Sree-
kanth et al. 2019). PVP is characterized by its amorphous nature and has a peptide
bond in its lactam ring, making its side groups flat and extremely polar. PVP has been
used in this work due to its favorable properties that includes an active charge transport
mechanism, and good film- forming capabilities. The presence of the rigid pyrrolidone
group in amorphous PVP helps provide better ionic mobility in the systems, while the
carbonyl group (C=0) attached to the side chains of PVP helps in the formation of
many complexes with different polymers.

One of the significant techniques for developing polymeric composites is polymer
blending. Polymer blending is combining two or more polymer types in order to pre-
pare a novel composite with features different from those of its individual constituents.
Blending of PVA with PVP results in interaction between the -OH group of PVA and
the C=0 group of PVP via hydrogen bonding (Hashim 2020). This contributes in the
formation of a stable blend with good film morphology and high flexibility in hosting
different additives. Incorporations of various additives to PVA/PVP polymeric blend
have been reported recently to demonstrate the change in various optical characteris-
tics of the resultant composites (Badawi 2020a; El-naggar et al. 2022a, b, c).

In this paper, different films based on PVA/PVP polymeric blend are fabricated,
structurally identified, and then their optical properties and constants are studied to
demonstrate the induced changes in various optical characteristics of the resultant com-
posites. The attained results reveal that all the studied optical parameters are affected
by the different introduced additives, as compared with those of the plain PVA. Such
change of properties enables polymers to serve in different applications such as inte-
grated optics (Gad 2007; Gad et al. 2008), and solar cells (Heiba et al. 2021b).

The rest of the paper is organized as follows. Preparation of the polymeric com-
posite films is detailed in section two. After that, a thin-film multiple-reflection model
is employed in section three to deduce the main optical properties, i.e., the refractive
index and permittivity from the transmittance and reflectance measurements. The opti-
cal parameters which describe the refractive index dispersion are discussed in section
four, while the electronic losses and nonlinear optical properties are studied in section
five. Finally, the conclusions are presented in the sixth section.
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2 Polymeric films preparation and characterization

In this paper, four polymeric composite films are fabricated, and their optical constants
are investigated. The first one, S1, is a plain poly(vinyl alcohol) (PVA) film. The second
film, S2, is composed of 1% acetic acid embedded in poly(vinyl alcohol)- poly(vinyl
pyrrolidone) polymeric host. The third film, S3, is composed of 1% glycerin embedded
in poly(vinyl alcohol)- poly(vinyl pyrrolidone) polymeric host. The fourth film, S4, is
composed of both 1% glycerin, and 1% acetic acid, embedded in poly(vinyl alcohol)-
poly(vinyl pyrrolidone) polymeric host. The changes of the optical properties of the
prepared composites are studied in the wavelength range 190 nm < A < 2500 nm that is
known as the ultraviolet—visible-near infrared (UV-vis-NIR) range.

The polymeric composite samples were fabricated via the solution casting technique
based on the appropriate conditions for the composition synthesis that are altered to be
chemically crosslinked. First, in order to obtain the first sample (S1), the PVA powder
was dissolved in distilled water and stirred continuously for two hours at 70 °C until a
clear transparent solution is achieved. Separately, the same procedure is done to obtain
clear transparent PVP solution. PVA and PVP solutions were mixed together and stirred
with a magnetic stirrer at 50 °C for two hours until a homogenous blend solution is
achieved. After that, 1% acetic acid was added to the PVA-PVP solution blend, with
continuous stirring at 50 °C, to obtain the second sample (S2). While separately, 1% of
glycerin was added to the solution blend using the same procedure to obtain the third
sample (S3). After that, and gradually, both 1% glycerin, and 1% acetic acid were added
separately using a fine dropper to the PVA-PVP solution blend with continuous stirring
at 50 °C, to obtain the fourth sample (S4). Finally, all the prepared solutions were cast
into glassy petri dishes and left to be solidified in an oven for convenient time at 40 °C.
The thickness for the formed samples is measured using a digital micrometer and is
found to be 350 um + 1pm. The thickness of the investigated films is adopted according
to the compromise between the appropriate conditions for the composition synthesis to
be chemically crosslinked, and the ease of applicability of the solution casting technique
as a fabrication process.

X-ray diffraction (XRD) patterns of the fabricated samples were recorded at
room temperature on a PANlytical Xpert PRO diffractometer of CuK, radiation.
(4=1.54060 A). XRD data were collected from 260=4° to 260=90° with a step size of
0.02°, and a scan time step of 0.6s. The instrument was operated at a 45kV voltage and
40mA current. The diffraction patterns are shown in Fig. 1.
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The pattern of plain PVA (S1) shows a well-defined relatively broad hump centered
at 20 = 20° that characterize the semi-crystalline nature of the PVA (Ali and Kershi
2020; Ali et al. 2022). It is observed that the intensity of the characteristic hump of PVA
is decreased with adding acetic acid to PVP/PVP blend (S2). This confirms the interac-
tion between the acetic acid and the blend, which results in destruction of the chains and
decreases the semi-crystallinity domains of the blend (Abdolrahimi et al. 2018; Cholant
et al. 2020). Moreover, a slight shift in the position of the hump peak is observed for S2
film to be around 260 = 19.16". This shift confirms the good compatibility and miscibility
of the two polymer blend components due to the strong interactions between the polar
function groups —OH of PVA and the C=0 groups of PVP within the blend (Ali 2019).

Interestingly, the strength of the characteristic hump of PVA almost diminished with
the loading of glycerin either alone (S3) or with acetic acid (S4) which indicates an
increase in the amorphous nature of the polymeric composite (Choudhary 2018a). This
confirms the dominant role of glycerin as a crosslinking agent in the blending process.
The low molecular size of glycerin allows occupying intermolecular spaces between
polymeric chains. This change the three-dimensional molecular organization of poly-
meric blend and reducing the energy required for molecular motion and the formation
of hydrogen bonding between chains (Mohsin et al. 2011). Besides, the presence of
hydroxyl groups in PVA creates a site for the crosslinking reaction, where, during the
cross-linking process, the number of hydroxyl groups within the blend is depleted due
to the complete cross-linking reaction, causing a strong complexation between the poly-
meric blend and the additive within the film, and consequently the increase of the amor-
phousness nature of the polymeric composite (Boonsuk et al. 2020; Cazén et al. 2019).

FTIR analysis is used to identify the functional structure of the fabricated polymeric
films due to different additives and functional groups. Thus, it provides information
about the crosslinking and interactions between various constituents and the complexa-
tions in the composites. Figure 2 shows the FTIR transmission spectra of the fabricated
composite polymer films in the wavenumber range 4000 — 650 cm~!. The FTIR trans-
mission spectra were measured using Agilent Cary 630 FTIR spectrometer.

The general insight of the FTIR spectrum of the fabricated polymeric films denotes
observed variations in the positions and intensities of the characteristic bands as a con-
sequence of the incorporation of the proposed additives into the PVA/PVP blend matrix.
This clearly reveals the occurrence of polymer—additive interactions, and their impact of
the functional structure of the fabricated polymeric films.

Fig.2 FTIR spectra for the
fabricated films
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For the plain PVA film (S1), a wide broad band extended between 3000 cm™! and
3500 cm~!is observed, and it is correlated to the PVA main chain hydroxyl O—H stretching
vibrational mode (Mansur et al. 2008). It is observed that this broad band becomes stronger
and more defined, whereas, clear variations in the intensity of the band are noticed in the com-
posite films, i.e., S2, S3 and S4 with respect to the plain PVA (S1). These results confirm that
the proposed additives interact with the PVA chain, mainly with the hydroxyl group.

Another band centered at approximately 2928 cm™!, which is usually observed in plain
PVA spectra (Mohsin et al. 2011), denotes the C—H asymmetric stretching vibrational modes
of PVA (Siva et al. 2021). This band becomes more intense with the presence of glycerin in
S3, and S4 films which confirms the complexation of the different additives in the structure of
the PVA backbone.

For S2, S3, and S4 samples, a band centered at approximately 2228cm™!, which
observed usually in PVA/PVP blend spectra (El-naggar et al. 2022a, 2022b, 2022c), belong
to C=C bond. For plain PVA (S1) C=0 stretching observed at the band in the range of
(1664-1693 cm™). The position of this band is slightly shifted, for S2, S3, and S4 films, with
variation of the intensity of the transmission value and its sharpness, when compared with
S1 film. This reveals how different additives interact with the functional groups of the PVA
structure.

For plain PVA (S1), multiple bands appeared between 1000 cm™" and 1500 cm™!, and are
located at 1448 cm™',1335 cm™!, 1246 cm™' and 1116 cm™. These peaks correspond to bend-
ing vibration mode of CH,, (CH4+OH) bending, CH wagging, and C-O stretching vibration,
respectively (Badawi 2020b). On the other hand, For S2, S3, and S4 films, the observed bands
at 1423 cm™" and 1289 cm™! correspond to the C=N (pyridine ring) and CH, twist vibrational
modes, respectively, for pure PVP (Siva et al. 2021). Furthermore, the band at 1084 em™!
is likely associated with C-O stretching or O-H bending (Badawi 2020b). Moreover, in all
investigated films, vibration bands at 924 ¢ m~L, and 842 cm~! are being ascribed to C-C, and
—CH stretching vibrations, respectively, which is consistent with the vibrational modes of pure
PVA (Choudhary 2018b).

Finally, From the FTIR analysis, the existence of these distinguishable vibrational modes
of pure PVA and pure PVP films, with these shifts in the positions of the transmission peaks
and the obvious differences in peak intensities and band sharpness; all emphasize the success
of the interaction between the different additives in this work and the host PVA/PVP poly-
meric blend matrix. This interaction noticeably influences the backbone structure of the host
polymeric blend which significantly affects the distribution of the potential energy along its
chains (Dhabhri et al. 2022; El Krimi and Masrour 2022).

Next, the results of the optical characterization of the fabricated thin films are shown. This
includes measuring the transmittance, 7', and reflectance, R, spectra. In these measurements,
the diffuse reflection technique is adopted using V-570 (SLM-468) spectrometer from JASCO
Corporation (https://jascoinc.com/). The measurements are realized in the UV—vis—NIR spec-
tral range, where the wavelength, 4, ranges from 190 to 2500 nm, with a 2 nm resolution.

3 Refractive index and permittivity study
Analysis of the refractive index and extinction coefficient alongside permittiv-
ity values is a key factor to identify the optical characteristics of the fabricated films

(Chapalo et al. 2020; Kleine et al. 2020). The complex refractive index, N, is defined
as N = n — ik where n and k give the real and the imaginary components. The real part
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gives the phase variation of the optical wave propagating through the film, while the
imaginary part, called the extinction coefficient, represents the propagation power loss.
The spectral behavior of the refractive index can be estimated using the reflectance, R,
and the transmittance, 7', measurements of the fabricated films. To find the wavelength
dependent N values, a thin-film multiple-reflection model is applied using the measured
R and T values. First, let us build the required set of equations to describe the model.
At the beginning, consider the case of a semi-infinite film. In this case, air of refrac-
tive index N; = 1 is the medium of the incident wave, while the polymer has a complex
refractive index N,. The power absorption coefficient, a, is defined as

4k
= M

Let the electric field of the incident wave from air onto the film be E;, while the
reflected field be E,. Therefore, the field reflection coefficient for the semi-infinite film,
T1,, is given by (Jacob et al. 2001):

E. N,-N 1-(n—ik

r

"TE TN AN T+n—ik 2)

1

The corresponding power reflection coefficient is R;,, where:
2
Ry = |y 3)
From (2) and (3):

_L+Ry 4R,

n= x
1—R12 (1—R12)2

ke (4)

The material we have is, on the other hand, in the form of a thin film not a semi-
infinite one. And therefore, the effect of the multiple reflections should be taken into
consideration. Hence, the measured reflectance, R, is related to the film thickness, d and
R, through (Jacob et al. 2001):

Ry(1—e(2R, - 1))

K 1 — R2 ¢—2ud ©)
12
From Eq. 5, the power absorption coefficient, a, is found as follows:
1 R-R),
R . ©)
R=2)R, + Ry,
The measured transmittance, T, for the thin film is given by (Jacob et al. 2001):
2
1-R,) e
T= % (7)
1-— R%Ze‘md

Now that the model is established, the calculations required to retrieve the values of
nand k from R and T will follow the next iterative procedure:
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1. For each wavelength, A, a value is assumed for R, in the range 0 < R;, < R. Let this
value be R,,’.

2. Using the assumed R,,’ value, along with the measured R and d values, a value for a can
be calculated using Eq. 6. Call this value o’.

3. From Eq. 7, a value for T, call it 7/, can now be calculated using «’, R,” and d.

4. Then, let us define the percentage difference a = |%| and the allowed error limit,

b = 1%.1f a < b then the assumed value for R,,’ and the corresponding calculated values
' and T” are acceptable and can then be used to calculate k from Eq. 1 and n from Eq. 4.
If a > b, then these values are rejected, and the calculation process starts over with a new
estimated value for R,,’. This iteration process keeps going until the condition a < b is
satisfied. Afterwards, the process is repeated for the next wavelength in the spectrum of
the measurements.

The results of this calculation process are shown in the next figures. In Fig. 3, the meas-
ured transmittance, T, and calculated transmittance, T”, are displayed for the four films. In
Fig. 4, the measured reflectance, R, and the calculated R, are shown for the four films. In
Fig. 3, it is clear that the small difference 7 — 7’ is a result of the condition set as
a= ‘%' < b in the iterations. Since T is the measured transmittance and 7" is the calcu-
lated transmittance from the model, then this algorithm proves very efficient in retrieving
the transmittance values and hence assures the accuracy of the deduced values of other
optical parameters as detailed next.

Also, the transmission spectra of the fabricated films show that the lowest transmis-
sion values along the whole investigated wavelength range is achieved when introducing
1% glycerin to the PVA-PVP host (S3). At the UV range (190-400 nm), all the fabricated
films display the same behavior of increasing in 7 with the increase of the wavelength.
At 400nm, the transmittance dropped from 89% for the plain PVA (S1) to 32% for the
PVA-PVP- 1% glycerin film (S3). Furthermore, compared with plain PVA (S1), samples
S2 and S4 preserve the same high (T > 80%), and wide transmission window in the range
400nm < A < 1400nm. At longer wavelengths (4 > 1400nm), 7', for all the studied films,
begins to diminish with the wavelength increase. At 1550nm, T values are 75.98%, 79.67%,
56% and 75.79%, respectively, for S1, S2, S3 and S4 films.

The reflectance spectra in Fig. 4 reveal that introducing 1% acetic acid to PVA-PVP host
(S2) results in a symmetrical R(A) variations, compared with the plain PVA (S1), except for
higher reflectance values in the visible region (400—700 nm). On the other hand, adding
1% glycerin to the PVA-PVP host (S3), or combining 1% acetic acid with them (S4) results
in an increase in R at both the UV, and visible regions, when compared with the plain
PVA (S1). However, R values of both films (S3 and S4) begin to diminish gradually as the
wavelength increases, until 4 > 2000nm, where R values begin to rise again. At 1550nm,
reflectance % values are 6.67%, 7.39%, 6.83% and 6.90%, respectively, for S1, S2, S3 and
S4 films.

Next, we turn our attention to deducing the optical constants, based on the thin-film
model. The calculated k values of the fabricated films are shown in Fig. 5. The results of
k can be understood in light of the relationship between R,, and R shown in Fig. 4. Recall
that R, denotes the power reflection coefficient for the semi-infinite film placed in air. This
means that when the difference between R and R, is small, the thin-film multiple reflection
effect is small. Therefore, the optical loss is high, meaning high k values and vice versa.
And indeed, as shown in Fig. 5, the k-values are in general much lower in the range given
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Fig.3 The measured transmittance (T), and the computed transmittance (7") for (a) S1, (b) S2, (¢) S3, and
(d) S4 films. The inset shows how close the values of T and 7" are
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Fig.4 The measured reflectance
(R), and the computed semi-
infinite film reflectance (R,,) for
(a) S1, (b) S2, (c) S3, and (d)
S4 films

R %
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by 400nm < 4 < 2000nm than the rest of the spectrum. This is the range where % < 70%.
This also means that the samples are more transparent in the range 400nm < A < 2000nm,
which is manifest in Fig. 3 with higher T-values in this range compared to the values out-
side this range.

Now, comparing the extinction coefficient values for the fabricated films we see in
Fig. 5 that k values decrease by adding the acetic acid as in S2 or by adding glycerol as
in S3. Including both acetic acid and glycerol into the PVA-PVP host, as in S4, results in
moderate k values between that of S2 and S3. These variations in the behavior of k are due
to the structural modifications of PAV-PVP host matrix associated with embedding differ-
ent additives to the blend, which affects the quantity of energy absorbed when the electro-
magnetic radiation propagates through the film.

Interestingly, the extinction coefficient drops down to the range ~ 5 x 107> for S2 in the
optical fiber telecommunications range (1450nm < A < 1620nm), as shown in the inset of
Fig. 5. This is a three times reduction compared to the extinction coefficient of the PVA
film, S1. This improvement can position this material as a potential candidate for optical
telecommunications and integrated optics applications (Mohammed et al. 2022).

At A > 1700nm the differences in k vlaues between the fabricated films starts to grow,
with the tendency to rise as the wavelength increases. The presented peaks in the NIR spec-
tral range can be attributed to interband transitions between the Highest Occupied Molecu-
lar Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) bands (Oth-
ayoth et al. 2020). Comparing k values of S2, S3, and S4 films, in Fig. 6, with plain PVP
(Konig et al. 2014) reveals that the fabricated films in this work possess significant reduc-
tion in k at the visible region, with a reduction in k (for S2 film) ranging around 99.7%, in
the visible region when compared with plain PVP.

On the other hand, comparing k values of S2, S3, and S4 films, with key materials in
optoelectronic applications, such as silicon (Si) and Germanium (Ge) (Aspnes and Studna
1983), as shown in Fig. 7, shows a substantial reduction of 3 to 4 orders of magnitudes in
k for all the investigated films, in the favor of the investigated samples. These remarkable
reductions in the extinction coefficient values of the fabricated films are a noteworthy merit
from the optical communications perspective in these spectral regions (Kim et al. 2005).

%107

T B T ¥ T _S‘]

1+ - -
x i
051 T R - R T
o I ‘
500 1000 1500 2000
A (nm)

Fig.5 The variation of extinction coefficient, k, with wavelength, A, for S1, S2, S3 and S4 films. The inset
reveals a zoom-in on the 1450nm < A < 1620nm range
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Fig.6 A comparison of the extinction coefficient for the prepared films S2, S3 and S4 with PVP. The inset
reveals a zoom-in on the results for S2, S3 and S4

Regarding the real refractive index, n, recently, high n polymeric composites have
attracted a lot of consideration due to their role in the future optical system designs (Othay-
oth et al. 2020; Tang et al. 2020). The refractive index is an important optical parameter for
describing the polarization behavior that occurs under the influence of the incident photons
(Ali et al. 2022).

The real refractive index, n, values are deduced from the proposed thin film model
results and are displayed in Fig. 8. The alternations in the n values of the different compos-
ites coincide with the existence of variations within the intermolecular polymer structure
as proved in the FTIR results. Also, it is evident that the refractive index of PVA (S1) expe-
riences a small increase by adding 1% acetic acid, as in sample S2 and also by adding 1%
glycerol along with 1% acetic acid, as in sample S4. This may be ascribed to the interaction
between the acetic acid and the polymeric blend, which results in suppressing the forma-
tion of new hydrogen bonding between polymeric chains. This leads to forming less com-
pact structure, and hence, lower refractive index values. Yet, the refractive index of both

g x10° —82

" 4 |
200 300 400 500 600 700 800
A (nm)

Fig.7 A comparison of the extinction coefficient between the prepared films S2, S3 and S4 with Si, and
Ge. The inset reveals a zoom-in on the results for S2, S3 and S4
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Fig.8 The variation of the real part of the refractive index, n, with wavelength A for S1, S2, S3 and S4
films. The inset reveals a zoom-in on the 1450nm < A < 1620nm range
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Fig.9 A comparison of the real refractive index between S2 film and its individual constituents, PVA (S1),
PVP (Konig et al. 2014), and Acetic acid (El-Kashef 2002)
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Fig. 10 A comparison of the real refractive index between S4 film and its individual constituents, PVA
(S1), PVP (Konig et al. 2014), Glycerin (Rheims et al. 1997), and Acetic acid (El-Kashef 2002)
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S2 and S4 films displays higher values than their individual constituents, especially in the
visible region, as displayed in Figs. 9, and 10 respectively.

Back to Fig. 8, it is interesting to note that, adding 1% glycerol only to PVA-PVP host,
as in sample S3, results in a strong rise in the refractive index, along the whole investigated
wavelength range, between 0.05 and 0.4, when compared to plain PVA (S1). This is evi-
dence for the formation of new intermolecular bonds between glycerol as a crosslinker and
the PVA-PVP host matrix, which increases the density of chains packing of the blend and
causes more impedance for the light within the designed blend film. This is coinciding with
the transmission spectra of S3 film, which show the lowest transmission values, compared
with the other films, along the whole investigated wavelength range.

Most importantly, in the optical telecommunications range, shown in the inset of Fig. 8,
the increase in n is approximately 0.1. This is a good advantage in optical communica-
tions and integrated optics applications because a higher refractive index for the core of
the waveguide, surrounded by a smaller refractive index cladding, enables a smaller radius
of curvature (Gad et al. 2011b; Gad et al. 2008a, b). This means a higher density of device
fabrication and hence a more compact optical circuit production (Pina-Hernandez et al.
2014). Another advantage shown in the same range is the almost flat n — A curves. This is
an indicator of low dispersion which is also a highly desirable feature in optical circuits and
telecommunications. With lower dispersion, the optical signal can travel a longer distance
without the information being distorted. This means a lesser need for dispersion compensa-
tor components within the optical systems (Gad et al. 2009, 2011a).

Another important note in this study is the comparison between the real refractive index
of S2, S3, and S4 films, and one of the most widely used materials in optical fiber and pho-
tonics applications, which is silicon dioxide (Labib et al. 2019a; b Mahrous et al. 2020a;
Shalaby et al. 2019, 2020) (SiO,). It was found that the fabricated films exhibit higher n
values than those of silicon dioxide along the whole studied range in this work. The differ-
ence in n values between S2 film and silicon dioxide ranges between 0.14 at the UV, and
visible regions, and 0.25 at the NIR region. For S3 film, the difference in n values become
higher, and ranges between 0.4 at UV region, through 0.25 at the visible region, until it
reaches 0.35 at the NIR region. At the fiber-optic telecommunications range, the difference
between the fabricated films and silicon dioxide is about 0.1. This enables these polymeric
composite films to be alternative candidates for applications that currently rely on silicon
dioxide which is frequently used along with silicon in integrated photonics circuits (Gad
et al. 2010; Mahrous et al. 2020b; Mahrous et al. 2020c; Mahrous et al. 2019; Shalaby et al.
2019).

Here, it is worthy to note that, generally, the reflectance and the transmittance for all
films show their largest values in the UV region (4 < 400nm). Then, the reflectance tends
to decay in the visible region (400nm < A < 700nm) while the transmittance keeps high
values. In the infrared region (4 > 700nm), the reflectance shows a tendency to grow, but
not as in the UV region, while the transmittance shows a decay trend. This behavior fol-
lows from the optical properties of the films described by the refractive index and the per-
mittivity, studied below. As explained by Lorentz model (Wooten 1972; Zappe 2010), high
transmittance is associated with small extinction coefficient, k, values, which is the case in
the UV and visible regions. Thus, the material changes to be reflective and then absorptive
when k changes from small to large while n is large moving from the visible range deeper
into the IR range.

The optical permittivity parameter is also another important property that must be
investigated to suggest a suitable application. Study of the wavelength dependence of the
permittivity is of high importance for the optical materials as it gives an insight about the
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Fig. 11 Variation of the real part of the permittivity, €, with wavelength for S1, S2, S3 and S4 films
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Fig. 12 Variation of the imaginary part of the permittivity, €;, with wavelength for S1, S2, S3 and S4 films

electron-photon interactions, and the consequent energy storage and loss inside the mate-
rial (Akouibaa et al. 2022; Masrour et al. 2022; Sakli et al. 2021). The complex permit-
tivity term e serves as a key factor in the evaluation of other optical properties of the fab-
ricated films, and is defined as: € = €, — ie;, where ¢, is the real part of the permittivity;
€, = (n* — k?), while ¢, is the imaginary part of the permittivity; e; = i2nk (Belhamra et al.
2022; Raid et al. 2022a).

Variations of €, and ¢; with wavelength for the fabricated films are displayed in Fig. 11, and
Fig. 12, respectively. The alteration in the €, and ¢; values of the different composites can be
attributed to the alteration in the number of oscillating dipoles, which causes a redistribution
of electronic charges and, hence modification in the polarizability of the polymeric films (Aziz
et al. 2021). Also, it is evident that the trends in €, spectra are similar to those in the real refrac-
tive index n spectra. This is mainly because the k* values are too small when compared with
the n? values for all the investigated films. It can be seen in Fig. 11 that adding 1% acetic acid
(S2), or both 1% acetic acid and 1% glycerin (S4) to the PVA-PVP host results in dispersive
behavior at the visible region, while at higher wavelengths, €, values of both films are almost
constant. At A>2000 nm, the €, values starts to increase again. On the other hand, adding 1%
glycerin to the PVA-PVP host (S3) results in different €, behavior, where noticeably higher
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values of e, are achieved, along the investigated wavelength range, compared with the plain
PVA (S1). The increase of ¢, reveals the existence of more energy density of states within the
polymeric composite and this results in an increase of polarization which gives the higher e,
values (Aziz et al. 2017). This gives more favorable characteristics for S3 in applications that
require energy storage (Mohanapriya et al. 2017; Morsi et al. 2022), and also supercapacitors
applications (Kim and Lee 2020).

Here, it is noteworthy to mention that the permittivity behavior agrees with the expectations
from Lorentz model (Wooten 1972). In the UV region, electronic polarizability plays a major
role and is responsible for the high ¢; values in the range A < 400nm. In the infrared zone,
ionic vibrations are dominant and result in the oscillations of €; in the range 4 > 1500nm. The
visible range has no significant electronic, ionic or molecular resonances and therefore no big
change shows on the values of permittivity (¢ = €, — ie;) or refractive index (N = n — ik) in
this range.

When we look at ¢€; spectra in Fig. 12, it is observed that at any wavelength, €, has much
greater values as compared to ¢; for all the investigated films. The higher values of €, com-
pared to these of ¢; confirmed the rise in the probability of occurring dispersion within the
polymer matrix compared to the dissipation process of the incident electromagnetic radiation
during the interaction process in the presence of different additives. This clearly indicates a
remarkably less dissipation of energy inside the fabricated films (Chaabouni et al. 2022; Elk-
oua and Masrour 2022; Raia et al. 2022b). Furthermore, ¢; is relatively small in the range
400nm < A < 1400nm, which reveals a relatively low light loss. At A> 1400 nm, the observed
loss peaks at the end of the spectrum are reduced significantly, compared to plain PVA, S1,
when 1% acetic acid is embedded inside the PVA-PVP host matrix, S2. The increase of ¢;
at higher wavelengths (A> 1500 nm) can be attributed to dipole polarization (Abdullah et al.
2015). As the wavelength decreases, the dipole polarization tends to be weak and thus e; val-
ues tend to be very small for all films.

4 Optical dispersion studies

Study of the dispersion behavior of optical materials is crucial due to its importance in optical
communications performance and integrated optical devices design (Gad et al. 2017; Labib
et al. 2019b). In order to correlate the previously attained optical constants in this paper to
the dispersion parameters, first, the single-oscillator model by Wemple and DiDomenico is
used to evaluate the energy dispersion of the optical parameters (Wemple et al. 1971). The
proposed model descries the dispersion of the refractive index through the following formula
(Naik et al. 2020):

EaEd

2
E2 - E2 (8)

n=1+

where E, is the single oscillator energy which gives information about the average energy
gap of the material, and E, is the dispersion energy that gives information about the aver-

age strength of electronic transitions. The light photon energy, E, is given by E = hv = %

with h = 6.63 x 107*/.s being Planck constant, ¢ = 3 X 108% is the speed of light in space
and v is the photon frequency. To get E, and E, values, first, Eq. 8 can be re-formulated as:
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> B E?
(n 1) _Ed EaEd (9)

Now, the values of E, and E, can be found by plotting (n* — 1)_1 vs E2, fitting a straight
line to the high wavelength range points (towards E = 0), and then getting the line-intercept
and the slope of the straight line. See Fig. 13. After that, the oscillator strength, f = E E, for
the single oscillator model can be computed as well. The oscillator strength f describes the
ability of the electrons of the initial and final states to absorb photon energy (Wemple et al.
1971).

E,. E,, and f values for the investigated films are listed in Table 1, where E, and E, identi-
fies a strong connection to the variations associating with the structure of the material. It can
be noted that E,, is the lowest for S3, when 1% glycerin is added to the PVA-PVP host. This
reduction in E | value can be attributed to decreasing of the energy and ionicity of the bonds
inside the polymeric composite (Abd-Elnaiem et al. 2020) due to the increment in the degree
of crosslinking when adding glycerin to the PVA-PVP blend. On the other hand, S4 film pos-
sesses the highest £, value, suggesting an increase in the strength of inter-band optical transi-
tions inside the film (Aziz et al. 2021) confirming the forming of new bonds in the investi-
gated films which rendered the amorphous structure of the film as evident in the XRD pattern.

Other parameters that are associated with E,, and E,, are the interband transition strength
moments, and are given by (Borah and Mostako 2020):

Ey Ey

M M_,=—
1 3 Eg

=g (10)

The calculated M_; and M _5 values are displayed in Table 1. It is noted that S3 film exhib-
its the highest M_, and M_5 values which confirm the increase in the electronic transitions
probability due to the created charge transfer complex within the polymeric composite (Borah
and Mostako 2020). Another parameter n,, which is the extrapolated refractive index to infi-
nite wavelength, is related to the dispersion and oscillator energies values via (Solomon et al.
XXXX):

(5 — VE,
EX — E?

=1+ (11

2 2
E® (eV)
Fig. 13 Plot of the (n? — 1)_lversusE2 relation (solid line), and the straightline fitting (dotted)
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where E), = E, and n, = 4/ % + 1. The computed 7, values for the investigated films are

displayed in Table 1, and it is found to increase with the addition of glycerin more than
when adding acetic acid, which indicates that these optical parameters are closely related to
the new structural modifications due to recent intermolecular bonds formed by the loaded
additives inside the polymeric blend. On the other hand, the contributions of free carriers
and the lattice vibration modes of dispersion are interrelated to the refractive index through
the model in (Moustafa et al. 2019), where:

e’N
=g - P 2 (12)
where e = 1.6 x 1071C is the electron charge, and €, = 8.85 x 10712F/m is the permit-
tivity of free space. ¢, is the lattice dielectric constant, while N /m" is the ratio of the free
carrier concentration to the free carrier effective mass. The values of ¢; and N/m* can be
found by plotting the relation n> — A% shown in Fig. 14, where a straight line fit is utilized
to get €; and mi values. €;, and N/m* values of the investigated films are listed in Table 1.
It is evident from the obtained results that n, < ¢;, and this may be attributed to the free
charge carrier contribution in the polarization process that occurs inside the polymeric
composite films (Abdel-Khalek et al. 2021).
The obtained values of €;, and N/m* are significant parameters for investigating
the plasma resonance frequency of the polymeric film, w,, that can be determined by
(Mahmoud et al. 2021):

2
w =] (13)

*
EgEL M

The obtained w, values of the fabricated films are summarized in Table 1. The
plasma resonance frequency is found to increase with the increase in the carrier concen-
tration N/m*. Notably, S3, and S4 films exhibits the lowest w, values compared to plain
PVA (S1). These results are mainly attributed to the contribution of the lattice vibra-
tion modes of the dispersion (Abdel-Khalek et al. 2021) due to the dopant of glycerol

into the polymeric blend matrix. Additionally, according to the single-term Sellmeier

Al

3.5

3F

N Fe
c

Fig. 14 Plot of the n?versusA? relation (solid line), and the straightline fitting (dotted)
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relation in the long wavelength range, the dispersion characteristics of the refractive
index can be deduced through the following relation (Girgis et al. 2007):

S, A2

e (14)
/1_2

n—1=

1-—

where S, is the average oscillator strength, and 4, is the average interband oscillator wave-
length. To get S, and 4, values, Eq. 14 is reformulated as:

U
(=1)" =g = A7 (15)

After that, (n> — 1) versus A~2 diagram is plotted, then a straight line is fitted to the
points in the long wavelength range, i.e., toward A=> = 0. The y-intercept and the slope of
the straight line are used to attain the S, and A, values. See Fig. 15. S, and 4, values of the
investigated films are listed in Table 1. As observed, S, and A, changed irregularly and were
affected by the kind of additives to the PVA-PVP host. These changes may result from
the charge transport complexes creation in the form of localized states in the PVA-PVP
host matrix (Aziz et al. 2017). Furthermore, a similar behavior between S, and E,, can be
observed for the investigated polymeric composites which indicates that strong interband
optical transitions decrease the average oscillator strength (Borah and Mostako 2020).

5 Electronic losses and nonlinear optical studies

Electronic losses can be realized from the electron excitation spectra of the fabricated
films, which are inferred from the complex permittivity function through different param-
eters. The first parameter related to losses is the loss tangent factor, tan (§), that is defined
as (Abdel Wahab et al. 2020):

tans = =
né =—
an = (16)

r

—S1

_ d -6
Fig. 15 The plot of (n2 - 1)4 versus A~ relation (solid line), and the straightline fitting (dotted)
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The loss tangent is an essential parameter that can be studied to denote the electronic
losses of the fabricated films. The loss tangent factor is associated with the photons and
electrons interactions inside the film and indicates the loss-rate of power due to oscillations
of dipoles in a dissipative medium. Plot of the loss tangent as a function of the incident
photon energy is given in Fig. 16. It is clearly shown that at photo energies greater than
1 eV, the fabricated films exhibit relatively very low dielectric loss values. This indicates
that these polymeric composites possess good optical qualities due to the lower energy
losses and lower scattering of the incident radiation. In the range E > 3eV, the loss tangent
of S3 film starts to increase as the photon energy increases, while at E > 4eV, the loss tan-
gent of S1, S2, and S4 films start to increase with the rise in photon energy. This response
indicates the increment in the photons and electrons interactions originated in this wave-
length range (Henry et al. 2021).

Other important parameters to evaluate the energy loss of electrons are the surface
energy-loss function (SELF) and the volume energy-loss function (VELF). These energy
loss functions are related to the complex permittivity values of the films through the fol-
lowing relations (Bhunia et al. 2021):

SELF = —Im(é) - (eZETZ) a7
VELF = _Im<sll) - (8_2+ (:+1)2> (18)

SELF and the VELF are two parameters indicating how the incident electromagnetic radia-
tion interacts with electrons in the film when it transports through its surface or penetrates its
mass (Bhunia et al. 2021). The dependence of SELF and VELF, on Av is illustrated in Fig. 17a
and b, respectively. It is clear that in the lower photon energy range, both functions decrease
with increasing photon energy. Furthermore, S2 film exhibits the smallest losses expressed
by the SELF and VELF in the telecommunications range around E = 0.8eV or A = 1550nm.
The reduction in the SELF and VELF for S2 compared to S1 is approximately 60%. In the
higher photon energy region, 1.8¢V < E < 3.1V, an observation is the higher value of SELF
as compared to VELF which indicates that the major loss energy from the surface is higher

-3
1.2><1O ' '

E (eV)

Fig. 16 The variation of the loss tangent with the photon energy (E) for the four fabricated samples
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than those through the bulk. Generally, the loss due to the surface (SELF) is about 30% greater
than that due to the bulk (VELF) for all the fabricated films. Furthermore, S1, S2 and S4 films
show almost similar variation, for the SELF and the VELF values, versus the photon energy.
However, S3 film shows much larger SELF and VELF values.

A final set of results to study is the nonlinear optical properties of the fabricated films.
The nonlinear optical properties are essential parameters to offer an indication of the transfer
efficiency and mobility of electron charge within the polymeric composites. That in turns; pro-
vides a sign to the potential use of the investigated composites in laser controlled applications
(Elhosiny Ali et al. 2021), and optical switching devices (Hassanien et al. 2020). In this work,
the study of the non-linear properties is done through three parameters that are interrelated to
the dispersion parameters of the fabricated films: the first order susceptibility, ", the third-
order susceptibility, ¥, and the nonlinear refractive index n,. The first-order linear suscepti-
bility can be calculated from E,;, and E,, (Priyadarshini et al. 2022):

E (eV)
(b)

Fig. 17 Variation of (a) the surface energy-loss function and (b) the volume energy-loss function with the
photon energy
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1 [E
(COJE T
X ir [Eo] (19)

Also, the third-order nonlinear susceptibility can be derived from the following relation
(Priyadarshini et al. 2022):

4
@»__A [E
=l 0

where A = 1.7x107'" e.s.u. (Priyadarshini et al. 2022). Finally, the nonlinear refractive
index, n,, can be obtained from the y¥, and n, by the following expression (Priyadarshini
et al. 2022):

127
m=—=y" )

The values of y for S1, S2, S3 and S4 films are 0.096, 0.098, 0.122, and 0.102,
respectively, while the @ values are 1.50 x 107!4, 1.588 x 1074, 3.839 x 10™!4, and
1.858 x 107! respectively. Also, n, values for S1, S2, S3 and S4 films are 3.799 x 107'3,
4.008 x 10713,9.086 x 10713, and 4.637 x 10713 respectively. It can be noted that the values
of the ¥ of the polymeric composites are higher than the plain PVA values. This reveals
that the incorporation of the various additives to the polymeric host matrix increases the
ability of the more electrons to transfer to upper levels by absorption of photon energies
(Abdel-Aziz et al. 2021). Furthermore, the observed increase in the values of y® for
$2, 83, andS4 films over plain PVA S1 can be ascribed to increasing the electrons mobil-
ity and reducing the incident light deflection within the polymeric composites (Ali et al.
2021). Moreover, the comparison between y® values reveals that $3 film has the high-
est third-order susceptibility. Additionally, in comparison to several composite films in the
literature, it is found that the nonlinear optical parameters of S3 film are relatively higher
than those of the other polymeric-based, and metal-based composite films, as listed in
Table 2. This suggests that the fabricated films could be promising materials for nonlinear
optical applications.

6 Conclusion

In this work, new polymeric based films are introduced to serve as candidate platforms
in the realm of optical applications. The proposed films include acetic acid and glycerin
as embedded additives to a PVA/PVP polymeric blend host matrix. The films are inves-
tigated for optical reflectance and transmittance in the UV-vis-NIR range. Using the thin
film model, the complex refractive index and the complex permittivity are calculated, and
hence many other optical constants such as the dispersion parameters, interband transition
strength moments, the loss tangent, the plasma resonance frequency, surface and volume
energy loss functions and nonlinear optical properties.

The proposed films show many desirable improvements over plain PVA, and widely
used materials in optical applications such as silicon dioxide. These advantages are higher
refractive index which enables smaller device dimensions in integrated optics and small
dispersion which is vital for long distance optical telecommunications. Furthermore, the
fabricated films exhibit small optical losses along the investigated photon energy range,
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Table2 Reported values of the first order susceptibility, the third-order susceptibility, and the nonlinear
refractive index, of various composite films with different filler materials

Composite Film 7V (esu) 2 (esu) 1, (esu) Reference
PVA/PVP - 1.97 x 107" 7.17x 10718 (Heiba et al. 2021a)1
PVA/PVP/ZnO - 220x 107" 8.01 x 1078 (Heiba et al. 2021a)
PVA/PVP/ZnO/Co - 18.25 x 10719 64.74 x 10718 (Heiba et al. 2021a)
PVA/PVP/ZnO/Cu - 19.49 x 10719 69.09 x 10™!8 (Heiba et al. 2021a)
PVA/PVP/ZnO/Mn - 35.82x 1071 125.8x 10718 (Heiba et al. 2021a)
PVA/PVP/ Zn,, ;5Cd, »5S 0.0203 1147 x 1072 3.86x 10720 (Heiba et al. 2022)
3.7 wt% Cu/PVA 0.089  10.7x 10715 279 % 10~'5 (Ali et al. 2021)
PVA/PVP/SnS,/Fe 0.040 4.1x 1076 1.25%x 1074 (El-naggar et al. 2022d)
ZnO thin films 0.108 2.309 1014 5.668 10~ 13 (Alsaad et al. 2020)
In-doped ZnO thin films 0.159 1.074 x10~ 14 2.339 x10713 (Alsaad et al. 2020)
Ga-doped ZnO thin films 0.106 2.181 x10~ 14 5.375 x10713 (Alsaad et al. 2020)

and an obvious enhancement in the nonlinear optical properties, suggesting the possibility
of using these films in versatile nonlinear photonic applications.
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