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Abstract

Sb,S; chalcogenide Nanopowder was prepared at low temperatures using the chemical co-
precipitation method. PVA/PVP polymeric sheets have been prepared with a constant ratio
of 2:1 as a host matrix to incorporate Sb,S; NPS with a ratio of 0, 1, 3, and 5 wt% via
solution casting technique. The X-ray diffraction (XRD) pattern revealed that the prepared
Sb,S; powder belongs to an orthorhombic crystalline structure as a major phase, with a
crystal size of 24 nm. The microstructure of the powder as well as 5 wt% Sb,S;/PVA/
PVP was investigated using the transmission electron microscope. The Fourier transform
infrared spectra of the prepared sheets revealed the success of the interaction between the
filler Sb,S; material with the PVA/PVP as a polymer host matrix. The transmission and
reflection spectra of the polymeric Sb,S; /PVA/PVP sheets measured in the wavelength
range 200-2500 nm have been used to calculate the optical band gap energy and refractive
index as a function in the Sb,S; wt%. The Tauc model and the absorption spectrum fitting
model were employed to accurately determine the variation of the optical band gap value
with Sb,S; filler percent. Wemple-DiDomenico single-oscillator and Spitzer-Fan, models
were applied to analyze the refractive index as a function of the Sb,S; filling wt%, whereby
the dispersion parameters, E,, E, as well as the optical high-frequency dielectric constant,
g, carrier concentration to the effective mass ratio, N/m* were evaluated. A graphical rep-
resentation of the optical conductivity was also present. The obtained data indicate the
possibility of using the prepared Sb,S;/PVA/PVP nanocomposite sheets for optoelectronic
applications and optical devices.

Keywords Sb,S;/PVA/PVP - Nanopowder - XRD - Optical band gap - The absorption
spectrum fitting model (ASF) - Refractive index

P< W. A. Abd El-Ghany
wa.abdel-ghany @nrc.sci.eg

Spectroscopy Department, Physics Research Institute, National Research Center, El-Bohoos St.,
DokkiCairo 12622, Giza, Egypt

Electron Microscopy and Thin Films Department, Physics Research Institute, National Research
Center, El-Bohoos Str., Dokki 12622, Giza, Egypt

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-023-06117-5&domain=pdf

488 Page 2 of 20 N. M. Farrage et al.

1 Introduction

Mixing different polymer materials with an appropriate quantity is considered at present
one of the most important ways to design new materials with a wide diversity of physical
properties suitable for different technological applications (Zidan et al. 2019, 2016; Abdel-
razek et al. 2010; Elashmawi et al. 2014). Polyvinyl alcohol (PVA) is considered widely
used as an artificial polymer due to its excellent physical and chemical e.g. its solubility in
water, high transparency, non-toxicity, in addition to its high flexibility (Ben Doudou et al.
2014; Kochi et al. 2019). Many studies demonstrated the novel and distinctive properties of
embedding different types of nanoparticles (NPs) in PVA such as CdS (Heiba et al. 2017),
ZnO (Hemalatha et al. 2014), Zn; Mg, O (Heiba and Mohamed 2019), PbS (Abdullah
et al. 2015a) and Zn,_,Cu,S (Mohamed et al. 2018), etc. This is due to the combination of
polymer matrices’ inherent characteristics, such as ease of processing, flexibility, and high
mechanical strength in addition to the unique optical and chemical properties of the NPs
that make them highly desirable for various applications. It is also possible to blend PVA
with one polymer such as carboxymethyl cellulose (CMC) (Heiba et al. 2021a), polyethyl-
ene glycol (PEG) (Heiba et al. 2022), Poly(MethylMethAcrylate) (PMMA) (Alsaad et al.
2021) and Polyvinylpyrrolidone (PVP) (El-naggar et al. 2021, 2022a) or with two poly-
mers, as in PVA/PVP/PEG (El-naggar et al. 2022b), PVA/PMMA/PAAm (Polyacrylamide)
(Mohammed Kadim et al. 2023) and PVA/CMC/PEG (Li et al. 2019; Fewaty et al. 2016).
The polymer blends that were produced exhibit different behavior when compared to their
constituents (El-naggar et al. 2021).

PVP also has similar characteristics to PVA besides it contains a pyrrolidone ring func-
tional group that promotes strong adhesion to the filling material (Badawi 2021). The
bond constancy that occurs between both PVA and PVP when blended was attributed to
the interaction between the OH group of PVA and the C=0 group of PVP (Rajesh et al.
2019a; Baraker and Lobo 2016). Mixing the two polymers together is subject to a lot of
interesting scientific research to maximize their physical properties and determine the most
beneficial for its uses (Badawi 2020; Uma Maheshwari et al. 2017; Elashmawi and Abdel
Baieth 2012; Sudha Kamath et al. 2015). It has been reported that mixing of PVA/PVP
with increasing PVP concentration ratio reflects a reduction in the crystalline nature of
the polymer blend and enhances its permeability and adhesive properties to be used as a
biomaterial for cell culture (Hatta et al. 2005). It has been reported that PVA/PVP polymer
mixed with a ratio of 80:20 exhibited better electrical properties than the other ratios stud-
ied (Helberg et al. 2020).

Furthermore, the combination of blended polymer with a foreign metal oxide forms
a Nano-composite matrix providing a new class of material characterized by promising
physical and optical properties suitable for electronic and optoelectronic devices (Rajesh
et al. 2019a; Bdewi et al. 2016; Abd El-Kader et al. 2021; Al-Ramadhan et al. 2016). The
addition of Nano-metal elements such as silver (Ag) or gold (Au) also reflects an improve-
ment in the optical properties of such blends (Sudheesh et al. 2011). Moreover, it is easy to
combine ionic metal oxide nanoparticles like CuO with polymers to create composites with
unique physicochemical properties (Abd El-Kader et al. 2021). These nanoparticles can
have antimicrobial effects when used at a certain dose due to their high surface area and
crystalline structures.

Additionally, metal chalcogenides have also received great attention due to their unique
optical and electronic properties, which can be selected as fillers in PVA/PVP polymeric
mixtures for applicable different technological applications. For example, the structural and
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optical properties of Ag,S (Aziz et al. 2017a), SnS (Badawi 2020), and, SnS,/Fe (El-nag-
gar et al. 2022a) chalcogenides material embedded in the PVA/PVP host matrix have been
reported. In this context, Sb,S; material of optical band gap energy of 1.7 eV is a widely
demonstrated promising chalcogenide compound in many fields of application e.g. photo-
catalysts, solar cells, photonic integrated circuits, etc. (Arumugam et al. 2018a, 2018b).
However, to the best of our knowledge, there is no report yet concerning the characteriza-
tion of Sb,S; embedded in a PVA/PVP mixture as a host matrix.

The study aims to investigate the structural and optical properties of Sb,S;/PVA/PVP
composites while clarifying to what extent the optical properties of the PVA/PVP host
matrix are affected by adding Sb,S; in varying proportions, to search for the possibility of
obtaining the properties required for appropriate for optoelectronic applications.

2 Experimental technique
2.1 Preparation of Sb,S; nanopatrticles

Sb,S; powder has been prepared by the chemical co-precipitation method as follows
(Salem and Selim 2001). In a 100 mL beaker; 650 mg of SbIC; dissolved in 2.5 mL of
acetone, followed by adding 25 mL of 1 M sodium thiosulfate (Na,S,05-5H,0) maintained
at 10 °C, after that adding 70 mL of double distilled water also kept at 10°C. A clear solu-
tion of pH 5 was obtained, stirred well for a few minutes and maintained in a refrigerator
for the next day. A granulated powder of a red—orange color precipitated at the bottom of
the beaker, was collected, washed well with distilled water several times, and dried at a
temperature of 60° until a constant weight was obtained. The chemical equations reaction
for this process is as follows:

2SbCL, + 3NayS,05 — Sby(S,0,); + 6NaCl

Sby(S,03); + 6H,0 — Sb,Sy(powder) | +3HSO; + 3H,0*

2.2 Preparation of Sb,S;/PVA/PVP Nano composites sheets and measurements

Separate PVA and PVP solutions were prepared by dissolving 6 wt% of each in dis-
tilled water and stirred using a magnetic stirrer at 90 °C for 2 h until a clear solution was
obtained. Stock solution of PVA/PVP was prepared by mixed PVA: PVP of ratio 2:1 at
room temperature and stirred continuously for an hour to get a clear homogenous solution.
Separate solutions of the above mixed PVA/PVP were filled by different 1, 3, and 5 wt% of
Sb,S; powder prepared according to Eq. (1). Each solution was ultra-sonicated for 20 min,
then poured onto a petri dish, and kept in an oven for 24 h at 40 °C to prepare polymeric
sheets. Figure 1a, b shows the schematic diagram for the preparation of precipitated Sb,S;
powder (a), and Sb,S; NPs/PVA/PVP polymeric sheets (b).

The structural characterization of the prepared Sb,S; powder at room temperature was per-
formed using X-ray diffraction (Type a Bruker D-8 advance X-ray diffractometer). The dif-
fractometer worked at 40 kV and 40 mA using Cuk,,; radiation of wavelength A=0.1541 nm
in the 20 range 10°-75°. The microstructure of the powder was investigated using a transmis-
sion electron microscope (Type JEOL-JEM 1230) operating at 120 kV. Transmission electron

@ Springer



N. M. Farrage et al.

488 Page 4 of 20

syeays orewA[od JAJd/VA/SIN £§99S aredaid 0y uerd Sunses uonnjos ay) q pue “ropmod £g%qg paredaid oy e 1oy weiderp onewayos v | b4

Do OF T Y T 30§ UaA0 Ue U 3day
“ysip mad e ojuo panod M %] %ME %M

= > 199ys ouawijod I [ @ J

&

~ URz 0T 303 q 110§ Yz 13 Yz 03
pajedruos-en[n ¥ 1e Sumns D, 06 18 Sumns 5 06 Je Sumns

odruosaqoid e JAL/VAL/ESYS = = =
0, == .
< qu + - B

| < T + | [ooe mmm

F
R * D

(1:0) dA/VAL dad VAd

(@)

QUOJAJE [W §°T (w $7)
Do OL7E Ut €[9S 5w 059 OTHSEOFSTEN I 1
Aep 1%3u 3y 0}
@.w.. <G m,ﬂm .ooO G G
0,001 B.numw v:.m I2em vu:-amm.mv ._Oﬂm.-ww_._%w._ eul ﬂmm:km.NE -
saNfstas T [IM [P PAYSEAL PIOR[[0D .
= ?
2, 0T
sHd Jajem pRYIISIp [W 0L ()

uonnjos Jespd

pringer

A s



Investigation of the structural and optical properties of... Page50f20 488

micrograph of a thin polymer sheet of thickness 30 nm for PVA/PVP sample filled with Sb,S;
by a ratio of 5 wt%, prepared by cutting a piece of polymer sheet using a glass knife of ultra-
microtome (Type Leica EM UC6) was investigated using the TEM device. The Fourier trans-
form (FTIR) measurement of the prepared composite sheets has been performed to detect
the various types of bond stretching and vibrations in the prepared composite sheets using a
spectrometer VERTEX 80 (Bruker Corporation, Germany) in conjunction with a Platinum
Diamond ATR, which uses a diamond disc as the internal reflection element in the wavenum-
ber range from 4000 to 500 cm™!. The transmission and reflection spectra of the prepared
composite sheets were carried out at room temperature using a double-beam UV-visible-NIR
spectrophotometer (Type Jasco, V-570, UV-Vis—NIR) in the wavelength range from 190 to
2500 nm.

3 Results and discussion
3.1 Structural characterization

Figure 2 shows the X-ray diffraction of the Sb,S; powder prepared by the co-precipitation
method. The figure depicts that the prepared powder exhibits a polycrystalline structure cor-
responding to Sb,S; as a major orthorhombic phase (JCPDS cared No: 87-1135). However,
three minor additional peaks were noticed; these peaks are indexed as (113), (313), and (402)
corresponding to Sby ¢S5 (JCPDS cared No: 77-2467), besides two other faint peaks indexed
as (111), and (022) corresponding to antimony oxide Sb,0O; as a minor orthorhombic phase
(JCPDS cared No: 74-1725). The 20 values of the observed peaks and interplaner distance as
well as the corresponding (kk?’) are listed in Table 1. The lattice parameters a, b, and ¢ for the
present major orthorhombic phase have been calculated using the reflection (022), (700), and
(004) planes via the equation (Cullity 1978):

— ==+ =+ = (D)
2 2 2 2
d g @ b ¢
Fig.2 The X-ray diffraction
pattern of the precipitated Sb,S; _ O Sb.S,
powder. (M denoted Sbg 555 a I:/I Sby, S
monoclinic phase, while, O =Y $b,0,

denoted Sb,0; orthorhombic
phase)

Intensity, / [a.u]
-- M (402)
0 (501)

20 [Degrees]
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Table 1 The 26 values of

X-ray peaks, d-spacing and the 20 [Degrees] Interplaner distance (d) [nm] Hk¢

corresponding (hk¢) Observed JCPDS Observed JCPDS
19.269 19.209 4.60264 4.6168 113
24.727 24.626 3.59761 3.6121 102
25.486 25.454 3.49215 3.4965 111
27.547 27.504 3.23539 3.2404 313
28.396 28.496 3.14054 3.1297 022
29.396 29.415 3.03595 3.034 402
33.865 33.737 2.64485 2.6546 501
36.538 36.545 2.45726 2.4567 431
44.627 44.633 2.02886 2.0285 700
47.025 47.052 1.9308 1.9297 711
48.694 48.721 1.86847 1.8675 004
50.533 50.492 1.80471 1.806 352
54.599 54.53 1.67952 1.6814 533
55.098 55.082 1.6655 1.6659 251
58.769 58.653 1.5699 1.5727 831
60.872 60.73 1.5206 1.5238 453

where h, k, andl are the Miller indices of the diffracting planes. These calculated values
were found to be 1.4202, 1.159, and 0.7474 nm, for a, b, and c, respectively, with a unit cell
volume of 123.0229 nm, which are consistent with the standard diffraction pattern. The
average crystallite size of the Sb,S; powder was calculated using the Gaussian fit of the
main observed (022) plane according the well-known Scherrer’s formula.

D = 0.9)/BcosO )

where D is the crystallite size, 1 is the wavelength of the X-ray, f# is full width at half maxi-
mum of the X-ray plane, and @ is the diffraction angle. The calculated crystallite size using
the Gaussian fit was found in a range of 24 nm. The transmission electron microscope and
the corresponding histogram for the particle size determination are shown in Fig. 3a, b.
The figure depicts a regular distribution for particles of the same shape. The TEM micro-
graph has been analyzed using Imagel software to determine an average particle size of
40.66 nm. It was observed that there is a disagreement between the particle size calculated
from both XRD and TEM. This can be attributed to the fact that XRD calculates the crys-
tallite size while TEM determines the particle size which includes multiple crystallites (El-
naggar et al. 2022a; El-Gamal and Sayed 2019).

Figure 4 illustrates the X-ray diffraction patterns of the prepared Sb,S;/PVA/PVP
NPs polymeric sheets in the range of 20 from 10 to 80. The figures exhibit a PVA/
PVP characteristic broadening peak around 20 =19.5°, attributed to the semi-crystalline
nature of the PVA (Aziz et al. 2017a; Mohammed et al. 2018), and may be due to the
presence of strong intra-molecular hydrogen bonding in isolated monomer units of PVA
and inter-molecular hydrogen bonding between other monomer units (Mahendia et al.
2011). This characteristic peak is clearly also observed for all Sb,S;/PVA/PVP polymer
sheets. Notably, there is also a slight peak observed at 20 =40.6° for all Sb,S;/PVA/
PVP curves which are related also to the semi-crystalline nature of PVA polymer (Aziz
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141 Average particle size = 40.66 nm

3
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Fig.3 a The transmission electron microscope and b the corresponding histogram for the particle size of
the prepared Sb,S;NPs

Fig.4 The X-ray diffraction pat- 20=19.85° (PVA)
terns of the prepared Sb,S; NPs/ 1
PVA/PVP polymer sheet

28.85° (411)

.-33.74° (501)
-40.61° (PVA)

Swt.% Sb,S,

Intensity, I [a.u]

3wt.% Sb,S,
1wt.% Sb,S;

PVAPVP

L L L L 1 L 1 L
10 20 30 40 50 60 70
20 [Degrees]

et al. 2017a; Mohammed et al. 2018; Mahendia et al. 2011). The other peaks observed
at 20=28.53°, and 33.74° correspond to Sb,S; peaks of (022), and (501), respectively.

Figure 5 represents the transmission electron micrograph of 5 wt.% Sb,S; NPs/PVA/PVP
polymer sheet. It is observed that the high concentration of Sb,S; NPs aggregate in the PVA/
PVP matrix, resulting in intermolecular and intramolecular hydrogen bonding of the polymer
chains (Aziz 2016). So, as a result of the aggregation of NPs in a polymer matrix, an increase
in the sample’s crystallinity occurs as illustrated by XRD analysis. The inset of Fig. 5 repre-
sents the region that has been zoomed as assigned by the arrow where the grains of NPs are
observed obviously.
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Fig.5 The transmission electron
micrograph of 5 wt% Sb,S; NPs/
PVA/PVP polymer sheet

3.2 FTIR analysis of pure PVA/PVP blend and Sb,S; filled PVA/PVP polymeric
nanocomposite sheets

Figure 6 shows the FTIR transmittance spectra of pure PVA/PVP polymer blend besides
that doped with different doping weight ratios percentages (1, 3, and 5 wt%) of Sb,S; nano-
particles. The figure depicts the presence of a broad absorption peak centered at 3283 cm™!
for pure PVA/PVP polymeric sheet, which corresponds to the O-H stretching vibration
of hydroxyl groups of the PVA/PVP polymeric blend (Ali et al. 2018). The two bands
observed at 2857 cm™' and 2263 cm™! were corresponding to C—H asymmetric stretching
(Bhajantri et al. 2009; Abdullah et al. 2016), and C—H symmetric stretching (Zidan et al.
2019; Bhajantri et al. 2009). The band at 1645 cm™ is due to the C=0 stretching of PVA
and PVP (Zidan et al. 2016), thereby confirming the intermolecular interaction between
the OH groups in PVA and carbonyl groups in PVP (Rajesh et al. 2019b; Gokmese et al.
2013). It was found that the intensity of this band increases as a result of adding the Sb,S;

Fig.6 The FTIR transmit-

tance spectra of pure PVA/PVP
polymer sheet besides that doped
with different doping weight
ratios percentages (1, 3, and

5 wt%) of Sb,S; NPs

Blank

1Wt. % Sb,S; —— 3 wt. % Sb,S; ——5 wt. % Sb,S;

Transmittance, 7 [a.u]

Ngset e s
577 OIS T E

923y L R s
1083
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NPs powders to the PVA/PVP as a host matrix. The band at 1420 cm™! was assigned to the
symmetric bending of CH, vibration (Elashmawi et al. 2013). The band at 1327 cm™! in
pure PVA/PVP was shifted to 1286 cm™! due to the S—S vibration in nanoparticles of SbS
structure and enhanced after PVA/PVP polymeric was melded with Sb,S; NPs powders.
The observed increase of the band at 1645 cm™! besides the shift of the band from 1327 to
1286 cm™!, reflects the success of the interaction between the filler SbS material with the
PVA/PVP as a host polymeric matrix. The bands at 1083 and 917 were attributed, respec-
tively, to C=O0 stretching (Zidan et al. 2019), and CH, rocking (Abdelghany et al. 2016).
Other bands at 836 and 577, were attributed respectively, to C—C stretching (Omkaram
et al. 2007) and N-C=0 bending vibrations (Safo et al. 2019; Kamaruddin et al. 2017;
Rezeki et al. 2019; Bryaskova et al. 2011). The FTIR spectra show also a weak absorption
band observed at 655 cm™!' which is related to the stretching vibration of Sb-S.

3.3 Optical properties

Figure 7 illustrates the optical transmittance and reflectance spectra of Sb,S;/PVA/PVP NPs
polymer sheets in the wavelength range 250-2500 nm. The figure depicts that a pure PVA/
PVP sheet exhibits high transparency reaching a value of 82% which agrees quite well with
that reported previously (Badawi 2020). the transmittance spectra of Sb,S;/PVA/PVP NPs
polymer sheets showed a drastic decrease with increasing Sb,S; wt%. The transmittance spec-
tra of the samples can be divided into two different regions. The 1st region is related to the
fundamental absorption region in the optical wavelength range 250-1000 nm at which the
polymer sheets strongly and gradually absorb the incident radiation. It was observed that the
fundamental absorption edge of the pure PVA/PVP and those filled with 1 and 3 wt% Sb,S;
NPs shift to a higher wavelength side (red-shift). However, with the increase of the filing
Sb,S; NPs concentration in the PVA/PVP matrix to 5 wt%, the fundamental absorption edge
shifts to the shorter wavelength (blue shift), reflecting a variation of the optical band gap in
a reverse manner. These variations reflect an active incorporation of the filed Sb,S; NPs in
the PVA/PVP host matrix. The variation of the optical band gap energy against the variation
of the Sb,S; NPs filling percent in the PVA/PVP matrix will be illustrated below. The 2nd
region within the wavelength range 1450-2320 nm, in which the transmission spectra contain
five multi-oscillations absorption bands located, respectively, at 1482, 1746, 1958, 2100, and

Fig.7 The optical transmission

& 0.05}F —e— Blank 1 wt.% 3wt% —+—5wt%
and reflection spectra of the £l '
Sb,S3/PVA/PVP polymer sheets E 00

S 0.03

%

g 00mF

Transmittance, 7

1 . 1 .
500 1000 1500 2000 2500
Wavelength, A [nm]
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2320 nm, which are related to the first overtone of the —CH group (Sultanova et al. 2012).
Similar behavior of the transmission spectra was reported elsewhere (Badawi 2020; AlAbdu-
laal et al. 2022). It was also observed that the reflectance spectra of the investigated samples
increase with increasing the embedded Sb,S; NPs in the PVA/PVP host matrix in a reverse
manner to the behavior of the transmittance spectra. The optical constants (real and imaginary
parts of the refractive index, n, and k) were calculated as functions of the incident wavelength
from the recorded transmittance and reflectance spectra via the relations (Mohammed et al.
2018; Subramanian and C.1. P, P.P. D, 2010):

a:(é)ln(@)cm_l 3)

4

where « is the absorption coefficient (« = 4xk/2), d is the sheet thickness, T is the trans-
mittance, R is the reflectance and A is the wavelength of the incidence wavelength. The Spec-
tral variations of the absorption coefficient, a as a function of the photon energy, (4v) using
Eq. 3 are shown in Fig. 8. The figure depicts an exponential dependence of the absorption
coefficient on the photon energy. At lower energy <2 eV, the absorption coefficient is slightly
low, this may be attributed to the fact that the energy of the incident photon energy is not suf-
ficient to transmit the electrons from the valence band to the conduction band. While at higher
energies, the incident photon energy is sufficient to free electrons to high levels, which reflects
an increase in the absorption coefficient. On the other hand, the absorption coefficient of nano-
composite polymer sheets increases with increasing concentrations of the NPs Sb,S; wt%
in the PVA/PVP host matrix which reflects increases in the number of charge carriers. The
absorption coefficient in the fundamental absorption region can be described by Tauc’s rela-
tion (Mohammed et al. 2018):

(ahv) = B(hv — E,)" 5)

(=}
T

Fig.8 The spectral variation of
the absorption coefficient, a, as
a function of the phone energy
for the Sb,S;/PVA/PVP polymer
sheets
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where B is a constant and »n is an exponent characterizing the nature of the optical transi-
tion process in the k-space causing the optical absorption. Plots (ahv)? vs. (hv) for a direct
optical transition as shown in Fig. 9, and extrapolating the linear part of the curves to zero
energy one can estimate the values of the energy band gap, which are listed in Table 2.
The value of the optical band gap energy for pure PVA/PVP sheet is 4.68 eV in context
with the values of 4.95 eV, for PVA/PVP blended with the ratio 50/50 (Badawi 2020), with
the value of 4.66 eV for 40/60 PVA/PVP (El-Mahalawy et al. 2023), 4.88 eV for 50/50
PVA/PVP (El-naggar et al. 2021), 5.26 eV for 70/30 PVA/PVP (El-naggar et al. 2022a),
and 4.97 eV for 70/30 PVA/PVP (Heiba et al. 2021b). The value of the energy band gap
decreases from 4.68 eV for pure PVA/PVP to the value of 4.21 and 3.03 eV, respectively,
due to increasing Sb,S; NPs filling in the PVA/PVP blend matrix to 1%, and 3 wt%,
respectively. This decrease in the E, value can be attributed to an increase in the degree
of the disordered of the PVA/PVP blend matrix due to filling with Sb,S; NPs (Abdullah
et al. 2016, 2015b), hence creating a localized state in the band gap as a result of Sb,S;
doping. However, the determined band gap value in the case of the PVA/PVP sheet filled
with 5% increased as the opposite of expected to 3.19 eV rather than a decrease as in the
two other cases. The results of the optical band gap of the Sb,S;/PVA/PVP polymer sheets
make them effective candidates for optoelectronics applications and optical devices. For
instance, 5 wt% of Sb,S;-filled PVA/PVP polymer blend sheet which possesses a band gap
of 3.19 eV, corresponding to A=389 nm, could be used as an effective UV blocker filter
(Badawi 2020).

The variation of the optical band gap energy could be also calculated as a result of dop-
ing Sb,S; NPs wt% in the PVA/PVP host matrix, using the absorption spectra of the inves-
tigated samples shown in Fig. 10a, based on the absorption spectrum fitting model (ASF).
According to this model, the absorption coefficient in Eq. (5) can be expressed as a func-
tion of wavelength by El-Mahalawy et al. (2023); Nasrallah and Ibrahim 2022; Bhogi et al.
2022):

a1 1Y
a(h) = B(he)" 1x<— - —> 6
PRy (6)

where 4,, & and c are the wavelength conformable to the optical band gap, plank’s constant
and velocity of light, respectively. The Eq. (6) will be rewritten on the basis of Beer-Lam-
bert’s law as follows:

Fig.9 Plots of (ahv)® vs. (hv) for 3.5%10° 8x10°
pure PVA/PVP and Sb,S;/PVA/ _—
4 7x
PVP polymer sheets 3.0x10° |-
® Blank
osxis b © 1 Wt%Sb,S; Jex100
— 0 ;
ﬁlE 3 wt.% Sb,S; L sx1oe E
2 2.0x10° * 5 wt.% Sb,S, o
N )
c q4x10°
n 1.5x10° | */ %
5 b H43x10° S
 qox10° R ! O
* - 2x10°
W [
5.0x10° |- S0F .
e ; / -1 1x10
g 20ee®”
0.0 k1 1 I LV 1 1 0
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Fig. 10 a The optical absorbance spectra, and b Plots (A/A)? vs. (1/A) for pure PVA/PVP and Sb,S;/PVA/
PVP polymer sheets
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where D, = (B(he)"™'d /2.303) and D, is a constant that is considered to be a reflection.
For the direct optical transition, the extrapolation of the linear part in (AV)? vs. (1/N) plot
as shown in Fig. 10b provides the value of 1/4,, which can then be used to determine the
optical band gap as follows:

1239.83
= ®)

g

EASF _
e

The calculated EAS” values for the investigated samples are listed in Table 2. It can be
noticed that the values of E~SF agree very well with the E¢ values calculated using Tauc’s
relation and have the same trend. As the doping content of Sb,S; NPs increases in the
PVA/PVP blend up to 3 wt%, the energy gap reduces. However, for the PVA/PVP blend
filled with 5 wt% Sb,S; NPs, the energy gap increases. The increase in the optical band
energy of the PVA/PVP sample filled with 5 Sb,S; wt% can be interpreted as the follow-
ing. At low concentrations of Sb,S; NPs, the grains of NPs are randomly and uniformly
distributed throughout the PVA/PVP matrix (Dissanayake et al. 2003). The presence of
these grains can create additional favorable conducting pathways near their surface, where
the number of them increases with increasing surface area of NPs added to the PVA/PVP
matrix. Therefore, the charge carriers can transfer between these conducting pathways
leading to an increase in the conduction and, consequently a decrease in the optical band
gap. Further increase of Sb,S; NPs may result in the aggregation of the NPs in the PVA/
PVP matrix, which leads to the immobilization of longer polymer chains (El-Gamal and
Sayed 2019; Dissanayake et al. 2003; Aziz et al. 2017b). This, in turn, reduces the surface
area of the NPs, causing a decrease in the conduction and, consequently an increase in the
optical band gap. The aggregation of the grains has been confirmed earlier by TEM.

The spectral variations of the refractive index, n against the wavelength for pure PVA/
PVP and PVA/PVP polymeric sheets filled with different wt% of Sb,S; NPs are shown
in Fig. 11. The figure depicts that the investigated samples exhibit a peak occurring for
all samples observed in the wavelength range 500 and 850 nm, which may be due to the
electronic transition from bonding to antibonding molecular orbital (Elrasasi et al. 2022).
The refractive index variation vs. wavelength for each of the investigated samples shows
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Fig. 11 The spectral variation 1.60
of the refractive index, n against —e—Blank —o—n 1 wt% 3wWt% —*— Swt%
the wavelength for pure PVA/
PVP and different wt% of Sb,S;
blending with PVA/PVP polymer
sheets

Refractive index, n

1.30 1 1 1 1

500 1000 1500 2000 2500
Wavelength, A [nm]

un-systematic behavior within the wavelength range 800-1850 nm (slightly up and down)
which may be attributed to the presence of some of the absorption bands in the transmis-
sion and/or reflection spectra, while beyond 1850 nm, it begins to decrease gradually with
the wavelength. Whereas, beyond the wavelength 850 nm, the refractive index notably
increases with increasing the addition of Sb,S; content into the PVA/PVP as a host matrix.
This implies that the density of the PVA/PVP melded polymer increased with an increase
in the amount of Sb,S; wt% (Muhammad et al. 2015).

The refractive index can be analyzed according to Wemple DiDomenico single oscilla-
tor model (Wemple and DiDomenico 1971; Teleb et al. 2021). According to the model, the
refractive index n is related to the oscillator energy, E,, and the dispersion energy E,; via
relations:

2 EdEo
—1)= ——d70
(" =1) E2 - (hvy’ ©)
ie.
E
o2 =17 = - (%@)(hvf (10)

where hv is the photon energy. Experimental fulfillment of this relation can be obtained by
plotting (n> — 1)~'vs.(hv)? in the photon energy range 0.24-0.94 eV? as shown in Fig. 12,
for natural behavior. Linear fits of the function to the smaller energy data yield straight
lines equations as shown in Fig. 12 allowing us to determine the values of (E, E,)~' and
(E/E, from the slope and intercept, respectively. The determined oscillator parameters
values E,, E,, the static refractive index, ni = (1 + E;/E,) where,n,(0) = nathv — 0, the
oscillator strength f, (f = E,E,) as well as the value of the static high-frequency dielectric
constant £, = ng are listed in Table 2. It was seen from the listed data that the trend of vari-
ation in the oscillator energy values, E, calculated from the Wemple DiDomenico model
follows the same variation trend of the calculated optical band gap values for each of the
Tauc’s or ASF models, which indicates the applicability of the applied Wemple DiDomen-
ico model in this work. Where the values of the single oscillator energy, E,, decrease from
4.04 to 3.15 eV, and dispersion energy, E, decreases from 3.77 to 3.55 eV, as the Sb,S;
NPs filler increases in the PVA/PVP polymer matrix from 1 to 3 wt%.
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Fig. 12 Plots of (n? — 1) vs. hv? 16
for pure PVA/PVP and Sb,S,/ | e Blank © 1wt% Iwt% o+ Swt%
PVA/PVP polymer sheets. The
inset shows the fitting equation
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Further analysis of the refractive index data at long wavelength region
(1500 — 2500nm) was also performed on the basis of the Drude free electron model to
elucidate the effects of filling Sb,S; NPs to the PVA/PVP as a host matrix on the varia-
tion the carrier concentration to the effective mass ratio, N/m* as well as the lattice high
dielectric constant, €  using the relations (Ammar et al. 2015; EI-Gendy 2017):

&2

e =n’— R =sL—<W><%w (an
where e is the electron charge, €, the permittivity of the free space (= 8.854 x 1072 F/m),
€, the high lattice dielectric constant, and N /m* is the carrier concentration to the effective
mass ratio. The values of N/m* as well as the lattice high-frequency dielectric constant, €,
could be determined, respectively, from the slope and intercept of the plots &, vs. 4> shown
in Fig. 13. Those values are listed in Table 2. It is evident from those values that, for all
of the investigated samples €; > g, which are mainly attributed to the contribution of the
free carriers-concentration to the lattice vibration in the dispersion modes (El-Gendy 2017;
Qasrawi and Shukri Ahmad 2006). It was noticed that the calculated N/m” values increase
with the increasing addition of Sb,S; in the polymeric mixture, which indicates an increase
in charge carriers.

The optical conductivity is related to the absorption coefficient and the refractive
index of the prepared samples by the relation (Abdullah et al. 2016; Abd El-Ghany et al.
2022):

anc

= x (12)
where a is absorption coefficient, n is the refractive index and c is the light speed. Fig-
ure 14 shows the variation of optical conductivity with photon energy. Obviously, the opti-
cal conductivity increases with the addition of Sb,S;. This means that the concentration
of charge carriers increases in the PVA/PVP matrix due to the dispersion of Sb,S; in the
interstitial spaces of the polymer chains (Badawi 2020; Abdullah et al. 2015b). Addition-
ally, the increase in the optical conductivity at the high photon energy is due to the high
absorption of ultraviolet radiation by the prepared samples (Abdullah et al. 2016).
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Fig. 14 Plots of ¢ vs. hv for pure PVA/PVP and Sb,S;/PVA/PVP polymer sheets

4 Conclusions

The chemical co-precipitation method has been used at low temperatures to prepare the
Sb,S; powder sample. The X-ray diffraction studies of the powder revealed that the X-ray
diffraction pattern exhibits a polycrystalline orthorhombic structure of crystallite size of
24 nm. Different ratios of 0, 1, 3, and 5 wt% of Sb,S; were filled with the PVA/PVP (2:1)
polymer sheets via the solution cast technique. The FT-IR spectra indicate an effective
incorporation of the Sb,S; filled in the PVA/PVP host matrix. The optical band gap energy
for PVA/PVP samples filled with 1% and 3 wt% Sb,S; NPs show at first decreases from
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4.68 to 3.03 eV and thereafter increases further to 3.19 eV for the sample filled with 5 wt%
Sb,S; NPs. The refractive index-dispersion analysis is adequately described by the single
oscillator model. The single oscillator energy, E; decreases from 9.28 to 5.98 eV as the
PVA/PVP host matrix is filled with Sb,S; NPs of 1 and 3 wt%, while the filler content
increases to 5 wt%, E then increases to 6.43 eV. The carrier concentration to the effective
mass ratio was also evaluated as a function of filling Sb,S; wt%. It is worth noting here to
point out that, the large variation in the optical properties of PVA/PVP blended sheets filled
with Sb,S; makes them effective candidates for optoelectronic and optical applications.
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