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A B S T R A C T   

Low-pressure (33.33 Pa) plasma polymerized methyl acrylate and vinyl acetate composite thin 
films with various monomer compositions were deposited onto glass substrates. Under the same 
plasma conditions, the homopolymer thin films were also prepared. The thickness of the com-
posite films was observed to vary between 117 and 213 nm depending on the monomer ratio. The 
composite films exhibit a smooth, pinhole-free, and immaculate surface morphology, surpassing 
that of the homopolymers. The energy dispersive x-ray study shows that the films contain mainly 
carbon and oxygen with 26.09–37.20 at% and 35.03 − 40.10 at%, respectively. The composite 
films contain more carbon contents which enhance the film stability. The appearance of some 
broad absorption bands in the Fourier transform infrared spectroscopy indicates structural 
changes in the PP films caused by the restructuring or dilapidation of monomer molecules while 
forming the polymer. The UV–visible spectra analysis reveal that the composite films exhibited a 
tunable optical band gap by adjusting the monomer ratio. The decrease of methyl acrylate 
monomer reduces the direct and indirect optical band-gap values of composite films from 3.15 to 
3.00 eV and 2.35 to 1.74 eV, respectively. While Urbach energy values increases from 0.33 eV to 
0.90 eV. All the films showed good transmittance properties (86 − 96%) in the visible range 
wavelength (550 − 800 nm). Other optical parameters are also found better in composite films 
which indicates the aptness of the composite films in various optoelectronic or electronic 
applications.   

1. Introduction 

Organic thin film coatings have gained popularity due to their alluring properties and wide range of applications in nonlinear 
optics, surface hardening tools, sacrificial layers, numerous spaceship components, molecular as well as microelectronic devices [1–3]. 
Polymeric materials obtained from environmentally friendly sources are more crucial for obtaining biocompatible and biodegradable, 
and safe electrical, electronic, or optoelectronic devices to cope up with electronic garbages [4,5]. In addition, organic thin film 
coatings have found potential applications in microsensor technologies [6] including light-emitting diodes, organic solar cells, 

* Corresponding author. 
E-mail address: mjrahman@phy.buet.ac.bd (M.J. Rahman).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e18524 
Received 18 May 2023; Received in revised form 18 July 2023; Accepted 20 July 2023   

mailto:mjrahman@phy.buet.ac.bd
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e18524
https://doi.org/10.1016/j.heliyon.2023.e18524
https://doi.org/10.1016/j.heliyon.2023.e18524
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e18524

2

photo-detectors, photodiodes, and surface modification for biomedical engineering [7–9]. However, the composition of two or more 
monomers may create better material systems with novel features for specific applications and has been significantly developed in 
several sectors to satisfy new market applications at the lowest possible price [10]. These market demands have encouraged the 
creation of new material mixtures, alloys, and composites. There are numerous advantages of creating composite thin films with 
modified electrical, mechanical, and optical properties [11] and may be important for metal protection, design of complex materials to 
realize biocompatible applications [12]. 

The plasma polymerization technique would be chosen from versatile deposition mechanisms to obtain such composite thin films, 
because this method does not require any solvent or initiator during the polymer formation, produces no liquid organic waste, and has 
no effect on the environment. With these advantages including ease of synthesis, low-cost, and lack of thermal heating the dynamic 
low-pressure capacitively coupled plasma polymerization approach has been used for depositing composite polymer film [13,14]. 
Moreover, the presence of two organic monomers increases polymerization rates and expands the range of polymer characteristics 
[15]. 

A lot of research on thin films has been done investigating different properties of organic plasma polymerized (PP) thin films, 
however, the research on the effect of mixing two or more organic monomers for preparing composite polymer thin films is scanty in 
the literature. Only a few works on bilayer and composite films reported in the literature but the deposition techniques are different 
from ours [6,10,16,17]. Polythiophene/poly (vinyl acetate) composite films were prepared using oxidative polymerization technique 
and reported that due to the nucleation effect of poly (vinyl acetate), the amount of agglomeration increased in the composite film, 
which has promising potential in optoelectronic applications [10]. In other studies, Islam et al. synthesized composite polymer of vinyl 
acetate and methyl methacrylate by suspension polymerization technique and found that the surface of the composite polymer is 
rougher but thermally more stable compared to those of homopolymer [16]. Kamal and Bhuiyan [18] used low-pressure glow 
discharge plasma system to deposit bilayer thin films of pyrrole and N,N, 3,5-tetramethylaniline. The bilayer films are observed to have 
different structures as well as larger energy band gaps compared to the individual monolayer films which were increased owing to the 
oxidation of the film at the inter-layer interface during the subsequent deposition. In another research work the block composite of 
methyl acrylate (MA) and vinyl acetate (VA) was prepared using photo-induced controlled radical polymerization [19] and reported 
that the propagation rate constant of VA was less compared to that of MA, which caused the lower polymerization rate when a higher 
amount of VA was used in the composition. A recent research work on pyrrole and aniline composite reported that thickness, surface 
morphology, and resistance of the composite films depend significantly on the variation of the individual monomer concentrations 
mainly because of the rapid incorporation or rearrangement of the monomers [20]. 

In this study, MA and VA have been chosen to produce the composite films, because VA has been widely studied owing to its 
biocompatibility, excellent optical properties, and few foreign-body reaction properties [16,21,22]. Besides, having a particular 
electron donating group connected to the vinyl group, VA is considered a less-activated monomer [19]. The MA is chosen as the second 
monomer because of its high optical transmittance and different applications in coatings, varnishes, adhesives, food packaging, and 
cosmetics [23]. By incorporating MA and VA monomers into the PP polymer chain, the composite film can exhibit a combination of 
properties from both monomers. This allows for the fine-tuning of specific characteristics based on the desired application. The 
presence of VA units can introduce flexibility and enhance film transparency, while MA units can improve adhesion and compatibility 
with other materials [24,25]. 

Researchers have been reporting different properties of organic PP thin films, however, the reports on the effect of mixing two or 
more organic monomers for preparing composite polymer thin films are scanty, though only a few researchers reported the importance 
of bilayer or composite films but the deposition techniques they used are different from ours [6,11,17,23]. In this study, the elemental 
composition, surface morphology, and chemical bonding of the PPMA, PPVA, and PP(MA-VA) thin films deposited under dynamic 
low-pressure plasma were observed using energy dispersive x-ray, field emission scanning electron microscopy, and Fourier-transform 
infrared spectroscopy analysis, respectively. The optical properties of the composite films with different MA and VA ratios were 
analyzed using UV–vis spectroscopy to determine parameters such as absorbance, transmittance, reflectance, absorption coefficient, 
direct and indirect band gap, extinction coefficient, Urbach energy, refractive index, etc. This study presents a novel approach to 
fabricating composite thin films with improved surface morphology, tunable films thickness and enhanced films stability. The optical 
band gap of the composite films can be tuned by adjusting the monomer ratio. This means that the band-gap values of the films can be 
modified by varying the proportion of methyl acrylate monomer. This tunability is important as it allows tailoring the optical prop-
erties of the films for specific application requirements. These findings contribute to the field of materials science and provide potential 
opportunities for the development of advanced electronic and optoelectronic devices. The results of these investigations are correlated 
to evaluate the structural and optical improvement of composite thin films, which may be suitable in high-performance electronic and 
optoelectronic devices. 

2. Materials and methods 

2.1. The monomers 

The PP composite thin films were prepared using two monomers, MA (>99.98%) and VA (>99.97%), which were obtained from 
BDH, Poole, England and Merck, Germany, respectively. The chemical structures and the general properties of the monomers are 
presented in Fig. 1 and Table 1, respectively. 
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2.2. Synthesis of the thin films 

Before deposition, glass substrates (Sail brand, China, 25.4 × 76.2 × 1.2 mm3) were cleaned in three steps so that a uniform, 
smooth, and perfect thin polymer plasma coating can be obtained. First, the substrates were soaked in detergent water for 15 min and 
washed with clean water. The cleaned substrates were again rinsed with acetone in an ultrasonic bath for another 15 min. Finally, 
those were rinsed again with de-ionized water and dried with hot air. The cleaned glass slides were preserved in a vacuum desiccator 
for deposition purposes. To deposit the composite thin film onto the pre-cleaned glass substrate, the monomer was allowed to enter a 
vacuum plasma chamber as shown in Fig. 2. Before that, the reactor chamber was slowly pumped down to 13.33 Pa using a rotary 
pump, and the two parallel plates were powered by an AC (50 Hz, 22 W) source to produce glow discharge plasma around the 
electrodes. A detailed description of the PP deposition technique is described in an earlier publication [28]. A fine injection valve was 
used to adjust the monomer flow rate to 20 cm3/min. The working pressure during the deposition (60 min) was kept stable around 
33.33 Pa. The films were deposited varying the amount of MA monomer as 100%, 75%, 50%, 25% and 0% in the mixture of MA and 
VA, and the composite films were termed respectively, as PPMA, PP(MA-VA) (3:1), PP(MA-VA) (1:1), PP(MA-VA) (1:3) and PPVA. 

The thicknesses, d, of the as-deposited homo and composite thin films were measured by well-known multiple-beam interfero-
metric technique [29] and calculated using Eq. (1). 

Table 1 
General properties of the MA and VA [26,27].   

Methyl acrylate (MA) Vinyl acetate (VA) 

IUPAC name Methyl prop-2-enoate Ethenyl acetate 
Chemical formula CH2CHCO2CH3 CH3CO2CHCH2 

Appearance Colorless liquid Colorless liquid 
Toxicity Non-toxic Less toxic 
Boiling point 353 K 345.7 K 
Molecular Weight 86.09 g/mol 86.09 g/mol 
Density 950 kg/m3 934 kg/m3  

Fig. 1. The chemical structures of the (a) MA and (b) VA monomers.  

Fig. 2. Schematic diagram of the plasma polymerization set up in the laboratory.  
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d =
λ
2

b
a

(1)  

where, λ = 589.3 nm for sodium light source, b is the step height and a is the fringe spacing identified in the fringes. A recent pub-
lication has described in detail the thickness-measuring procedures using multiple-beam interferometric technique [30]. The variation 
of as-prepared films thickness with respect to MA concentration in the monomer mixture is illustrated in Fig. 3 and it is found that the 
thickness of the composite thin films decreases with decreasing MA concentration, which is presented in Table 2. As MA is a highly 
active monomer with a higher deposition rate compared to VA, the film thickness increase with the increase of MA monomer in the 
composite mixture. 

2.3. Characterization techniques 

The surface morphology and cross-sectional view of the as-deposited thin films were observed using FESEM (JEOL JSM 7600 F, 
USA) at an accelerating potential of 5 kV. The PPMA, PPVA and PP(MA-VA) thin films were coated with platinum to avoid charging 
effect during the measurement. EDX studies linked to the FESEM have also corroborated the compositional components of the films. 
The FTIR spectra of the samples were taken in the wavenumber range of 500–4000 cm− 1 using a double-beam FTIR spectrometer 
(SIMADZU, FTIR-8400) with a resolution of 2 cm− 1 to detect various types of bond vibration and to elucidate the chemical structure of 
the MA and VA monomers as well as PPMA, PPVA, and PP(MA-VA) thin films. The polymers are collected in powder form from the 
substrate by scrapping method. A dual-beam UV–Vis spectrophotometer (SHIMADZU UV-2600, Japan) coupled with an integrating 
sphere was used to measure the optical absorbance (A), transmittance (T) and reflectance (R) of the thin films in the wavelength range 
of 200–800 nm. The data were used to calculate the optical band gap energy as well as other vital optical parameters such as absorption 
coefficient (α), Urbach energy (EU), extinction coefficient (k), steepness parameter (σs), and refractive index (μ), etc. A pre-cleaned 
glass substrate, similar to that onto which thin films were deposited, was used as a reference. 

3. Results and discussion 

3.1. Surface morphology 

The surface morphology of the as-deposited PP homo and composite thin films as shown in Fig. 4(a1-b1), reveals that the surfaces of 
the homopolymer films are quite different compared to those of the composite films. Some agglomerate or mosaic structures or white 

Fig. 3. The variation of thickness with the variation of MA concentration in the monomer.  

Table 2 
The mixing ratio of the monomer concentration as well as determined thickness and sample identification of the as-deposited composite thin films.  

Mixing ratio of the monomer Deposition time (min) Thickness, d (nm) Sample identity 

Methyl acrylate (MA) Vinyl acetate (VA) 

100% 0 60 213 ± 7 PPMA 
75% 25% 60 197 ± 4 PP(MA-VA) (3:1) 
50% 50% 60 175 ± 4 PP(MA-VA) (1:1) 
25% 75% 60 137 ± 5 PP(MA-VA) (1:3) 
0 100% 60 117 ± 4 PPVA  
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spots are visible in both PPMA and PPVA homopolymer thin films, which may be caused by the aggregation of molecules or formation 
of cluster as a result of the interaction between the molecular chains [28,31]. Similar type of surface morphology was also observed in a 
previous study conducted by Nath and Bhuiyan [32] using the same procedure on PPMA thin film. The mosaic type structures are more 
prominent on the surface of PPVA film. This could be due to the individual chemical and physical properties of the VA monomer used 
to prepare the films. However, the composite thin films exhibit significantly better surface morphology with no mosaic type structure 
at the same magnification. In all cases, the films are pinhole-free, scratch-less, flawless and smooth because the composition of two 
monomers enhanced the high crosslinking properties among the plasma ions, radicals, or molecules through collisions with energetic 
electrons, which reduced the polymer chain and resulted in a better surface property of the composite films [33,34]. This type of 
smooth and pinhole-free surface was also observed in other studies using D-limonene and 3, 4-ethylenedioxythiophene where both the 
films were deposited by the plasma technique [5,30]. 

Cross-sectional images of the composite films shown in Fig. 5 confirm the formation of a homogeneous and smooth thin layer on the 
glass substrate and found that the thickness of PP(MA-VA) (3:1), PP(MA-VA) (1:1) and PP(MA-VA) (1:3) films were 139, 170 and 200 
nm, respectively which was very near to the values of 137, 175 and 197 nm, respectively examined by the multiple-beam interfer-
ometric technique. This result ensures the accuracy and reliability of the thickness of the composite film. 

3.2. Elemental analysis 

The EDX analysis of the as-deposited homo and composite films has revealed the constituent elements of the films. The EDX spectra 
show that the atomic percentage of carbon varied for all the deposited films, which may be due to the removal of hydrogen atoms 
during the formation of plasma polymers. The MA and VA contain only carbon (C), hydrogen (H), and oxygen (O). But no hydrogen 
spectra were detected, because, due to the absence of K shell in the hydrogen atoms, the EDX method cannot detect any H atoms [35]. 
The PPMA and PPVA contain 26.09 and 28.03 at% of C, respectively whereas, for the composite films, the C percentage was increased 
to 34.44–37.20 at% which may be the cause of the higher crosslinking effect of MA and VA molecules. The higher carbon content in the 
composite film indicates a greater presence of carbon-based functional groups, which can contribute to improved film properties [36]. 
The smoother surface of the composite films also supports this phenomenon. Moreover, the O at% is greater in all deposited films 
compared to the calculated values of the monomer, which may be due to the bond formation among glass substrates and the monomer 
molecules during thin film deposition. Apart from these, the EDX data reveals the presence of some additional elements such as silica, 
sodium, magnesium and aluminum. These additional elements also may come from the glass substrate used for deposition [32]. In 
Fig. 4(a2− b2), the EDX spectra are presented, and Table 3 lists the atomic percentages of constitutive and other elements details for 
PPMA, PPVA and PP(MA-VA) films. 

Fig. 4. FESEM images (a1–e1) and EDX spectra (a2–e2) of the as-deposited deposited (a1, a2) PPMA, (b1, b2) PP(MA-VA) (3:1), (c1, c2) PP(MA-VA) 
(1:1), (d1, d2) PP(MA-VA) (1:3), and (e1,e2) PPVA thin films with a magnification of 30 k. 

Fig. 5. FESEM (cross-sectional view) of the as-deposited (a) PP(MA-VA) (3:1), (b) PP(MA-VA) (1:1), (c) PP(MA-VA) (1:3) thin films.  
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3.3. FTIR analysis 

The FTIR spectra of the homo and composite polymer films with various MA and VA mixing conditions have been taken at room 
temperature in the wavenumber range of 500–4000 cm− 1 which are illustrated in Fig. 6. The identified bond assignments of different 
absorption peaks are documented in Table 4. In the FTIR spectra of both the monomer as well as of the homo and composite polymers a 
broad absorption band is appeared around 3438 − 3470 cm− 1 due to − O H stretching, because of having chemical interaction between 
the carbonyl (C––O) groups and the H atoms, which helps to form hydrogen bonds and conjugated carbonyl with the methylene of MA 
and VA [37]. However, the intensity of this absorption peak in the PP films is not as strong as in the monomer spectra and broadness 
increases, which indicates that the PP films do not attach easily to the atmospheric low molecular weight molecules like H2O and CO2 
[38]. In the FTIR spectra the absorption peaks at 2922 − 2970 cm− 1 can be assigned to the stretching vibration of methyl group (−
CH3), while the absorption peaks appeared at 1375 − 1448 cm− 1 are due to the bending vibration of C–H [39]. These peaks are 
important to recognize the compounds as organic compounds. The presence of a sharp absorption peak in the spectra of MA and VA at 
1734 and 1741 cm− 1 can be attributed to the strong vibration of the C––O groups present in the two individual monomer segments 
[16]. Whereas, this absorption band for PPMA, PPVA, and PP(MA-VA) composites shifted towards 1700 − 1709 cm− 1 but become 
broad and weak, which confirms the structural change during the formation of all these thin films [39]. It is noticed that the intensity of 
the absorption peak for C––O group is higher for PPMA compared to PPVA, since the propagation rate of acrylate (CH2––CH − COO −
) is higher compared to that of VA monomer, which also has a significant effect on how fast the polymer is formed [19]. 

The sharp peaks of C––C stretching vibration in the monomers appeared at 1645 cm− 1, which become diffused and shifted between 
1633 and 1645 cm− 1 in the case of pp polymers. The asymmetric bending of –CH3 corresponding to wavenumber 1436 − 1464 cm− 1 is 
observed in all spectra. The shift in this absorption peaks towards the lower wavenumber (1379 − 1385 cm− 1) of all the deposited PP 
films spectra is due to –CH2 bending vibrations which are caused for the loss of hydrogen atoms in –CH3 depending on a variety of 
factors, including the chemical structure and molecular interactions. The absorption peaks in the 800 − 1282 cm− 1 range are typically 
associated with C − O and C––C complex stretching vibrations [39–41]. The relative proportion of hydrophilic (C − O) and hydro-
phobic (C − H and C––C) groups in FTIR spectra reveal that the deposited PP films are more hydrophobic compared to the individual 
MA and VA monomers and from the deposited films the PP(MA-VA) films are less hydrophilic than PPMA and PPVA. The appearance of 
absorption band at 648–678 cm− 1 in VA accompanying to C–H out-of-plane bending and shifting of this to a higher wavenumber is also 
a strong sign of conjugation in the chemical structure [18]. 

3.4. Optical properties 

The UV–Vis absorption spectra in the wavelength range of 250–800 nm of the homopolymer and composite thin films deposited 
with varying monomer ratios at ambient temperature are illustrated in Fig. 7 (a). The A is maximum for the PPMA thin film, and as the 
content of MA in the composite films decreases the intensity of the absorbance peak also decreases which may be due to the decrease in 
the π− π* transition [42]. The wavelength corresponding to the maximum absorbance (λmax) is observed to shift towards the higher 
wavelength (red shift). This shifting indicates an increase in conjugate bond length during the polymer formation and causes a change 
in the optical band gap of the obtained composite thin films [10,43]. This also suggests the alteration in the chemical composition of 
the film with different MA and VA ratios, which affects the absorption properties of the film. The λmax and absorbance values cor-
responding to the different monomer ratios in the PP(MA-VA) thin films are summarized in Table 5. 

The optical T (Fig. 7(b)) of the composite films rises with λ in the lower visible range (350–550 nm) and finally reaches almost a 
constant value of around 86 − 97% at higher wavelengths (550–800 nm). The composite films have higher transmittance in the lower 
wavelength range compared to PPMA and PPVA films may be due to their different crosslink density [44]. This difference in cross-
linked density may be the cause of the varying transmittance properties of the deposited films. Despite this, all the films are highly 
transparent in the visible region. 

The α was calculated from A and the path length that is the thickness of the films, d, using Eq. (2). 

α=
2.303 A

d
(2) 

Table 3 
Atomic percentage (at%) of the elements in the PP homo polymer and composite polymer thin films.  

Element detected Elements in PP(MA-VA) composite thin films (at%) Monomer (at%) (calculated from molecular formula) 

PPMA PP(MA-VA) PPVA 

3:1 1:1 1:3 MA VA 

C 28.03 37.20 36.22 34.44 26.09 55.80 55.80 
O 38.51 38.40 40.10 38.26 35.03 37.17 37.17 
H – – – – – 7.02 7.02 
Na 8.44 3.20 2.44 3.26 10.33 – – 
Mg 2.17 3.00 2.67 3.17 5.19 – – 
Si 17.02 12.00 12.89 15.65 18.35 – – 
Al 5.83 6.20 5.68 5.22 5.01 – – 
Total 100 100 100 100 100 100 100  
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Here, A = log10
( I0

I ) with I0 as the incident beam intensity and I being the transmitted beam intensity. From the variation of α with 
photon energy, hv, as shown in Fig. 8(a) it is noticed that the α changes with hv following an exponential decay in the low-energy 
region, which is occurred due to the lack of long-range order in the films or the existence of defects [45]. 

The optical band gap, Eg, indicates the optical transitions of a substance, which is one of the most crucial optical properties 
associated with the electronic structure of a film. A direct band gap, Eg(d) refers to a material where the electron transition between the 
valence and conduction bands is allowed in a single step, and the energy required for this transition is equal to the band gap. The 
indirect band gap, Eg(i) is not allowed in a single step and requires the involvement of phonons (lattice vibrations) to conserve 
momentum. 

The Tauc relation (Eq. (3)) is utilized to calculate the permissible optical band gaps of the thin film [46]. 

αhν=C (hν − Eg)n (3)  

where, the index, n, indicates the nature of the optical transition, and the Tauc parameter, C, is a proportionality factor. The value of n 
= 1/2 and 2 indicates the allowed Eg(d) and Eg(i), respectively. Therefore, Eg(d) and Eg(i) are assessed respectively from the intercept of 
the linear part of the (α hν)2 versus h ν and (α hν)1/2 versus h ν curves, as shown in Fig. 8 (b) and 8(c), respectively. 

The non-linear variation of α in PP(MA-VA) thin films indicates that two types of band gaps are possible in PP(MA-VA) composite 
films, which is also reported for several other plasma polymers [21,47,48]. The calculated values of Eg(d) and Eg(i) of the PPMA, PPVA, 
and PP(MA-VA) thin films are figured out in Table 5. 

The Eg(d) is observed to be different for all the composite films since some individual crosslinking may be established among the 
bulk of the two different monomers, which impacts the deposition process [40]. The values of Eg(d) for PPMA and PPVA film are 2.77 
eV and 2.72 eV, respectively and for the PP(MA-VA) composite films, it increases (3.00 − 3.15 eV) with increasing MA concentration in 

Fig. 6. The FTIR spectra of the MA and VA monomers, PPMA, PPVA homopolymer, and PP(MA-VA) composite thin films indicating different 
functional groups. 

Table 4 
Functional groups and the corresponding wavenumber in the MA and VA monomers, PPMA, PPVA and PP(MA-VA) thin films.  

Assignment MA Wavenumber (cm− 1) VA Band intensity 

PP(MA-VA) 

PPMA 3:1 1:1 1:3 PPVA 

O − H stretching 3438 3443 3442 3470 3443 3444 3443 Broad peak 
C − H3 stretching 2961 – – – – – 2980 Merged 
C − H2 stretching 2938 2926 2928 2928 2922 2918 2938 Sharp 
C − H stretching 2862 2860 2860 2860 2860 2860 2860 Merged 
C = O stretching 1734 1709 1702 1700 1700 1705 1741 Broad peak 
C––C stretching 1645 1636 1635 1634 1635 1633 1638 Very low 
CH3 bending 1464 1448 1448 1445 1448 1445 1436 Merged 
CH2 bending 1385 1380 1380 1380 1379 1379 1375 Low 
C − O 1282,      1243, Sharp peak  

1128 1167 1122 1269 1156 1200 1125 Merged 
C––C bending 1024 1024 1031 1030 1027 1023 1025 low merged     

863 852 860 800 Low 
C − H out of plane bending 676 674 681 678 660 685 648 Low  
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the composite films. The red shift in absorbance spectra and the decrease in film thickness with the decrease of MA monomer suggest a 
fall in Eg values [49]. The Eg(i) values of PPMA and PPVA are 1.84 eV and 1.70 eV, respectively and for the PP(MA-VA) composite films, 
the Eg(i) values vary from 1.74 eV to 2.35 eV, depending on the concentration of MA in the composite films. For thin solar films, 
generally, wide band gap materials having Eg(d) of the order of 2.0–4.0 eV permit devices to operate at much higher voltages and 
frequencies than conventional semiconductor materials [50]. The variation of Eg(d) and Eg(i) values with MA, and the tabulated values 
of Eg suggest an idea of tuning the optical band gap by varying the monomer ratios in composite films. The direct band gap of the PP 
(PA-VA) films is 3.00–3.15 eV, and it has good transparency in the visible region. So, it may be used in thin solar films and other 
optoelectronic applications. 

The localized defect states in the optical band gap region are accountable for the creation of an absorption tail in the spectra, which 
is recognized as Urbach tail, and the associated energy is known as Urbach energy, EU. It represents the defect states in the optical band 
gap region and is estimated for the plasma polymers. The Urbach empirical rule that describes the spectral dependence of α on h ν in the 
low photon energy region is given by Eq. (4) [51]. 

α=α0 exp
(

E
EU

)

(4)  

where, α0 is a constant, and E is the energy of the incident photon. The inverse of the lnα versus hν plots in Fig. 8(d) indicates the 
Urbach energy. It is observed that the values of EU for PPMA and PPVA are 0.42 and 0.96 eV, respectively. However, the EU values for 
the composites are observed to become higher (0.33 − 0.90 eV) for the lower amount of MA. This indicates that when MA is decreased 
in the composite films, it creates more localized states which form additional distribution defects within the forbidden energy band 
gap. Consequently, causes a shrinkage in the optical band gap and decreases the band gap energy [30,31]. 

The steepness parameter, σ s is a measure of the rate of change α near the absorption edge and can provide valuable information 
about the electronic structure and optical properties of the films, which can be estimated by using Eq. (5) [52]. 

Fig. 7. Spectral distribution of (a) absorbance, (b) transmittance and (c) reflectance as a function of wavelength for different monomer ratios of MA 
and VA. 

Table 5 
Variation of Eg, λmax, EU and σ s values of the PPMA, PPVA, and PP(MA-VA) thin films of different monomer ratios.  

Sample ID Thickness, d (nm) λmax (nm) Eg(d) (eV) Eg(i) (eV) EU (eV) σ s Ee-p 

PPMA 213 ± 7 326 2.77 1.84 0.42 0.10 6.67 
PP(MA-VA) (3:1) 197 ± 4 332 3.15 2.35 0.33 0.12 5.55 
PP(MA-VA) (1:1) 175 ± 4 336 3.12 2.26 0.46 0.09 7.40 
PP(MA-VA) (1:3) 137 ± 5 345 3.00 1.74 0.90 0.05 13.3 
PPVA 117 ± 4 340 2.72 1.70 0.96 0.04 16.60  
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σ=
kBT
EU

(5)  

Here T is the absolute temperature and kB is the Boltzmann constant. The σ s values are calculated by taking T = 298 K. The observed 
lower values of σs (0.10 − 0.26), indicate a smaller density of states near the absorption edge and a lower rate of electron-phonon 
scattering, resulting in a narrower absorption edge [53]. 

The σs values of as-deposited films are shown to have a relationship with the strength of the electron-phonon (Ee-p) interaction as 
indicated by Eq. (6) [54]- 

Ee− p =
2

3σs
(6) 

The values of Ee-p are tabulated in Table 5 and are found to range from 2.56 to 6.67, showing an inverse relationship with the σs 
values. This information provides insight into the electronic structure and optical properties of the PP(MA-VA) thin films and can be 
useful for various applications such as optoelectronics and solar cell technology. 

Another crucial optical parameter allied with the absorption of a material is k. The optical constant of the material k obtained using 
α with the assistance of Eq. (7), which describes the attenuation of light in a medium. 

k=
αλ
4π (7) 

The value of k is dependent on the wavelength of light and the concentration of absorbing species in the medium. The higher k 
indicates the greater the amount of light absorbed by the material. Fig. 9 (a) depicts that the value of k decreases with the increase of λ, 
which indicates a possible reduction in electron transfer across the mobility gap with λ. 

The μ is the measure of the reduction of speed of light inside a material and is used to measure the light propagation through a 
material. The higher the value μ the greater the deviation of light from a straight path, and the slower the speed of light in the material. 
The values of μ are evaluated using Fresnel’s Eq. (8) [55,56], and the variation with λ is presented in Fig. 9 (b). 

μ=

(
1 + R
1 − R

)

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4R

(1 − R)2 − k2

√

(8) 

Fig. 8. Plots of (a) absorption coefficient, α, corresponding to photon energy and the corresponding graphs to obtain (b) direct band gap, Eg(d), (c) 
indirect band gap Eg(i), and (d) lnα versus hν plots for the as-deposited PP homo and composite thin films. 
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It is pointed out that the μ value is maximum at a lower wavelength of 330 nm then drops suddenly in the wavelength region at 340 
− 550 nm and becomes almost stable (~1.14) indicating higher transmittance properties in the UV region for all the PP(MA-VA) 
composite films. Nevertheless, the maxima in the μ values lifted from 320 nm to 340 nm with the variation of monomer mixture 
ratios, which confirms the increase in photon-electron interactions inside the films. 

4. Conclusions 

PPMA, PPVA, and PP(MA-VA) composite thin films have been deposited successfully onto glass substrates by the dynamic low 
pressure plasma polymerization technique. The thickness of the composite films varies from 137 to 197 nm with a higher proportion of 
MA. Notably, the composite films exhibit improved surface morphology, characterized by a higher amount of carbon content, thereby 
enhancing their structural properties. The chemical structures of homo polymer and composite polymer thins films are transformed 
during the polymerization, which is confirmed by the FTIR analysis. The disappearance of the absorption peak in the fingerprint region 
indicates exceedingly crosslinking properties of the PP thin films. Moreover, The composite film exhibits enhanced transmission 
performance in the visible region of the electromagnetic spectrum. The optical parameters of the composite film are found to be varied 
with varying MA and VA monomer ratios, where the homopolymer films are independent of each other. It is observed that the values of 
Eg(d) and Eg(i) of the composite films vary from 3.00 to 3.15 eV and 1.74–2.35 eV, respectively, with the enhancement of the MA 
monomer. Those values are quite different from PPMA (Eg(d) = 2.77 eV, Eg(i) = 1.84 eV) and PPVA (Eg(d) = 2.72 eV, Eg(i) = 1.70 eV) 
homopolymer thin films. The decrease of EU values from 0.90 to 0.33 eV with the increase in MA in the composite films suggest that the 
optical band gap is reduced owing to the appearance of localized states inside the forbidden energy band gap region. The change in μ 
specifies the rise of interactions between the photons and electrons of the composite films with the increase of MA. The probability of 
electron transfer across the mobility gap rises with photon energy, which is confirmed by analyzing the obtained extinction co-
efficients. Overall, the PP(MA-VA) composites exhibit superior and more stable properties compared to PPMA and PPVA homopolymer 
thin films. The thickness, optical band gap, and other optical parameters can be tailored to meet specific requirements by adjusting the 
ratio of MA and VA in the composite films. Decisively, the PP(MA-VA) thin composite films are found to be chemically, physically, and 
optically stable and the films may be a potential candidate for photovoltaic and organo-electronic applications. The investigated 
characteristics of PP(MA-VA) composite thin films in this study have shown a significant dependency on the varying ratios of MA and 
VA. This observation suggests the potential utilization of composite film as an adaptable substitute for organo-semiconducting ma-
terials in natural systems. 
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