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Introduction

Makrofol (bisphenol-A polycarbonate) is a type of amorphous Nuclear Track Detector (NTD). It’s a thermoplastic polymer 
that stands out for its outstanding optical properties [1]. It’s also a good choice for medicinal and dosimeter applications [2-4]. 
Makrofol is a type of NTDs whose characteristics vary based on the conditions of manufacture. As a result, when subjected 
to ionizing radiations, its reactions will vary [1]. Makrofol VLG 7-1is developed for applications requiring thermoforming. 
Makrofol contains carbonyl groups, which are radiation-sensitive group. It degrades more quickly than the phenyl group under 
the influence of low radiation doses, and so is responsible for Makrofol damage caused by radiation [5]. Makrofol’s low density 
and exceptional transparency make it suitable for optical fibers and electronic devices. These distinguishing features also make 
it a viable choice for use in dosimetry. It is widely utilized in alpha, neutron, and charged particle radiography, track-etched 
membrane preparation, radiation dosimetry, and cosmic ray detection, also for low linear energy transfer radiation like UV 
radiation and gamma rays [6,7]. Despite Makrofol has a high commercial and technical presentation, structural deficiencies in 
Makrofol samples are caused by uncontrollable factors such as humidity and temperature change during the polymerization 
process. This results in structural deficiencies, as well as alterations in its physical characteristics and poor thermostability. 
Radiation processing can help to decrease the generated structural deficiencies. During the bond cleavage of the chains, 
radiation produces active catalytic free radicals that contribute in the creation of new bonds, generating crosslinks. As a result, 
the macromolecular structure of Makrofol is affected, as is its shape. This occurs without changing the molecular structure of the 
substance [8]. Furthermore, the impact of radiations causes lattice defects, which alter the characteristics of the polymer [9,10].

Characterizing the optical properties of polymers is very important because of their widespread use in optoelectronic 
devices [11,12]. The refractive index of polymers provides information on their fundamental properties [11]. Furthermore, the 
change in refractive index with radiation dose contributes in the evaluation of the polymer’s optical behavior. This is critical 
information for them to be used in industry [12], as it is applicable to marketable applications such as radiation dosimetry and 
processing [13]. Several researchers have investigated the structural and optical changes in irradiated polymers for dosimeter 
purposes [14-16]. The ensuing free radicals, benzophenones, re-arranged isopropylidene radicals, and creation of stronger 
conjugated bonds are responsible for the change in optical characteristics of Makrofol caused by irradiation [17]. The main goal 
of this research was to obtain information concerning the interaction of plasma with Makrofol aiming to improve its structural 
and optical properties and refining its performance in a variety of applications.

Experiment

Samples

Farbenfabriken Bayer A.G. (Germany) produced Makrofol VLG 7-1 films with a thickness of 380 μm and a density of 1.2 
g/cm3 density. They had a higher light transmission rate (90.3 percent). C16H14O3 is the chemical formula. Makrofol VLG 7-1 is a 
high-pressure forming and thermoforming material.

Exposure facility

The plasma-generating chamber was cylindrical in design, with a diameter of 25 cm and a height of 36 cm. It is composed 
of stainless steel. It consisted of two stainless-steel electrode plates, each with a diameter of 5 cm and a space of 2.5 cm between 
them. An RF power supply and an impedance matching network were used to connect the two electrodes, which were positioned 
inside dielectric ceramics. An RF source (type ENI model OEM-6, 13.56 MHz, 0–200 W power) was used to power the lower 
electrodes, while the upper anode was grounded. The chamber was brought to a base pressure of 10-4 torr using a rotary pump. 
The air gas pressure was set at 1.0 torr and remained constant during the measurements.

Analyzation of the exposed samples

The X-ray diffraction was measured using a Shimadzu 6000 diffractometer, which is noted for its Cu-k radiation. The X-rays 
had a wave length of 1.54 Å and the diffraction patterns were taken in the 2q at a rate of 2° per minute, ranging from 10° to 60°. 
The Tomos UV-1800 Spectrophotometer was used to measure UV spectra at wavelengths ranging from 800 to 200 nm.
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Abstract

Makrofol VLG 7-1 is a sort of Makrofol (bisphenol-A polycarbonate) nuclear track detector. We believe that the 
current study is the first one that deals with the effect of plasma irradiation on Makrofol VLG 7-1. Samples of Makrofol 
films were treated with various plasma exposure times (300-1800 sec.) The resultant outcome of the plasma irradiation on 
the structure and optical characteristics of the Makrofol samples were explored applying X-Ray Diffraction (XRD) and 
Ultraviolet Spectroscopy (UVs). The optical band gap, refractive index, and optical dielectric parameters were characterized 
and interpreted based on the exposure time. The optical bandgap decreased with increasing the exposure time up to 1800 sec. 
We attribute this to the dominance of crosslinking that damaged the crystalline portion.
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Results and Discussion

XRD analysis

The change in the ratio of ordered to disordered regions due to plasma exposure 
was investigated using X-ray diffraction. Figure 1 shows the XRD curves for the exposed 
and non-exposed Makrofol films for samples recorded within 2q (10-60 degrees). The 
results’ analysis indicates a disordered halos (2q=12-23°) implying disordered regions’ 
dominance. As can be seen, integral intensity, or the area under the curve, decreases as 
exposure duration increases up to 1800 seconds. As a consequence of crosslinking, which 
decreases crystallinity, the disorder nature of the samples increases. Crosslinking causes 
the integral intensity to decrease, resulting in the breakdown of ordered structure. This 
reduction shows that plasma exposure causes regular lamellas to crosslink, resulting in 
non-arranged lamellas.

Optical analysis of plasma exposed Makrofol films

Absorption: Figure 2 shows the absorbance of UV spectra of exposed and non-exposed 
Makrofol films in order to compute band-gap configuration changes owing to plasma 
exposure and get insight into optically induced electronic transitions. At about 250 
nm, a prominent absorption band was discovered, which was minimized when the 
wavelength was increased up to 900 nm. The n−π* transition carbonyl group C=O and 
π−π* phenyl group were responsible for the decrease in absorbance with wave length [18]. 
It can also be caused by the development of color centers at wavelengths of 250 nm [19]. 
Photo-chemical reactions begin in the Makrofol matrix at that wavelength due to UV 
absorption, which causes macromolecules to form singlet or triplet ones [18]. The act of 
plasma destroys the C-H bond for wave lengths larger than 250 nm.

Furthermore, increasing the plasma exposure duration to 1800 seconds enhanced 
the absorbance of the Makrofol films. It is due to the development of conjugated bonds. 
As a result, a smaller optical band-gap is expected as exposure time is increased [20]. The 
following formula relates the extinction coefficient k to the refractive index:

*n n ik= +  (1)
The refractive index’s real and imaginary components are indicated by n and k, 

respectively. The value of k is calculated using the following formula:
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where λ is the incident light’s wave-length. The absorption coefficient α may be computed 
using the following equation:
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The coefficient of absorption, α, denotes the amount of light absorbed by the 
substance, and is thus used to depict differences in the band’s configuration. 

Band-Gap: The band-gap, Eg, values were obtained using a direct transition method, 
which is called Tauc’s equation that present the information about the band-gap structure 
transitions [21]

( )n

ghv B hv Eα = −
 (4)

Where hν signifies the energy of the incoming photon, B denotes a constant, and the 
index n denotes the nature of the electronic transition. Direct transitions have n values 
of 1/2 or 3/2, but for indirect transitions it equals 2 or 3 depending on if they are allowed 
or disallowed, respectively [22]. Plotting the correlation between (αhn)1/n and hn, then 
extrapolating the linear portion of the curve to cross the hn axis, is used to get optical 
bandgap as shown in Figures 3-5. Band-gap tends to decrease upon the increase of plasma 
exposure time to a maximum of 1800 sec. Crosslinking is responsible for the narrowing 
of the optical band gap. As a result of the produced defects, the amorphous state of the 
Makrofol films is improved, and localised states are introduced in the band-gap zone, 
resulting in lower-energy electronic transitions. That is, the creation of chain scissions, 
conjugated bonds, and unsaturated bonds is caused by the generation of free radicals as a 
result of plasma radiation on Makrofol. Raising the plasma exposure period increases the 
rate of free radical generation and the formation of conjugated and unsaturated bonds, 
resulting in a decrease in the band-gap [20].

Figure 1: XRD spectra of the exposed and non-exposed Makrofol films.

Figure 2: Absorbance pattern of exposed and non-exposed Makrofol films in UV–
Vis.

Figure 3: A plot of (αhν)1/2 against hν.
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The optical band-gap and electronic transition type were calculated using the optical 
dielectric loss shown in Figure 6 and Tauc’s model shown in Figure 3-5. 

This is because the optical dielectric function is highly dependent on the band 
structure of the substance. Furthermore, using UV spectroscopy to analyze the optical 
dielectric function is quite valuable in establishing the band structure of the entire 
material [22]. the imaginary component of the optical dielectric function ε″ [23,24] is 
used to explore the electrical transition between unoccupied and occupied states. The 
optical dielectric loss ε″ can be calculated using the formula below.

" 2nkε =  (5)

The extinction coefficient is k, and the refractive index is n. Figure 6 shows the 
optical dielectric loss spectra for exposed and non-exposed Makrofol. As shown in Table 
1, the optical band-gaps of the films estimated using optical dielectric loss are quite close 
to those expected using Tauc’s model. As a result, the electronic transition type is the only 
authorized direct transition [24].

Table 1: The optical band gap (from Tauc’s model and ε″ vs. hυ) for the non-irradiated 
and irradiated Makrofol samples.

Exposure Time 

(sec)

Optical Band Gap 

from ε″ vs. hυ

Optical Band Gap from Tauc’s Model 

(eV)

Eg
2 Eg

1/2 Eg
2/3 

0 3.55 3.78 3.90 3.90

300 3.49 3.68 3.82 3.82

600 3.41 3.64 3.80 3.76

900 3.34 3.59 3.77 3.67

1200 3.3 3.53 3.73 3.61

1500 3.26 3.48 3.66 3.59

1800 2.24 3.05 3.55 3.36

Materials structure and refractive index: The formula that is used for calculating the 
refractive index, n, for Makrofol films is [25].
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Figure 7 demonstrates how the refractive index varies as the time interval of 
1. The index of refraction is increasing on growing the exposure time up to 1800 sec. 
This pattern matches that of Eg which indicates the authorization of crosslinks. Chain 
scissions produce active free radicals which allow for the formation of covalent bonds via 
crosslinking. This explanation is in good agreement with what was previously discovered 
[26]. The dielectric properties primarily give information on the solid-state optical 
properties [27]. The dielectric constant varies with photon energy, indicating that strong 
photon-electron interactions developed in the sample at this energy level.

Figure 4: Plot of (αhν)2 against hν.

Figure 5: A plot of (αhν)2/3 versus hν.

Figure 6: A plot of optical dielectric loss versus hν.
Figure 7: A plot of refractive index changes vs. plasma exposure time.
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According to the following formula, the dielectric constant is correlated to n and 
k [28].

' 2 2n kε = −  (7)

The values of εʹʹ were evaluated and displayed in Figure 8 vs. wave-length. As the 
exposure time is prolonged to 1800 seconds, the dielectric constant rises. This implies 
that plasma exposure increases the density of states inside the Makrofol films’ forbidden 
gap [29].

Conclusion

Plasma irradiation of Makrofol films causes crosslinking dominance, which alters 
the structural and optical properties of the films under investigation. Due to a plasma 
exposure length of up to 1800 seconds, the amorphous regions grew larger, and the 
Makrofol gained flexibility. As a result, our polymer could be a good fit for applications 
requiring bendability without breaking. The optical band-gap value dropped significantly 
as the plasma exposure time was increased to 1800 seconds, although the refractive index 
and optical dielectric constant values rose. Such changes in optical features may lead 
to improvements in Makrofol films’ optical qualities, making them suitable for use in 
switches, filters, optical coatings, and other applications.
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