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Abstract: Dye-doped polymer films of Poly(methyl methacrylate) PMMA have been prepared with 
the use of the conventional solution cast technique. Natural dye has been extracted from 
environmentally friendly material of green tea (GT) leaves. Obvious Fourier transform infrared 
(FTIR) spectra for the GT extract were observed, showing absorption bands at 3401 cm−1, 1628 cm−1, 
and 1029 cm−1, corresponding to O–H/N–H, C=O, and C–O groups, respectively. The shift and 
decrease in the intensity of the FTIR bands in the doped PMMA sample have been investigated to 
confirm the complex formation between the GT dye and PMMA polymer. Different types of 
electronic transition could be seen in the absorption spectra of the dye-doped samples. For the 
PMMA sample incorporated with 28 mL of GT dye, distinguishable intense peak around 670 nm 
appeared, which opens new frontiers in the green chemistry field that are particularly suitable for 
laser technology and optoelectronic applications. The main result of this study showed that the 
doping of the PMMA polymer with green tea dye exhibited a strong absorption peak around 670 
nm in the visible range. The absorption edge was found to be shifted towards the lower photon 
energy for the doped samples. Optical dielectric loss and Tauc’s model were used to estimate the 
optical band gaps of the samples and to specify the transition types between the valence band (VB) 
and conduction band (CB), respectively. A small band gap of around 2.6 eV for the dye-doped 
PMMA films was observed. From the scientific and engineering viewpoints, this topic has been 
found to be very important and relevant. The amorphous nature of the doped samples was found 
and ascribed to the increase of Urbach energy. The Urbach energy has been correlated to the analysis 
of X-ray diffraction (XRD) to display the structure-properties relationships. 

Keywords: dye doped polymer; extract GT solution; FTIR study; band gap analysis; Urbach energy; 
XRD study 
 

1. Introduction 

Polymer materials are broadly used in photonic device fabrication. Dye-doped polymers have 
grown to be very popular for their diverse advantages. Moreover, they can be used in linear and 
nonlinear photonic devices [1]. Recent studies reveal that lasers created out of such dye-doped 
polymers have several applications in sophisticated nanoscale lasers, optical telecommunication 
devices, and novel chip-integrated photonic biosensors [2]. The dye-doped polymers are also known 
as unique photoconverters. Based on their structure, they can possibly absorb and emit light in the 
visible and near-infrared (NIR) regions of the electromagnetic spectrum [3]. Poly (methyl 
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methacrylate) (PMMA) is a high-strength commercially available amorphous thermoplastic polymer. 
PMMA exhibits prominent mechanical, dimensional, and thermal stabilities, as well as a high optical 
transparency with a relatively low glass transition temperature [4,5]. PMMA is resistant and stable 
to acid and alkaline media, owing to its rigid behaviour [6]. It is well reported that the optical 
characterizations of solid polymer films are crucial to obtain knowledge regarding their energy gap, 
refractive index, and dielectric constant, which are vital for various optical applications [7]. The 
prepared dye-doped polymeric materials that exhibit suitable optical properties are found to be 
promising candidates for the applications of solar cells, photonic devices, optical fibres, laser media, 
and electronic sensors, [8,9]. The natural and synthetic dyes are compounds of great interest as they 
play a significant role in our everyday life [10]. The dye-doped polymers are considered to be 
potential materials in optoelectronics particularly in making devices, employment in organic light 
emitting diodes (OLED), liquid crystal (LC) displays, quantum electronics, electroluminescence, solar 
cells, and energy storage [10,11]. Triphenylmethane, azo, anthraquinone, perylene, and indigoid dyes 
are more interesting among the large number of dye categories [10]. 

Several dye-doped polymers were reported in previous studies. A maximum absorption peak 
at around 564 nm for the doped PMMA polymer with a well-known rhodamine B/chloranilic acid 
(Rho B/CHA) has been observed in [8]. They have achieved a bandgap of 3.1 eV after  
γ-irradiation. Hamdy et al. [6] have used methylene blue (MB) as a doping dye material and a 
distinguishable peak at around 654 nm has been achieved in their study. Sun et al. [12] have studied 
the phenanthrenequinone (PQ)-doped PMMA as a photopolymer material for fast response in 
optoelectronics applications. In photonic networks, fast uncomplicated and economical fabrication 
process are required to achieve a successful application of solid-state dye lasers that can reliably 
produce a large number of lasers with tunable wavelengths, configuring at almost any time [2]. In 
this study, a natural dye, which is extracted from green tea (GT) leaves, was used as a doping dye. It 
is well known that tea derived from Camellia sinensis leaves is the most widely consumed drink 
globally. It can be classified, in accordance with the level of oxidation, into three major types: green 
(unoxidized), oolong (partially oxidized), and black (fully oxidized) tea [13]. Previous studies 
confirmed from the high pressure liquid chromatography (HPLC) observations that theanine, 
theobromine, gallic acid, gallocatechin, caffeine, epigallocatechin, catechin, epicatechin, 
epigallocatechingallate, gallocatechingallate, epicatechingallate, and catechingallate are the major 
components of GT extracts [13,14], which contains a very large number of OH/NH functional groups 
and their conjugated double bonds. Thus, the dye of green tea holds many conjugated and functional 
groups, which are found to be considerably important in the dye-doped polymer preparation. The 
intensive and extensive survey of previous studies reveals that absorption peaks at high wavelength 
cannot be exhibited from most of the dye-doped polymers. The primary objective of the present study 
is to fabricate a dye-doped polymer with an absorption peak at high wavelength, using a natural dye 
obtained from environmentally friendly materials. The results can also provide more knowledge in 
the field of dye-doped polymers. To the best of our knowledge, our findings reveal the suitability of 
dye-doped PMMA polymer for photonics and solar cell applications due to its small band gap. 

2. Experimental 

2.1. Preparation of Dye-Doped PMMA Solid Polymeric Films 

The PMMA polymeric material used in this study was supplied by Sigma-Aldrich (Saint Louis, 
MO, USA). The well-known solution casting technique was used to prepare the dye-doped PMMA 
polymer films. First, 1 g of PMMA powder was dissolved in 30 mL of acetone at room temperature. 
The mixture was then stirred using a magnetic stirrer for approximately 4 h. Natural colorant tea 
extract was derived from green tea leaves. For this purpose, 30 g of green tea leaves was added to 60 
mL of tetrahydrofuran (THF) solvent at 60 °C for 3 h, without exposing the solution to direct sunlight. 
The solution was left to be cooled down to room temperature. Whatman filter paper (Whatman 41, 
cat. No. 1441, Maidstone, UK) with a pore size of 20 μm was then used to remove the residues. Then, 
14 mL and 28 mL of GT extract solution were added to the homogeneous PMMA solutions and 
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continuously stirred for 5 h. The solutions were cast into different Petri dishes and dried at room 
temperature to form the films. The thickness of the films ranged from 120–121 μm was controlled by 
casting the same amount of PMMA. Prior to optical characterization, the films were kept in a 
desiccator with blue silica gel for further drying. The samples were coded as GT 0, GT 14, and GT 28 
for PMMA incorporated with 0, 14, and 28 mL of extracted GT solution, respectively. Figure 1 shows 
the flowchart of the experimental work undertaken. 

 
Figure 1. Flowchart of the experimental method and characterization techniques. 
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2.2. UV–VIS Measurement 

The optical absorption spectra of the solid polymer films have been collected using an  
ultraviolet–visible near-infrared (UV–VIS–NIR) spectrophotometer (Jasco SLM-468, Tokyo, Japan) in 
the absorbance mode. 

2.3. FTIR and X-ray Diffraction Analysis 

The complex formation between the GT extract and PMMA polymer was investigated using 
Fourier transform infrared (FTIR) spectroscopy. The FTIR spectra were collected using a Thermo 
Fischer Scientific (Waltham, MA, USA) Nicolet iS10 FTIR spectrophotometer in the wavenumber 
region 400–4000 cm−1 with a resolution of 2 cm−1. The X-ray diffraction (XRD) was recorded at room 
temperature using an X-ray diffractometer (NL-7602 EA PANalytical B.V., Almelo, The Netherlands) 
with an operating voltage and current of 40 kV and 45 mA, respectively. The samples were scanned 
with a monochromatic X-ray beam of wavelength λ = 1.5406 Å and glancing angles of 5° ≤ 2θ ≤ 90° 
with a step size of 0.05°. The required experimental techniques for sample characterization are shown 
in Figure 1.  

3. Results and Discussion 

3.1. FTIR Study 

Figure 2 shows the FTIR spectrum of the GT extract solution. Recent studies have exposed great 
interest in the use of natural dyes. This is a result of the fact that they are recognized as being 
environmentally friendly, along with having other properties, such as deodorizing, being lower in 
toxicity, and showing anti-allergenic, anti-bacterial, and anti-cancer properties [15,16]. An intense 
broad band appearing at 3401 cm−1 is found to be attributed to the N–H and O–H stretching modes 
of polyphenols [17,18]. A strong band at 1628 cm−1 can also be assigned to the C=C stretch in the 
aromatic ring and the C=O stretch in polyphenols [18,19]. The C–H and O–H stretches in alkanes and 
carboxylic acid have been found to appear at 2917 and 2848 cm−1, respectively [18]. The C–O 
stretching in amino acid has also caused a band at 1029 cm−1 [18,19]. Earlier studies have established 
that the FTIR bands of tea extracts containing polyphenols have appeared at 3388 cm−1, 1636 cm−1, 
and 1039 cm−1, which are referred to O–H/N–H, C=C, C–O–C stretching vibrations, respectively  
[18–21]. Therefore, from the IR spectrum, one can observe that carboxylic acid, polyphenols, and 
amino acid are the main functional groups in the green tea sample. 

 
Figure 2. Fourier transform infrared (FTIR) spectra of pure green tea (GT) extract. 
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The FTIR spectra of pure PMMA polar polymer and PMMA doped with 28 mL of extract GT 
solution are shown in Figures 3 and 4. FTIR spectroscopy has long been recognized as a powerful 
tool for the elucidation of structural information. The position, intensity, and shape of vibrational 
bands are useful in clarifying conformational and environmental changes of polymers at the 
molecular level [22]. It was well established that functional groups in organic compounds have 
absorptions which are characteristic not only in position, but also in intensity [23]. The strong band 
appearing at 1726 cm−1 in the spectrum (see Figure 3) of the pure PMMA sample can be attributed to 
the carbonyl (C=O) group [22] and shifts to 1712 cm−1 with lower intensity and broad character in the 
doped PMMA sample (see Figure 4). Thus, the shift in peak position, decrease in intensity, and 
broadening of the peak due to the C=O in the doped PMMA sample clearly indicates the miscibility 
between the PMMA and GT extract solution. The FTIR bands appearing from 950–481 cm−1 in Figures 
3 and 4 are due to the bending of C–H [24]. The peak at 2935 cm−1 (Figure 3) can be ascribed to –CH 
stretching and shifts to 2943 in the doped PMMA sample (Figure 3) and a new peak at 2847 cm−1 
appeared, which is attributed to carboxylic acid groups of the GT extract solution (see Figure 2) [18]. 
The band appeared at 3433 cm−1 in the FTIR spectra of pure PMMA is related to the N–H stretching 
vibration [25,26], and shifts to 3432 cm−1 with a significant decrease in intensity as depicted in Figure 3. 
The valuable change in intensity of N–H band is an evidence for a large amount of N–H functional 
groups in GT extract. Additionally, the FTIR spectra of GT extract solution (see Figure 2) shows the 
existence of a N–H group with strong intensity at 3401 cm−1. Thus, the decrease in intensity of the IR 
band at 3432 cm can be ascribed to the complex formation between the GT extract solution and 
PMMA polymer. The FTIR spectrum of pure PMMA obtained in the present work is very similar to 
that reported by Soman and Kelkar [27]. The shifting in the FTIR bands and the decrease in intensity 
is evidence for the occurrence of miscibility between the PMMA polymer and the GT extract solution. 

 
Figure 3. FTIR spectra of pure PMMA polymer (GT 0). It is obvious that the peaks are sharp and their 
intensity is high. 
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Figure 4. FTIR spectra of dye doped PMMA polymer (GT 28). Shifting of peaks and their broadening 
is evidence for the complex formation between the extract GT solution and PMMA polymer.  

3.2. Absorption and Absorption Coefficient Study 

Figure 5 shows the absorption spectra of pure PMMA and PMMA doped samples. Here, from 
the absorption spectra of the doped samples, it is achievable to obtain almost all of the different types 
of electronic transition. The absorption of light or photon energy, in the UV and visible regions, by 
polymeric materials involves the σ, π, and n-orbitals electrons to be promoted from the ground state 
to higher energy states that are described by molecular orbital [28]. The electronic transitions 
involved in the ultraviolet region, 160–260 nm, can be ascribed to n→σ* transition [27], while π→π* 
and n→π* transitions require relatively low energy and, hence, occur at higher wavelengths, as 
shown in Figure 5. The absorption peaks that were observed at high wavelengths, 400–700 nm, for 
the PMMA doped samples are related to the existence of π electrons [28–30]. Similar absorption 
spectra, for extracted GT in ethyl acetate solvent, have been reported [31]. It was well established that 
conjugated systems comprising alternating double bonds are considered to be a central class of 
materials for the applications of optoelectronic devices due to their π-excessive nature [32]. The 
shifting towards the longer wavelengths indicates the small band gaps of the doped samples [33]. It 
was reported that strong shifts towards the longer wavelengths can be attributed to the existence of 
π-delocalization along the polymer chain. This postulation is further supported by the absence of 
absorption peaks in absorption spectra of pure PMMA polymer [32]. The source of π-delocalization 
in the doped samples is found to be related to the structure of the extracted GT solution containing 
polyphenols, amino acids, alkaloids, proteins, glucides, minerals, volatile compounds, and trace 
elements [14]. Polyphenols comprise the most interesting group of GT leaf components [34]. The most 
determined chemicals or molecular structures of the components of the extracted GT solution can be 
observed elsewhere [13,14,34,35]. Earlier studies confirmed that the extracted GT solution contains 
adequate conjugated double bonds, hydroxyl (OH), carboxylic (C=O) groups, polyphenols, and 
polyphenol conjugates which are convenient for the formation of complexes with functional (polar) 
groups of polymeric materials [13,14,34–36]. The results of FTIR clearly showed the complex 
formation between the GT dye and PMMA polymer (see Figure 3). Dye-doped PMMA as a polymer 
optical waveguide has received considerable attention for its usage in optoelectronics devices and 
optical components, owing to its low cost and volume productivity [37]. Figure 6 shows the 
absorption spectra of pure PMMA and dye-doped PMMA samples at longer wavelengths. One can 
see from the figure that the GT 28 sample exhibits a distinct and intense peak at 670 nm, which reveals 
its suitability for photonics and optoelectronics applications. Utilization of natural dye is the novelty 
of this study in comparison to previous studies of other researchers. Furthermore, the intensity of the 
peak (3.460) is higher than those reported in previous studies for dye-doped PMMA polymer. 
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Previous studies have confirmed the promising role of dye-doped polymer films for 
erasable/rewritable optical discs, developed by optical data systems. A considerable number of 
patents have reported the combinations of polymer and dye for optical data storage [38]. 

 
Figure 5. The absorption spectra of pure PMMA and PMMA doped samples. 

 
Figure 6. The absorption spectra of pure PMMA and PMMA doped samples at longer wavelengths. 

Figure 7 represents the absorption coefficient variation with photon energy for the pure and 
doped PMMA samples. The absorption edge investigation is found to be significant in interpreting 
the novel changes that occur in the electronic structure of doped materials [39]. It is obvious from the 
spectra that, upon addition of extracted GT solutions to the pure PMMA sample, the absorption edge 
are shifted towards lower photon energy sides. The absorption edge is a region in which an electron 
is excited, from a lower energy state to a higher energy state, by an incident photon. The optical 
absorption coefficient has been obtained from the transmittance and reflectance spectra of the films 
by applying the following relationship [40]:  ߙ = ݐ1 ln ൬ ܶሺ1 − ܴሻଶ൰ (1) 

where t, T, and R are the thickness, transmittance, and reflectance of the sample, respectively. The 
presence of the slow rising of the absorption coefficient with applying photon energies indicates the 
amorphous nature of the samples [41]. The estimated values of the absorption edge for the samples 
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were obtained from the intersection of the extrapolation of the linear part of the absorption coefficient 
to the photon energy axis (see Figure 7). The results are tabulated in Table 1, in which a wide shift of 
the absorption edge from 4.9 eV for pure PMMA to 2.66 eV for PMMA incorporated with 28 mL GT 
has been obtained. This reveals the small band gap nature of the doped samples. 

 
Figure 7. The absorption coefficients versus photon energy for pure PMMA and PMMA doped samples. 

Table 1. The absorption edge, optical band gap (from Tauc’s model and ε″ vs. hυ) for all the samples. 

Sample 
designation 

Absorption edge 
(eV) 

Optical bandgap from Tauc’s 
Model (eV) 

Optical bandgap from ε″
vs. hυ 

GT 0 4.9 5.04, γ = 1/2 4.97 
GT 14 3.97 3.94, γ = 3/2 3.97 
GT 28 2.66 2.6, γ = 3/2 2.6 

3.3. Band Gap Study 

The absorption coefficient (α) and the optical band gap (Eg) are expected to be related with each 
other through the well-known Tauc’s relationship, given by [42,43]:  ߙℎݒ = ݒ൫ℎܣ −  ௚൯ఊ (2)ܧ

where A is an energy-independent constant and Eg is the optical band gap. Here, the optical band gap 
energy can be determined by applying Equation (2) to the observed UV–VIS spectra of the samples. 
Furthermore, the nature of the electronic transition can be determined by specifying the value of γ. 
For direct transitions, γ takes the values 1/2 or 3/2, whereas γ is equal to 2 or 3 for indirect transitions based 
on whether they are allowed or forbidden, respectively [44]. In general, insulators/semiconductors are 
classified into two types of materials: direct and indirect band gaps. In the direct band gap materials, 
the valance band maximum (VBM) and the conduction band minimum (CBM) coincide at the same 
zero crystal momentum point (i.e., wave vector k = 0) [45]. In this case, γ takes the value of 1/2. In 
some materials, when the quantum selection rule does not allow the direct transition between the 
VBM and CBM, the transition is called forbidden direct transition and γ = 3/2. Indirect electron 
transition occurs when the VBM and the CBM do not lie at same wave vector. In this case, absorption 
or emission of phonon energy will always be associated to the electron transition from VB to CB with 
a right magnitude of crystal momentum [46]. To accurately estimate the energy band gap, from the 
plots of (αhυ)1/γ versus the photon energy hυ, it is necessary to extrapolate the linear portion of the 
curve to intersect the photon energy axis (x-axis) as shown in Figures 8–10. As a consequence, it is 
difficult to decide the dominant type of electronic transition in the samples. Earlier studies revealed 
that the value of γ can be achieved by using an analytical differentiation method, which was generally 
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found to be an imprecise method [43,47]. For this purpose, d(ln(α))/d(hυ) versus photon energy (hυ) 
was plotted and a maximum peak was achieved. Furthermore, a perpendicular line from the 
maximum peak to the photon energy axis is drawn to obtain the Eg value. The value of γ was then 
estimated from the slope of the ln(αhυ) versus ln(hυ − Eg) curve. This procedure needs considerable 
time and is not a precise method [43,47]. In this work, optical dielectric loss and Tauc’s model were 
used to estimate the optical band gap and the electronic transition types, respectively. This is related 
to the fact that the optical dielectric function hardly depends on materials band structure. At the same 
time, investigations of the optical dielectric function using UV–VIS spectroscopy are also found to be 
considerably useful in predicting the overall band structure of the materials [48]. Recent studies have 
confirmed that the imaginary part of the optical dielectric function, ε″, can mainly be used to describe 
the electronic transition between occupied and unoccupied states [49–51]. The optical dielectric loss 
spectra obtained for pure and doped PMMA samples are shown in Figure 11. It can be seen that all 
the samples exhibit a linear behavior at higher photon energies. The imaginary part is seen to be 
related to the absorption coefficient [52]. It is clear that the optical band gap achieved from optical 
dielectric loss (see Figure 11) is almost equal to those estimated from Tauc’s model (see Figure 10) for 
the doped samples. On the other hand, for the pure PMMA sample, the optical band gap estimated 
from Tauc’s model (see Figure 8) is found to be approximately 5.04 eV, which is considerably close 
to that achieved (4.97 eV) from the optical dielectric loss plot (see Figure 11). Thus, the type of 
electronic transition is the allowed direct transition for the pure PMMA sample and the forbidden 
direct transition for the doped samples. Consequently, it is understood from these results that the 
complex optical dielectric function can be successfully used for studying the band structure and 
estimation of optical band gaps. Reducing the optical band gap from 5.04 eV for pure PMMA sample 
to 2.6 eV for the doped PMMA (GT 28) sample reveals that the extracted GT solution can modify the 
electronic structure of the host PMMA polymer; in particular, the energy states between the valence 
and conduction bands. Here, the achieved band gap for the dye-doped PMMA (GT 28) sample is 
found to be smaller than the recently-reported band gap of Alq3 (2.83 eV) and has gained large 
popularity among researchers due to its wide applications in photo-detectors, photovoltaic cells, flat 
and flexible colour displays, and organic light-emitting diodes (OLEDs) [53]. 

 
Figure 8. The plots of (αhυ)2 vs. (hυ) for all the samples. 
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Figure 9. The plots of (αhυ)1/2 vs. (hυ) for all the samples. 

 
Figure 10. The plots of (αhυ)2/3 vs. (hυ) for all the samples. 

 
Figure 11. Optical dielectric loss spectra for pure and doped PMMA samples. 
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3.4. Urbach Energy and Materials Structure 

It was established that Urbach energy can be used to investigate the structure of polymeric 
materials through the detection of the defect level within the forbidden band gap [36]. The Urbach 
tail width was estimated through the following relation [54,55]: 

α(ω) = αo exp(hυ/Et) (3) 

where αo is constant and Et is the Urbach tail, which refers to the band tails width of the localized 
states. One can determine Et from the reciprocal of the slope of the straight lines obtained from the 
plots of ln(α) vs. photon energy hυ (see Figure 12). The determined value of Et for the pure PMMA 
sample is found to be 157 meV, while it increased to 298 meV for the doped PMMA sample (GT 28). 
This increase of Urbach energy can be indirectly attributed to the increase of the amorphous nature 
within the dye-doped PMMA samples. The larger energy tails indicate the creation of disorder and 
imperfection in the band structure of the host material [56]. Prasher et al. have also confirmed that 
the increase of Urbach energy is an indication of the increase of the amorphous portion [57]. Figure 13 
shows the XRD pattern of pure (GT 0) and dye-doped (GT 28) PMMA samples. It is evident from the 
figure that the PMMA polymer exhibits two broad peaks. The broad peaks appearing around  
2θ = 30° and 2θ = 43° reveals the amorphous structure of the pure PMMA polymer [58]. The 
disappearance of the broad peak in the GT 28 sample reveals the amorphousness of the sample. From 
the Urbach energy study and XRD analysis, it is understood that the structure of the materials and 
the optical electronic properties are strongly correlated. The XRD results confirmed the fact that the 
samples are transferred to complete amorphous phase material after the addition of the extracted GT 
solution. The achieved Urbach energy values have strongly supported the XRD results.  

 

 
Figure 12. Urbach plot for pure PMMA (GT 0) and PMMA doped (GT 28) samples. 
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Figure 13. XRD pattern of pure PMMA (GT0) and PMMA doped sample (GT28). 

4. Conclusions 

In this work, FTIR spectroscopy was used to investigate the miscibility of green tea (GT) dye and 
PMMA polymer. In the FTIR spectra of GT extract, obvious absorption bands at 3401 cm−1,  
1628 cm−1, and 1029 cm−1, corresponding to O–H/N–H, C=O, and C–O groups were observed, 
respectively. The FTIR bands shifting and intensity reduction in the doped PMMA sample confirm 
the complex formation of the host PMMA polymer with the GT dye. The results of this study were 
promising and revealed the possibility of modification of the insulating wide band gap PMMA 
polymer to a conjugated small band gap PMMA by addition of extracted GT solution, which is an 
environmentally friendly material. The absorption edge was found to be 4.9 eV for the pure PMMA 
and shifted to 2.61 eV for the dye-doped PMMA (GT 28) sample. This reveals that the wide band gap 
of PMMA was reduced to a narrow energy band gap. Such a noticeable decrease in the optical band 
gap of PMMA upon the addition of extracted GT solution makes it possible to consider this work as 
a base to modify other polar polymers to meet our needs. Modified polar polymers with a small band 
gap and good film formation are crucial for solving the problems, such as lifetime, cost, and flexibility 
associated with conjugated polymers. The Urbach energy was found to increase from 187 meV for 
pure PMMA to 298 meV for the dye-doped PMMA (GT 28) sample. This increase was attributed to 
the dominant of amorphous phase in the dye-doped PMMA samples as supported by XRD results.  
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