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Abstract
Compositional dependence of the linear and nonlinear optical characteristics of dye–polymer composite (DPC) films based 
on methylcellulose-methylene blue (MC-MB) were studied. The absorbance spectra were used to estimate absorption edge, 
optical density, skin depth, optical band gap energy, and Urbach's parameters for all DPC films. The direct allowed optical 
band gap energy decreased from 6.29 eV for pure MC to 5.95 eV when doped with 2.5 wt.% of MB. The dispersion of the 
refractive index is discussed in terms of both the single-oscillator Wemple–DiDomenico and single Sellmeier oscillator 
models. The nonlinear optical characteristics such as the third-order nonlinear optical susceptibility and nonlinear refractive 
index were calculated using the dispersive oscillator parameters obtained from the single-oscillator model. The observed 
improvements in the linear and nonlinear optical characteristics of MC upon incorporating MB make the present DPC a 
potential candidate for multifunctional applications like optoelectronic and photonic devices.
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Introduction

Nowadays, polymer composite materials have received the 
prestigious attraction of many researchers and practitioners 
owing to their unique and interesting properties as well as 
due to their potential applications in modern technology and 

industry, where they can be used in numerous electronics, 
optics, and optoelectronic devices operating in the ultravio-
let, visible, and near-infrared ranges.1–4 It is being reported 
that the optical bandgap of the polymer matrix can be tuned 
upon the addition of a small amount of suitable additive, 
so the polymer composites are more appropriate for vari-
ous optoelectronic devices covering wide ranges of electro-
magnetic radiation.5 The optical and electrical properties 
of different polymer composite films have been extensively 
studied because they can be controlled in sample preparation 
to meet the specific requirements of different applications, 
with desirable properties which are not present in the parent 
materials.6,7

Dyes are unsaturated organic compounds with a com-
plex aromatic molecular structure that emit bright colors.6 
The aromatic molecular structures of dyes make the host 
polymer of the dye-polymer composite (DPC) more sta-
ble. Organic dyes have a wide spectral range in the visible 
region, allowing concentration and hence absorption to 
be easily controlled, making DPC suitable in a variety of 
applications in the field of sensors and information dis-
plays due to the largest variations in the optoelectronic 
properties of the dyes.8 The most common host materials 
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utilized to make DPC were polymethyl methacrylate 
(PMMA) and polyvinyl alcohol (PVA).9

Ghoshal et al.10 used methylene blue (MB) dye to mod-
ify the properties of PVA and found that the addition of 
MB reduced the crystallinity of the PVA host. The optical 
properties of the system were improved, and the bandgap 
was reduced as a result of the interaction between the PVA 
and the dye molecule.

Methylcellulose (MC) is water-soluble, derived from 
long-chain cellulose, with excellent film-forming charac-
teristics. Due to several advantages, such as biocompatibil-
ity, biodegradability, abundance in nature, very low cost, 
water-solubility, nontoxic nature, and dopant-dependent 
properties, MC has a wide range of applications depend-
ing on its degree of substitution.11–13 On the other hand, 
MB is a cationic thiazine dye having a heterocyclic aro-
matic chemical compound with the molecular formula 
C16H18N3SCl. In addition, MB dye has several advantages: 
it is low-cost, water-soluble, and does not precipitate.14

In the present work, the effect of photosensitizer MB 
dye concentration on the optical parameters of MC matrix 
was investigated, including some topics and issues that 
have not been exposed to study in the previous literature, 
such as optical density, skin depth, Urbach's parameters, 
and the dispersion parameters as a function of MB content.

Experimental Details

Dye polymer composite films have been prepared by the 
conventional solution casting-evaporation technique. MC 
(C29H54O16) and MB (C16H18ClN3S) were used to synthe-
size the DPC films with varying MB compositions from 
0.5 wt.% to 2.5 wt.%. Different compositions of DPCs 
were prepared by dissolving 6 g of MC in 240 ml double-
distilled water at room temperature using a magnetic stir-
rer. MB in appropriate weight percentages was added to 
pure MC solution with continuous stirring. The homoge-
neous solutions of DPCs were cast into clean Petri plates 
and allowed to solidify by slow evaporation of the solvent 
to form films. The prepared DPC films were placed in the 
desiccators for further drying prior characterizations. To 
achieve uniform films, the same conditions were applied 
to all samples during preparation. The prepared samples 
had film thicknesses ranging from 29 µm to 33 µm. It is 
worthy to mention that, the colors of these DPC films have 
changed from white to light blue solution and finally they 
became dark blue at the highest MB content.

A PerkinElmer Lambda 25 double-beam UV-visible spec-
trophotometer was used. The spectrum measurements were 
recorded in the absorbance mode in the spectral wavelength 
range of 190–1100 nm.

Results and Discussion

Optical Absorption Coefficient

The optical behaviors of certain polymeric materials depend 
on parameters such as the preparation conditions, surface 
morphology, dopant materials, and their concentration.15 
The study of the absorption coefficient spectra of any poly-
mer composite materials gives decent information about the 
electronic states of the system. Based on the optical absorp-
tion response, DPCs have several applications like solar 
cells, sensors, photoelectrochemistry, optoelectronics, and 
display devices.16 Therefore, the optical absorbance ( A ) and 
the optical absorption coefficient ( � ) spectra for all prepared 
DPCs have been studied here. The � with the function of � 
was determined from the measured A spectra using the for-
mula (�(�) = 2.303A(�)∕t),17 where t is the film thickness.

The typical absorbance spectrum of pure photosensitizer 
MB is shown in Fig. 1. The inset describes the structure 
of MB. The UV–visible spectra of aqueous MB displays 
five maximal absorption peaks at 247, 292, 334, 613, and 
664 nm, which is in accordance with that reported previ-
ously.18–20 The two major absorbance peaks at 292 and 664 
nm are due to the benzene ring and heteropolyaromatic link-
age. In addition, the double-peak feature at 613 nm and 664 
nm corresponds to the dimeric and monomeric form of MB, 
respectively, and the characteristic band of MB at 292 nm 
corresponds to � → �∗ transitions.19

The dependence of �(�) of MC-MB DPC films on the 
incident wavelength for different MB content is depicted 
in Fig. 2. The analysis of the figure shows that the value 
of �(�) increases gradually with the increase in MB in 
the system in the certain wavelength range 190–692 nm; 
beyond this wavelength, i.e. in the near-infrared region, �(�) 
becomes invariant. This is due to the absorbing nature of 
the MB. Since MC is a colorless polymer, it does not have 
any absorption of visible light in the 300–700 nm region.21

Fig. 1.   The optical absorbance spectra for pure photosensitizer meth-
ylene blue (MB).
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The UV–vis spectra of the MC-MB DPC films exhibit 
two maximum peaks at 272 nm and 612 nm which are 
respectively 20 nm and 52 nm blue-shifted as compared to 
the absorption peaks of aqueous MB (at 292 nm and 664 
nm). This shift in the absorption bands and band edges due 
to an increase in MB could be ascribed to the formation of 
intermolecular hydrogen bonding of the MB with the OH 
groups of the MC matrix.22 According to Gao et al.,23 phe-
nothiazine dyes like MB suffer from a blue-shift absorption 
band as a result of H-aggregate formation through π–π stack-
ing of the molecules.

The onset of the absorption edge has been determined for 
each sample and it was observed that all values are located in 
the IR region. It was observed that the onset of the absorp-
tion edge was shifted towards longer wavelengths as the MB 
content was increased from � = 200 nm (6.2 eV) for pure 
MC to � = 217 nm (5.7 eV) for DPC loaded 2.5 wt.% MB. 
This shift is to be expected, as it shows a decrease in the 
optical band gap energy as the MB  concentration in the 
system increases. These findings are consistent with previ-
ous studies on a variety of polymer composites.24

On the other hand, the optical density ( Dopt ) of the pre-
sent MC-MB DPC films was calculated by multiplying the 
absorption coefficient with file thickness ( Dopt = �d).25 
Figure 3 depicts the variation of the Dopt with the incident 
photon energy ( hv ). Because all samples have nearly identi-
cal thicknesses, the variation of the Dopt is analogous to the 
behavior of the absorption coefficient.

The Skin Depth of DPC Films

The absorption of the electromagnetic spectrum with film 
texture is dependent on many important parameters, includ-
ing the material type, thickness, skin thickness, optical 
conductivity, and dopant types and their ratios.25,26 Due to 
a variety of factors, such as film density, refractive index, 
microstructure, and surface morphology, the photon current 

density decreases exponentially from the surface to the mid-
way of the films. The thickness at which photon current den-
sity decreases by 1/e of the value at the surface is called skin 
depth or penetration depth ( � ). The value of � also depends 
on the frequency of incident photons and optical band gap 
of the film. The � is related to the � by ( � = 1∕�).

The DPC films have a lower skin depth because of their 
higher optical absorption coefficient in comparison with 
pure MC, as depicted in Fig. 4, which shows the depend-
ence of � on the incident photon energy ( hv ). Furthermore, 
the skin depth was found to decrease as the MB content 
increased. Increasing the concentration of MB causes the 
DPC films to become darker, resulting in a decrease in the 
value of transparency for the films, thereby causing the 
reduction in the skin depth.

Optical Energy Gap

In the high absorption region of semiconductors and 
amorphous materials, the relation between the absorption 
coefficient ( � ) and the incident photon energy ( hv ) can be 
described by using Tauc's relation:27

Fig. 2.   The variation of the optical absorption coefficient of MC-MB 
DPC films with the incident wavelength.

Fig. 3.   The variation of the optical density ( Dopt ) with the incident 
photon energy for MC-MB DPC films.

Fig. 4.   The variation of the skin depth of pure MC and MC-MB DPC 
films as a function of the incident photon energy.
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where �o is the energy-independent constant, also known as 
the band tailing parameter, and Eg is the optical energy gap 
located between the localized states near the mobility edges 
according to Mott and Davis' density of states model.28 The 
constant � in Eq. 1 is the power factor of the transition mode. 
It depends on the nature of the composition, whether it is 
crystalline or amorphous, as well as the photon transition. 
The values of � are 1/2, 2, 3/2, and 3, for direct allowed, 
indirect allowed, direct forbidden, and indirect forbidden 
transitions, respectively.21

After plotting (�hv)1∕� versus hv for all power prob-
abilities of � for the present DPC films, it was found that 
the most suitable and adequate plot is that when � = 1∕2 , 
as shown in Fig. 5. Therefore, and according to Tauc's 
equation, the direct allowed optical energy gap ( Edg ) value 
of the investigated films was estimated by extending the 
straight line to intercept the hv-axis.

It was observed that, the Edg decreased with increasing 
MB content in DPC films from 6.29 eV for pure MC to 
5.95 eV when doped with 2.5 wt.% of MB. This can be 
attributed to the formation of new localized electron states 
at the defect site within the bandgap as a result of MB 
loading into the MC matrix. This result was confirmed by 
an investigation of the band tail width using the empirical 
Urbach equation in the next section. It is worthy to men-
tion that the polymer composite with fine variation/tun-
able bandgap properties has many potential applications 
in photovoltaic and optoelectronic devices.29

Absorption Band Tail (Urbach Energy)

The optical absorption spectra of amorphous materials have 
a significant role because they provide basic information 
about their structure and optical bandgap. In general, the 

(1)� =
�o
(

hv − Eg

)�

hv

UV-Vis absorption spectra of semiconductors and amor-
phous materials can be divided into three distinguished 
regions: (1) weak absorption, which is caused by defects 
and impurities, (2) absorption edge, which is caused by the 
disorder and structural perturbation, and (3) strong absorp-
tion that defines the optical band gap energy.30

Along the absorption coefficient curve and near the 
absorption edge, there is an exponential part called the 
Urbach tail. This exponential tail appears in disordered and 
amorphous materials because these materials have local-
ized states that extend within the normal bandgap. In this 
range, the absorption coefficient ( � ) versus photon energy 
( hv ) follows the Urbach empirical rule given by the follow-
ing equation:31

where �o is a constant and EU represents the energy of 
the band tail width or Urbach energy, which identifies the 
localized states associated with disordered that are weakly 
temperature-dependent.

A straight line equation can be obtained by taking the 
natural logarithm of Eq. 2, expressed as follows:

The value of EU can be obtained from the slope of the 
straight line of the Urbach plot ( ln � versus hv ) for all pre-
pared samples as shown in Fig. 6. The best straight line 
fitting results confirm that the present DPC films obey the 
Urbach empirical rule due to the amorphous nature of the 
system. A slope of the Urbach graph is equal to 1∕EU and 
the intercept on the y-axis is equal to ln

(

�o
)

 . The observed 
increase in Urbach energy of the present DPC films from 
1.03 eV for pure MC to 1.10 eV, 1.18 eV, 1.27 eV, 1.30 eV, 
and 1.37 eV as the MB content increases respectively to 0.5 
wt.%, 1.0 wt.%, 1.5 wt.%, 2.0 wt.%, and 2.5 wt.%, suggested 

(2)� = �o exp

(

hv

EU

)

(3)ln � = ln �o +
hv

EU

Fig. 5.   Dependence of (�hv)2 of MC-MB DPC films upon the inci-
dent photon energy .(hv)

Fig. 6.   The dependence of ln (�) for the MC-MB DPC films upon the 
photon energy ( hv ), to calculate the Urbach energy.
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the creation of new localized states and traps in the bandgap 
of MC, leading to the observed reduction in Edg . Similar 
behavior has been reported for different polymer composites 
with low crystalline phases.17,29,32–34

Figure 7 illustrates the dependence of the Edg and EU on 
the MB content in the present DPC films. It can be seen that 
as the MB content in the MC matrix increased, the value of 
the EU increased, which is opposite to the behavior of the 
Edg as seen in Fig. 7. The increase in EU in response to an 
increase in MB concentration confirms the increase of the 
amorphous state in the matrix and the formation of defects 
in the band structure. Hence, the optical band gap decreases 
as well.35

From Fig. 7, it can be observed that the interrelation 
between Edg and EU can be fit to a linear relationship. 
The empirical equation arising from this linear fitting is: 
Edg = 7.268 − 1.005EU , with the regression value of R2 = 
0.9849, as depicted in Fig. 8. It is clear that the increase in 
EU caused a decrease in Edg . The linear relation between 
Edg and EU was observed for other polymer composites and 
amorphous materials. The increase of the MB concentra-
tion in the DPC samples improved the disorder states in the 
film structure resulting an increase in the EU in the bandgap, 

consequently reducing the Edg values of the MC-MB DPC 
films, as shown in Fig. 7.

Moreover, Urbach has proposed another formula that cor-
relates the absorption coefficient ( � ) to the optical energy 
gap and temperature. This formula is as follows:

where � is a pre-exponential constant, � is the steepness 
parameter of the Urbach energy, and Eo is the transition 
energy. For direct transitions,  Eo = Edg , whereas for indirect 
transitions,  Eo = Eig ± Eph , where Eig and Eph are respec-
tively indirect optical band gap and the associated phonon 
energy. Consequently, for the present DPC films, Eq. 3 can 
be rewritten in the logarithmic form as:

If Eqs. 3 and 5 are compared, the following relations can 
be deduced:

and

As a result, the steepness parameter ( � ) can be evaluated 
using Eq. 7. The value of � is also related to the strength of 
the electron–phonon interaction ( Ee−ph ) by Ee−ph = 2∕(3�).31

The dependency of the steepness parameter ( � ) and the 
electro–phonon interaction ( Ee−ph ) on the MB content in 
the MC matrix is depicted in Fig. 9. It can be seen that by 
increasing MC concentration, the � values decreased while 
the values of Ee−ph enhanced. This could be owing to a 
change in the coordination number caused by the addition 
of MC dye, as well as a structural alteration in the system.

Dispersion Behavior of the Refractive Index

Figure 10 presents the spectral behavior of the refractive 
index n(�) for the MC-MB DPC films with a variety of MB 
concentrations. The results show that the n varies expo-
nentially with � , however, its behavior remains roughly 
unchanged at higher wavelengths (>700 nm), which indi-
cates that the film has a normal dispersion behavior. On 
the other hand, it is found that as the MB concentration 
increased in the MC matrix, the n value increased. This 
result is in agreement with the different empirical models 

(4)� = � exp

[

�
(

hv − Eo

)

KBT

]

(5)ln � = ln � −
�Edg

KBT
+

�hv

KBT

(6)ln �o = ln � −
�Edg

KBT

(7)
1

EU

=
�

KBT

Fig. 7.   Dependence of the direct optical energy gap, and the Urbach 
energy upon the MB concentration in DPC films.

Fig. 8   The relation between direct bandgap energy ( Edg ) and the 
width of the Urbach tail ( EU ) of MC-MB DPC films.
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that correlate the decrease in optical energy bandgap with 
the increase in refractive index.36–38

The single oscillator model (the so-called Wemple-
DiDomenico (WDD) model) was used to investigate 
the dispersion of the refractive index for prepared DPC 
films:39

where Eo and Ed are, respectively, the oscillator energy, and 
dispersion energy of the system. The values of dispersive 
oscillator parameters Eo and Ed were calculated accurately 
from the slope ( −1∕EoEd ) and the intersection of extrapolat-
ing the linear portion ( Eo∕Ed ) of the plot between 1∕

(

n2 − 1
)

 
and (h�)2 as shown in Fig. 11, and the results were tabulated 
in Table I.

The given parameters in Table I reveal that an increase 
in MB content caused a decrease in Eo and an increase in 
Ed . Since the value of Eo is interconnected with the band-
gap energy, the drop in Eo is due to the observed reduction 
in Egd due to the increase of MB in the MC matrix. On 

(8)n
2 = 1 +

EdEo

E2
o
− (h�)2

the other hand, the empirical investigation shows a strong 
correlation between Ed and the strength of the interband 
optical transition of the thin film.40 Therefore, the increase 
in the Ed upon an increase in MB content is assigned to 
the formation of a charge-transfer complex between MC 
and MB. Also, the static ( � = 0 ) refractive index ( no ) 
for the present DPC films is calculated from the relation 
no =

√

1 + Ed∕Eo , which is correlated to the static dielec-
tric constant as ( �o = n2

o
 ). It can be noted from Table I that 

the value of no increase with an increase in MB content. 
It was widely reported that the linear relation between no 
and the volume fraction of additives for various polymer 
composite systems is an indication that the additive par-
ticles are well-dispersed in the host matrix.29,41,42 Thus, 
the linear relationship between no and MB content in the 
present study indicates that MB dispersion in the host MC 
matrix is homogeneous.

Further analysis of refractive index dispersion was per-
formed using a single Sellmeier oscillator to determine the 
value of the average oscillator strength So and the aver-
age interband oscillator wavelength �o using the following 
equation:43

Fig. 9.   Variation of the steepness parameter and the electron-phonon 
interaction with MB content in the MC-MB DPC films.

Fig. 10.   Spectral behavior of n for MC-MB DPC films with a variety 
of MB concentrations.

Fig. 11.   The variation of 1∕
(

n
2 − 1

)

 versus E2 and �2 for MC-MB 
DPC films with a variety of MB concentrations.

Table I.   The dispersive oscillator parameters according to Wemple–
DiDomenico and Sellmeier models.

Samples Wemple–DiDomenico model Sellmeier model

E
o (eV) E

d (eV) n
o S

o

(

nm
−2
)

�
o

(

nm
2
)

DPC-00 7.175 3.707 1.236 26.596 0.139
DPC-05 7.075 7.766 1.448 54.945 0.136
DPC-10 6.942 9.464 1.504 70.922 0.133
DPC-15 6.880 12.321 1.601 97.087 0.127
DPC-20 6.776 17.007 1.714 149.254 0.114
DPC-25 6.671 24.046 1.867 232.558 0.103
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The values of dispersive oscillator parameters So and 
�o are calculated, respectively, from the slope ( −1∕So ) 
and x-intercept ( 1∕So�2o ) of the plots of the variation of 
1∕

(

n2 − 1
)

 versus �2 for MC-MB DPC films shown in 
Fig. 11.

Table I summarizes an increase in the calculated value of 
So and a decrease in �o as MB concentration increases in the 
host MC matrix. The results are in accordance with those 
reported in the literature for other polymer nanocompos-
ites.44,45 The analysis reveals that the optical energy gap and 
dispersive oscillator parameters of MC can be fine-tuning by 
incorporating MB into the matrix. Therefore, these charac-
teristics should, in principle, make MC-MB DPC a potential 
candidate for optoelectronic device applications.

Nonlinear Optical Parameters

The improvement of the nonlinear (NL) optical performance 
is critical for lowering power and reducing the lengths of 
interaction required for many applications. Subsequently, 
NL optical parameters, such as NL refractive index ( �2 ) and 
third-order NL optical susceptibility ( � (3) ) play an impor-
tant role in the fabrication and design of optoelectronic and 
photonic devices.43 The � (3) is regarded to be the key term of 
the NL polarization of the material. The following formula 
is used to determine the � (3) , using the previously calculated 
values of dispersive oscillator parameters Eo and Ed:46

where A = 1.7 × 10−10 esu is a frequency-independent con-
stant. In addition, the � (3) is also related to the NL refractive 
index �2 and the static refractive index no through the fol-
lowing equation:47

where � (3) is in electrostatic units (esu), i.e. cm2 statvolt−2. 
Thus, to investigate the possibility of using MB-doped MC 
film with different MB content in the optoelectronic device's 
application, the NL optical parameters � (3) and �2 are com-
puted using the calculated values of dispersive oscillator 
parameters Eo , Ed and no , given in Table I.

The variation of � (3) and �2 against incident photon 
energy for MC-MB DPC films with various MB content is 
shown in Fig. 12. It was obvious that the values of � (3) and 
�2 of the MC-MB DPC films increase with the increases in 

(9)n
2 = 1 +

So�
2
o

1 −
(

�o∕�
)2

(10)� (3) = A

[

EoEd

4�
(

E2
o
− (hv)2

)

]4

(11)�2

(

cm2

W

)

=
12�2

n2
o
c
107� (3)(esu) =

0.0395

n2
o

� (3)(esu)

MB content in the MC matrix. The increase in both � (3) and 
�2 might be attributed to alterations in the electronic band 
structure of MC as a result of the reduction in the optical 
band gap of DPC films upon incorporating MB dye. It is 
worth noting that the �2 values are equivalent to those of 
oxide glass with heavy metals used in NL fiber optics.48 
It is concluded that the observed increase in the NL opti-
cal parameters of MC upon the addition of MB makes it a 
promising candidate for optoelectronic and photonic device 
applications.

Conclusion

DPC films of MC-MB systems with various photosensi-
tizer MB contents were developed using a solution casting-
evaporation technique. Optical absorption studies reveal 
that there is a shift in the absorption edge toward the higher 
wavelengths by the addition of more MB. The direct optical 
energy gap values have decreased from 6.29 eV for pure 
MC to 5.95 eV when incorporated with 2.5 wt.% of MB as 
a result of an increase in the disorder, which increases the 
defect state density of DPC samples. The relation between 
Urbach parameters and MB content in the MC matrix was 

Fig. 12.   The dependence of NL optical parameters � (3) (a), and �2 (b), 
on the incident photon energy ( hv ) for MC-MB DPC films with vari-
ous MB content.
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also studied. The nonlinear optical parameters of the present 
DPC are found to increase significantly with MB content, 
making MC-MB DPC a potential candidate for optoelec-
tronic and photonic devices.
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