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Abstract 

UV-visible studies on titanium oxide doped samples of 

absorption data used to determine the nature of the optical transition. Further, the optical band energy gap and Urbach 

energy of the pure and doped samples have also been calculated. Refractive index measurements were made on the pure and 

titaniun oxide doped poly (methyl methacrylate

659.2, 670.2 nanometer. Modelling of the optical dispersion data was done by theoretical as well as empirical models and 

the quality of the fits was compared by the residuals. It was seen that 

well as the Herzberger and Schott equations for optical glasses gave
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Introduction 

Organic polymers show ample evidence of optical, electronic 

and optoelectronic properties and are at length used in optical 

devices like lenses, optical waveguides, optical switches, light 

emitting diodes and nonlinear optical applications

extended use of optical polymers, it is therefore advantageous to 

have polymers with a property, like refractive index, within a 

certain range
1
. The current study of polymeric materials 

involves the modification and enhancement of their physical 

properties to broaden their utilization in optical devices.

 

Methodology 

Preparation of the Samples and Instrumentation

present study poly(methyl methacrylate) is taken 

well known for its optical clarity and good mechanical 

processing properties. Films of pristine PMMA and TiO

PMMA composites were obtained on glass substrates. The films 

were obtained by dissolving PMMA(HIMEDIA, India) in

benzene(AR) as a solvent. TiO2 (HIMEDIA, India) was used as 

a dopant and dispersed in benzene(AR) by a sonicator. Thin 

films of approximately 80 micron thickness had been grown by 

a solvent evaporation technique. The wt% of TiO

composites were 0.0, 0.01, 0.05, 0.001, 0.005, 0.0001 and 

0.0005%. 

 

Optical absorption studies were conducted on the samples using 

a Systronics spectrophotometer over the wavelength range 200 

to 900 nm. Refractive index measurements-at

499, 546, 589, 632.8, 659.2, 670.2 nm wavelengths 
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show ample evidence of optical, electronic 

and optoelectronic properties and are at length used in optical 

devices like lenses, optical waveguides, optical switches, light 

emitting diodes and nonlinear optical applications
1-2

. For the 

al polymers, it is therefore advantageous to 

refractive index, within a 

olymeric materials 

and enhancement of their physical 

utilization in optical devices. 

Preparation of the Samples and Instrumentation: For the 

) is taken - a polymer 

well known for its optical clarity and good mechanical 

e PMMA and TiO2 -

PMMA composites were obtained on glass substrates. The films 

were obtained by dissolving PMMA(HIMEDIA, India) in 

(HIMEDIA, India) was used as 

a dopant and dispersed in benzene(AR) by a sonicator. Thin 

f approximately 80 micron thickness had been grown by 

a solvent evaporation technique. The wt% of TiO2-PMMA 

composites were 0.0, 0.01, 0.05, 0.001, 0.005, 0.0001 and 

Optical absorption studies were conducted on the samples using 

over the wavelength range 200 

at 405,458, 492.2, 

nm wavelengths - were done 

by an Abbe’s refractometer. The theoretical plots and analysis 

of data were done by using Mathematica™.

 

Results and Discussion 

Optical Transition, Optical Band Gap and Urbach Energy 

Studies and Analysis: Figure-1 shows the UV

spectra of pristine PMMA. The Optical Transition, Optical Band 

Energy Gap and Urbach Energy have been es

UV-visible spectroscopic data analysing software package 

'OPTrUe'
3
 as shown in Figures-2 and 3.

 

Figure-

The figure shows the UV-vis absorption spectra of pristine 

PMMA
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both the Sellmeier and Helmholtz theoretical models as 
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by an Abbe’s refractometer. The theoretical plots and analysis 

Mathematica™. 

Optical Transition, Optical Band Gap and Urbach Energy 

1 shows the UV-vis absorption 

Optical Transition, Optical Band 

Energy Gap and Urbach Energy have been estimated by the 

visible spectroscopic data analysing software package 

2 and 3. 

 
-1 

vis absorption spectra of pristine 

PMMA 
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It has been observed that the absorption of photons in a large 

number of amorphous materials, the Tauc relation
4-5

 holds true. 

The Tauc relation
4
 is of the form 

�ℎ� = ��ℎ� −		
��               (1) 

 

As per usual spectroscopic notations, α is the absorption 

coefficient, һν is the photon energy, 	
 is the optical band 

energy gap and the factor B is dependent on the transition 

probability with the index n associated with the distribution of 

density of states. For a direct transition, n = 1/2 or 3/2 

depending on whether the transition is allowed or forbidden in 

the quantum mechanical sense. For an indirect transition, n = 2 

when the transition is allowed and n= 3 when the transition is 

forbidden
6
. The value of n by using 'OPTrUe' came out to be 

between n= 0.2 and n= 0.3 over the range of doping percentages 

which confirmed our earlier results
7
 that for pure PMMA and 

TiO/PMMA like composites the transition is direct and allowed. 

 

The optical band energy gap is the value of optical energy gap 

between the valance band the conduction band. The optical band 

gap of the samples is determined from the absorption spectra 

near the absorption edges. The optical band gaps in pristine and 

doped TiO/PMMA composites were calculated by extrapolating 

the linear portion of curves, obtained from (αһν)
2
 and hν, to a 

value of zero absorption. The band gap energy Eg, for pristine 

PMMA and TiO/PMMA composites is tabulated in Table-1. 

 

 It is believed that the exponential dependence of α on photon 

energy may arise from random fluctuations of the internal fields 

associated with the structural disorder in many amorphous 

materials. The low values of the absorption edge is 

characterized by the Urbach energy
8-10

 and is given by  

�ℎ� =  �	����	�                   (2) 

 
Figure-2 

The figure shows the graph for optical transition of pristine 

PMMA 
 

Where β is a constant, EU is the Urbach energy which indicates 

the width of the band tails of the localized states. The optical 

absorption coefficient just below the absorption edge shows 

exponential variation with photon energy indicating the 

presence of Urbach’s tail. The lack of crystalline long-range 

order in amorphous/glassy materials is associated with a tailing 

of density of states
9
. We find that apart from the band energy 

gap calculation from the absorption edge, the absorption edge in 

the exponential (Urbach) region can also yield information on 

the disorder effect
8-9

.  

 

  
(a)     (b) 

Figure-3 

(a)The figure shows the graph for the optical band energy of PMMA / TiO=0.05% 

(b)The figure shows the plot for the Urbach energy of pristine PMMA / TiO=0.05%
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Table-1 

The table shows the with optical band energy gap and 

Urbach energy values of the TiO/PMMA composites for 

different doping wt % of TiO 

TiO2 weight 
% 

Optical Band 

gap, Eg (eV) 

Urbach tail, EU 
(eV) 

0.0 4.983 0.0161 

0.0001 4.919 0.00138 

0.0005 4.946 0.0049 

0.001 4.948 0.00372 

0.005 4.841 0.01054 

0.01 4.885 0.0183 

0.05 4.987 0.0111 

 

The values of optical band gap and Urbach energy (EU) for 

different compositions are listed in Table-1. The value of the 

optical band gap immediately decreases with the addition of 

titanium oxide in PMMA. The further addition of TiO more or 

less increases the value of the optical band gap till it acquires 

the value of the optical band gap of pure PMMA. The addition 

of TiO initially decreases the Urbach energy as compared with 

pure PMMA. Further increase in the TiO doping values leads 

generally to an increase of the Urbach energy values.  

 

Optical Dispersion Studies: Figure-4 shows the optical 

dispersion curves of the different TiO/PMMA composites. The 

refractive index ‘µ(λ)’ of optical transparent media varies with 

wavelength and its spectral behaviour can be described by 

various dispersion formulae
11-14

. 

 

Figure-4 

The figure shows the optical dispersion plots for the various 

PMMA / TiO composites 

Sellmeier
11-12

 in 1871 came up with an equation which could 

represent the anomalous region more successfully. This 

equation was 

 

µ	 = 1 + ���
��������                (3) 

 

Where the equation contains two constants, 'a' and 'λ0', the latter 

being related to the natural frequency of the particles of the 

medium. . The constant 'a' is proportional to the number of 

oscillators capable of vibration with the frequency ν0= c / λ0. 

Sellmeier’s equation though a great improvement over the 

earlier Cauchy equation
11-12

 was not very successful where the 

medium has appreciable absorption. 

 

 Helmholtz
11-12

 in his formulation of the equation for the 

dispersion took into account the absorption of energy of the 

wave in its transit through the medium. The equation of 

dispersion from the purely mechanical theory of Helmholtz is 

given as 

µ� 	≈ 1 + ∑ ����
 ������!" #�$�

�$�%$���
  (4) 

 

Since it was evident that the refractive index ‘µ(λ)’ of optical 

transparent media varies with wavelength, empirical relations 

like the Schott and Herzberger equations were crafted and 

found to be very suitable models to explain the optical 

dispersion of various glasses
12-14

. 

 

µ	 = & + '
 ���(.(�*! + '

 ���(.(�*!� + d,� + f,.                (5) 

µ	 = & + /,� + 0
�� + 1

�2 + 3
�4 + 5

�6                    (6) 

 

Figures 5-8 shows the optical dispersion curves of selected 

doped TiO / PMMA samples. The optical modelling and other 

related analysis has been done through the optical dispersion 

data analysing software package 'OptiModeller' developed by 

the first author [KD]. Detailed information of this software 

package will be provided by the first author [KD] in a 

subsequent communication. 

 

Residuals have been obtained by the Equation-7(a) and residual 

percentage by the Equation-7(b) 

 

Residual = Experimental data - Modeled data          7(a) 

Residual percentage =(
789:;<=:>?�@	1�?�	�	AB1:@:1	1�?�	

789:;<=:>?�@	1�?�	  )x 100 7(b) 

The root mean square (r.m.s.) of the residuals has been obtained 

by Equation-8. 

r.m.s.[x] = C	 D�D̅!�	
�                (8) 

 

Where F̅ is the mean of the range of values, numbering 'n', of 

any variable x. 
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   (a)       (b) 

Figure-5 

(a)The figure shows the experimental plot in green with the theoretical Sellemeir plot in brown for PMMA / TiO = 0.0% 

(b)The figure shows the plot of the residuals for Figure-5(a) 

 

  
   (a)       (b) 

Figure-6 

(a)The figure shows the experimental plot in green with the theoretical Helmholtz plot in brown for PMMA / TiO = 0.001 % 

(b)The figure shows the plot of the residuals for Figure-6(a) 
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    (a)       (b) 

Figure-7 

(a)The figure shows the experimental plot in green with the theoretical plot in brown from the Schott equation for PMMA / 

TiO = 0.005 % 

(b)The figure shows the plot of the residuals for Figure-7(a) 

 
    (a)       (b) 

Figure-8 

(a)The figure shows the experimental plot in green with the theoretical plot in brown from the Herzberger equation for 

PMMA / TiO = 0.05 % 

(b)The figure shows the plot of the residuals for Figure-8(a) 
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Table-2 

The table shows the r.m.s. values of the residual % of some select dispersion models and select doping weight %. 

TiO2 (weight %) 

R.M.S. of the residual 

% for Sellmeier's 

equation 

R.M.S. of the residual 
% for Helmholtz's 

equation 

R.M.S. of the residual % 

for the Herzberger 

equation 

R.M.S. of the 

residual % for the 
Schott equation 

0 0.0197 0.00751 0.00740 0.00739 

0.0001 0.0125 0.00553 0.00493 0.00490 

0.0005 0.00684 0.00648 0.00535 0.00500 

0.05 0.0133 0.00866 0.00493 0.00774 

 

The values of the root mean square values of the residuals 

obtained from the different optical dispersion relations when 

compared with the experimental data is displayed in Table-2 for 

different select compositions of TiO/PMMA composites. The 

fitting quality of the theoretical curves are evaluated by the 

r.m.s. values of the residuals listed in Table-2. The low values 

of the residuals are the prime indicators of the good quality of 

the theoretical curves.  

 

Conclusion 

There has been found to exist a complex dependence of both the 

optical band gap and Urbach energy on the doping percentage. 

There seems to exist some correlation between the optical band 

gap and Urbach energy values but only at low doping values. 

The nonlinearity in the values of Eu may possibly be due to the 

structural disorders in the samples
6-8

. The Sellmeier, Helmholtz, 

Herzberger and Schott equations were found to be appropriate 

models to explain the optical dispersion of the pure and titanium 

oxide doped poly(methyl methacrylate) films. So apart from 

being used for glasses, the four models discussed in this paper 

can be effectively used for the study of the optical dispersion of 

similar polymeric systems.  
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