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The present article mentions about the physicochemical and optoelectronic properties of polyaniline 
(PANI) thin films synthesized by using solution polymerization techniques over the glass substrate at 
room temperature with the intension to study its physicochemical and optoelectronic properties 
specially as gas sensing materials. These as deposited thin films have been synthesized by varying the 
deposition time (substrate dipping) intervals of 40 min. The Fourier transform infra-red spectroscopy 
(FTIR) revealed the characteristics peaks at 1582 cm-1 related to C = C stretching deformation of quinoid 
(Q) ring, 1492 cm-1 corresponds for C = C stretching of benzenoid (B) ring, while 1109 cm-1 shows B–
NH+ = Q stretching. The surface morphology represented the porous nature granular distribution of 
grains over the substrate surface. The optical band gap energy calculated from the absorbance spectrum 
shows decreases in energy band gap from 2.57 eV to 2.51 eV with the increase in deposition time which 
can be attributed to variation in the structural morphology with increase in thickness of the materials. 
The ammonia gas sensing when studies revealed that the films deposited for 240 min reponed to 
ammonia gas of 90% which can be inferred to increase in charge carrier’s concentrations upon 
increasing the films deposition time and thickness. 

  
 

Keywords: 
Thin Films 
Polymer 
Polaron 
Compositional Modifications 
Sensor 

 

 

1. Introduction 

Polyaniline thin films are the conducting polymers sensing materials, 
which can be prepared by chemical route solution polymerization method 
at the room temperature. These polymer thin films show reversible pH 
dependent spectroscopic and gas dependent electrical conductivity 
modifications. Such polymer provides structure to immobilize ligands, 
enzymes and antibodies hence used in the development of novel chemical 
and biological sensors [1-3].  

Semiconducting gas sensors commonly depends on change in 
conductivity upon exposure to sensing gases like conductivity of a PANI 
decreases with increasing ammonia gas concentration [4]. At room 
temperature, gas sensing response time of these polymers were few 
minutes; by varying the temperature from 20 to 100 °C, the response time 
may be reduced by few minutes. Even upon treatment with NO2, the 
response time and gas sensitivity of sensor may deteriorate. There are 
some issues with PANI thin films as gas sensor like response and recovery 
time which may be due to composition of the materials [5-8].  

Hence the present article deals with synthesis of PANI thin films with 
varying deposition time, so that the parameter of materials synthesis time 
can be optimized. The synthesis of thin films through the solution 
polymerization method follows ion by ion induction over the substrate 
surface hence the saturation may be achieved at particular deposition time 
and thereafter the growth of PANI thin film may stop [9-11]. Therefore, 
considering the theory of ionic polymerization chain growth, the present 
article deals with synthesis of varying time deposition PANI thin films and 
testing its physicochemical and optoelectronic properties along with 
ammonia gas sensing properties. These as deposited 40 minutes time 
interval difference deposition (dipping time) thin films have been 
characterized for Fourier transform infrared spectroscopy (FTIR), atomic 
force microscopy (AFM) for surface morphology and optical energy band 
gap along with ammonia gas sensing properties [12-14]. 
 

 

 

2. Experimental Methods 

2.1 Substrate Cleaning 

In solution growth technique, extreme cleanliness of the substrate is 
required, since the contaminated surface provides nucleation sites 
facilitating the growth, and resulting into non-uniform, porous and non-
adherent film. The glass slides of the dimension 7.3 x 2.5 x 0.1 cm3 have 
been used as the substrates. The following procedure has been used for 
cleaning of the substrates. The slides were washed with water, then boiled 
in concentrated chromic acid (0.5 M) for 1 h and kept in it for 24 h. The 
boiled substrates were washed with double distilled water and finally, the 
substrates were dried, degreased in AR grade acetone and were kept in 
dust free airtight container. 
 
2.2 Preparation of Solution 

All chemicals used for preparing PANI thin films were of A.R. grade as 
follows: Ammonium peroxidisulphate (APS) [(NH4)2S2O8], hydrochloric 
acid [HCl], and aniline [C6H5NH2] as the reactants. For the deposition of 
PANI thin films, solutions of APS and aniline were prepared separately 
using double distilled water. 
 
2.3 Polyaniline Thin Film Synthesis 

Thin film of PANI was prepared by solution polymerization method 
using HCl as dopent, ammonium peroxidisulphate (APS) as an oxidant and 
aniline as a monomer. Commercial glass slides supplied by Bluestar 
Company, Mumbai (India) were used as substrates for the deposition. 
Aniline was distilled under high pressure prior to use; the other chemicals 
were used as they received. Solution polymerization process proceeded as 
follow, 0.2 mL aniline was added in 1 mL concentrated HCl solution with 
constant stirring at room temperature then 0.25 mL APS was prepared in 
an aqueous media, before mixing, these reactants were pre cooled in an ice 
bath container. Thereafter 20 mL APS was added slowly to the aniline 
solution with constant stirring at room temperature. Cleaned glass 
substrates numbered from R1 to R7 were immersed in the reaction bath 
using substrate holder. After every 40 minutes one substrate was removed 
from the reaction bath which then washed with distilled water to remove 
the granules attached with the surface of the substrate, dried and 
preserved in dark desiccators. The reaction was carried for 5 h resulting 
in green color precipitate which confirms formation of PANI emeraldine 
salt [15,16]. Thickness of R1 sample was found to be 21.3 nm while for 
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sample of critical thickness (R6) it was 191.1 nm and for the R7 sample it 
became 174.6 nm. 
 
2.4 Characterizations 

The as-deposited PANI films were characterized for their physical and 
chemical properties by using following characterization techniques. 
 
2.4.1 Film Thickness 

Film thickness measurement of PANI was carried out by measuring the 
optical absorbance spectra. By using the formula, the absorbance at 400 
nm wavelength gives the value of film thickness. It can be calculated as 
below. 
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2.4.2 Atomic Force Microscopy (AFM) 

The surface morphology was studied by using Veeco-III for Digital 
Instruments. Scanning Probe Microscope (SPM) is used in dynamic atomic 
force microscope mode for surface morphology and roughness analysis of 
the film in two and three-dimensions. Si tip of 10 nm diameter was used. 
 
2.4.3 Optical Energy Band Gap 

The variation of absorbance with wavelength for all films has been 
carried out with Perkin Elmer Lambd-25 UV-VIS spectrophotometer 
which is used for extrapolating the energy band gap of the polyaniline thin 
films. 
 
2.5 Ammonia Gas Detection Testing 

Ammonia gas (NH3) detection experiments were carried out on 
Lambda-25 Perkin Elmer spectrophotometer. The spectrophotometer was 
used in absorbance mode. In this instrument special arrangement was 
made for the insertion of ammonia gas and to protect the instrument from 
possible destruction due to corrosion. The ammonia gas was introduced 
into the chamber by using small diameter pipe line from gas cylinder. Gas 
detection was carried out by performing cycles of purging ammonia gas 
and dry air in the chamber. 
 

3. Results and Discussion 

3.1 Growth of Polyaniline Thin Films 

The oxidative polymerization of aniline with APS in the presence of HCl 
shows an exothermic nature of the reaction which can be observed by 
monitoring the reaction temperature. Fig. 1 shows the initial induction 
period characteristic for aniline polymerization in acidic media, which was 
followed by rapid exothermic reaction. Initial temperature of the reaction 
was ~27 °C and the final temperature became ~34 °C. Increase in the 
temperature confirms the exothermic nature of the reaction.  
 

 
Fig. 1 Variation of pH and temperature with polyaniline thin film deposition time 

 
The acidity of the reaction bath increases continuously this may be 

attributed to increase in H+ ion concentration in the reaction bath. Upon 
protonation the imine group of quinoid ring gets transformed into 
semiquinone radical cation [17]. This leads to add H+ ion to the reaction. 
This increase in H+ ion concentration corresponds to decrease in pH of the 
reaction bath. Initial pH of the reaction bath was ~1.06 and at the 

completion of the reaction it became ~0.6. The stepwise decrease in pH 
indicates increase in doping level. The steps involved in the oxidative 
polymerization of aniline are as follows: When the reactants were mixed, 
within few minutes the induction of film in the form of layer starts on 
substrate. The time required for such induction is called as induction 
period [18]. Induction of layer starts with nucleation at a point on the 
substrate around which then further growth of film occurs [19].  

This structural enhancement proceeds with increase in protonation of 
acid which causes increase in chain length and number of oxidized state 
sites. The process continues till it reaches a maximum thickness called as 
critical thickness (Tc). Film at this stage is dense, rigid forming highly open 
structure containing large fraction of pores leading to inhomogeneous or 
multilayered structure [20]. Upon attaining Tc, partial decrease in 
thickness is observed this may be attributed to depletion of either oxidant 
or monomer or both. The time at which depletion occurs is called as 
depletion period. Here we found the critical thickness as 191.1 nm for R6 
sample. Further increase in deposition time shows slight decrease in 
thickness, which may be attributed to increase in rate of dissolution than 
the rate of deposition after attaining the critical thickness (Tc) as 
represented in Table 1. 
 
Table 1 Deposition time and thickness of the polyaniline thin films 

Sr. No. Sample ID Deposition time (min) Thickness (nm) 

01 R1 40 21.3 

02 R2 80 68.5 

03 R3 120 111.2 

04 R4 160 162.6 

05 R5 200 184.9 

06 R6 240 191.4 

07 R7 280 174.2 

08 R8 320 169.0 

 
3.2 Fourier-Transform Infra-Red (FTIR) Study 

Fourier-transform infra-red (FTIR) spectrum of the green PANI powder 
was conducted, which was collected and filtered after the polymerization 
process was over. Fig. 2 shows the FTIR spectra of PANI powder. The peak 
at 1582 cm-1 is related to C = C stretching deformation of quinoid (Q) ring, 
1492 cm-1 corresponds for C = C stretching of benzenoid (B) ring, 1303 cm-

1 due to the carbon nitrogen (C–N) stretching of secondary aromatic 
amine, 1109 cm-1 shows B–NH+ = Q stretching, 821 cm-1 is attributed to 
aromatic C–H out of plane deformation vibration of 1,4-disubstituted 
benzene ring [21], 611 cm-1 indicate C–S stretching vibration [22], 513 cm-

1 is assigned for – SO3H group absorption spectra. Existence of all these 
bonds confirms the presence of functional group which are basic contain 
of the reactants used in the reaction. 
 

 
Fig. 2 FTIR spectra of polyaniline thin film 

 

3.3 AFM Study 

The atomic force microscope (AFM) images investigating surface 
topography of PANI samples are shown in Fig. 3(a), (b) and (c) which 
shows the AFM images of R2, R4 and R6 samples, respectively. Surface of R2 
is featureless and smooth. As time passes up to sample R4 the hillock 
formation starts. Variation in structural morphology may be attributed to 
multilayer deposition on substrates. Such a multilayer deposition causes 
increase in thickness of samples [23]. The route means square (rms) 
surface roughness calculated with the help of software is found to be 33.65 
nm, 74.24 nm and 111.03 nm for R2, R4 and R6 respectively. 
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Fig. 3 AFM images of R2, R4 and R6 samples 

 

3.4 Optical Analysis 

As the thickness of the sample is increased, there is increase in 
corresponding absorbance. This may cause by molecular symmetry 
variation. The increase in thickness gives rise to asymmetric molecularity, 
dense surface and inhomogeneous morphology. From Fig. 4 it is seen that 
the optical band gap energy decreases from 2.57 eV to 2.51 eV with the 
increase in thickness from 21.3 nm to 191.1 nm. Decrease in the energy 
band gap may be attributed to variation in the structural morphology with 
increase in thickness [24-26]. Increase in thickness shows blue shift in 
band gap energy (Eg) which may be related to structural morphology 
dependant energy band gap. 

 

 
Fig. 4 Optical energy band gap of polyaniline thin films 

 
In emeraldine salt, polarons were found to be charge carrier which 

occurs by electron-phonon interaction. The density of charge carrier 
(polarons) may be increased by varying the doping level which also 
enhances the conductivity of PANI emeraldine salt [27]. The doping is 
achieved by protonation of backbone nitrogen site of PANI. The charge 
transfer is introduced through oxidation of aniline in which the total 
number of electrons in the film remains same but the vacancies are created 
in film. The chemical structure of PANI has three benzene rings separated 
by amine (- NH -) group and one quinoid ring separated by imine (- N =) 
group. The quinoid ring has two pair of carbon atom and a double band 
with nitrogen atom with four π electrons [28]. Upon protonation the imine 
group gets transformed to semiquinone radical cation state. This cation is 
more localized with degradation generating polarons. The protonation 
leads to increase H+ ion concentration so numbers of holes are increased 
in the imine group which surround quinoid ring. This addition of holes 
creates charge localization in the valence band of PANI. Increase in doping 
level increases number of valence band charges resulting significant 
change in significant change in molecular orbital and band structure. The 
double bond in imine reorganizes changing the quinoid configuration as 
three carbon atoms with six π electrons. So, this change in geometry 
weakening the double bond between nitrogen and quinoid ring. This 
would increase the charge carrier density and strength of interaction 
between carrier states.  

On extending the deposition time the film thickness increases which 
results in interchain interaction of polymer backbone forming regularity 
of PANI chain giving rise to number of charge carriers [29]. The large 

carrier mobility of charges is permitted by the increase in thickness of the 
film. So, this increase in thickness of the film provides a large space for the 
motion of these charges through the film. On applying the external 
potential, the conductivity of the film gets increased. 
 
3.5 Ammonia Gas Sensing 

Ammonia gas detection testing was carried out only on R6 sample. PANI 
film is inserted vertically in the gas chamber and change in optical 
absorbance of the film was detected [30]. It is observed that absorbance of 
the film increases when ammonia is purged in the chamber, indicating the 
adsorption and surface reaction occurred between ammonia and PANI. 
The sensitivity of the sensor is defined by using (standard) relation, S = (Ag 
– Aa)/Aa where Ag and Aa are the absorptions of films in gas and in air, 
respectively. These absorbance values are measured at 800 nm 
wavelength only. Fig. 5 shows the change in sensitivity of optical gas 
sensor with ppm gas concentration of ammonia. The sensitivity of the 
sensor increases with increase in gas concentration. A transient change in 
absorbance of sensor with time at different concentrations of ammonia is 
shown in Fig. 6. The response time and recovery time of the sensor are 55 
sec and 115 sec, respectively. 
 

 
Fig. 5 Variation of sensitivity with ammonia gas concentration 
 

 
Fig. 6 Transient curve of a PANI ammonia gas sensor 

 

4. Conclusion 

From the result obtained it can be understood that the PANI thin films 
can be deposited using solution polymerization method on glass substrate. 
Films deposited for 240 min results into obtaining of stoichiometric thin 
films with thickness of 191 nm. The FTIR shows characteristics peaks at 
1582 cm-1 related to C=C stretching deformation of quinoid (Q) ring, 1492 
cm-1 corresponds for C=C stretching of benzenoid (B) ring, while 1109 cm-

1 shows B–NH+ = Q stretching. While the surface morphology shows 
granular thin films which may be useful for gas sensing applications. The 
energy gas is observed to be increased with respect to induction and 
increase in thickness which may be related to polaron induced charge 
localizations. The ammonia gas sensing tested shown response time and 
recovery time of the sensor are 55 sec and 115 sec with sensitivity of 85%. 
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