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ABSTRACT: Polypyrrole (PPy) thin films were synthesized by plasma polymerization technique and investigated the influence of dis-

charge power on microstructural, optical, surface wettability, and dielectric properties of grown films. As deposited PPy films were

characterized by X-ray diffraction (XRD), Fourier transform Infrared spectroscopy (FTIR), Atomic force microscopy, UV-VIS spec-

troscopy and dielectric spectroscopy. The broad XRD peak present at 2u 5 23.58 revealed the amorphous nature of grown PPy films.

The FTIR spectra displayed characteristic peaks in the wavenumbers regions 3300–3400 cm21 and 1635–1700 cm21 and respective

peaks intensities decreased slightly as a function of discharge powers. Significant modifications in surface morphology of the films

were observed as a function of discharge powers and PPy films synthesized at higher discharge power of 50 W demonstrated charac-

teristic surface morphology composed of characteristic vertical cone shaped clusters provided with rms roughness of 3.42 nm. The

UV-VIS absorption spectra evidenced that the optical density values varied as a function of discharge power. The evaluated band gap

energies decreased with an increase of discharge power and found to be 2.53 eV for PPy films prepared at higher discharge power of

50 W. The surface wettability studies evidenced that as prepared PPy films were found to be hydrophilic in nature. The dielectric

measurements were carried out for “ITO/polymer/ITO” structures in the frequency range 10 mHz to 100 kHz. As evidenced from

dielectric spectroscopic measurements, PPy films synthesized at 50 W were demonstrated conductivity value of 6.0 3 10212 S/m.
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INTRODUCTION

In recent years, considerable interest has been shown in the fab-

rication of polymer materials in thin film configuration for

wide range of applications from insulators to flexible electronic

device components.1–3 Accordingly, p–conjugated organic poly-

mers have received much attention in both academic and indus-

trial communities in view of their unique combination of

properties leading to various promising applications such as

sensors, anticorrosion coatings, supercapacitors and batteries,

drug delivery, and artificial muscles.4–11 Among the electrocon-

ductive polymers, polypyrrole (PPy) is one of the promising

conducting polymer owing to its unique properties like flexibil-

ity, good stability, able to tailor made for specific uses and bet-

ter resistant to chemical attack, and easy film forming

property.12–14 Specifically, PPy thin films can be employed as

sensor applications, microactuators, solid electrolytic capacitor,

functional membranes, and so forth.15–18 The performance of

PPy thin films, for aforementioned applications, predominantly

depends on terms of their quality and structural surface mor-

phological properties. However, the quality and microstructural

properties of polymer films mostly depend on type of deposi-

tion technique and respective film processing parameters. Thus,

currently growing interest has concentrated on preparation of

conducting polymer thin films with controlled microstructures

using different thin film deposition techniques. In this direction,

researchers have employed various deposition methods to pre-

pare conducting polymer thin films in view of spectrum of

applications.19–27

In among various deposition methods plasma polymerization is

a unique and promising technique to prepare quality, pinhole

VC 2016 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4398243982 (1 of 10)

http://www.materialsviews.com/


free & well adherent conducting organic films on a variety of

substrates.28–31 It is worth to mention that, the microstructural

properties of plasma polymerized polymer films can be tailored

by controlling the growth conditions, such as the deposition

time and discharge power. It refers to the deposition of polymer

films through plasma dissociation, in which plasma discharge

energizes and dissociates the monomer molecules into neutral

particles and reactant fragments in the form of electrons, ions,

and free radicals. The product of recombination of these frag-

ments on over the surface of substrates is a highly branched

and cross linked by three-dimensional network of a plasma

polymer. It evokes that, plasma polymerized polymers are

expected to be essentially different in microstructural and

chemical properties from conventional ones, even if the same

monomer is utilized for both plasma and conventional

polymerizations.32,33

In the present study, DC-glow discharge plasma polymerization

technique is employed to synthesize Polypyrrole thin films on

ITO coated glass substrates. The as deposited films are charac-

terized by X-ray diffraction (XRD), (FTIR), atomic force

microscopy (AFM), UV-VIS spectroscopy, surface wettability

studies, and electrochemical impedance spectroscopy (EIS) to

understand the influence of discharge power on microstructural,

surface wettability, optical, and dielectric properties of grown

PPy films. The resultant microstructural and dielectric proper-

ties of deposited films are interpreted in terms of film growth

conditions. In parallel Havriliak-Negami (H-N) equation is

adapted to fit the dielectric spectroscopy (DS) data and to

understand the frequency dependency of dielectric parameters

such as dielectric strength, relaxation time, and conductivity

values.

EXPERIMENTAL

Plasma polymerization process was carried out in a cylindrical

shaped plasma discharge chamber (5 cm diameter and 20 cm

length), which was coupled to a pyrrole monomer container

through standard manifold with flux adjusted by a vacuum

cock and needle valve. The discharge chamber consists of anode

(Rogowski electrode) and hollow cylindrical cathode (negative

Rogowski shape) and the diameter of the cathode is twice the

diameter of anode, which were separated at a distance of 10 cm.

All film depositions were carried out on ITO coated glass

substrates by introducing them at exit of the cathode in down-

stream plasma. Pyrrole monomer was purchased from Sigma-

Aldrich (98%) (distilled before to utilize) and monomer vapors

were allowed directly into plasma discharge chamber at a con-

stant flow rate of 0.0225 mL/min for 5 min.34 The DC source

was connected across the two electrodes for the generation of

plasma in the chamber and plasma discharge was initiated in

argon atmosphere. During film deposition, the base pressure

was approximately 1 3 1023 Torr and the working pressure was

1 3 1021 Torr. Films were deposited at constant deposition

time of 5 min and by varying the discharge powers in the range

of 10–50 W. As prepared films were observed to be light brown

in color and the measured film thicknesses (Stylus profilometer-

Veeco dektak 8) were in the range of 250–295 nm. The XRD

data was recorded by Bruker AXS, D8 advance X-ray

diffractometer with step width 0.058 and step time of 1.25 s

using CuK-alpha radiation (k 5 1.5406 Å). FTIR spectroscopy

measurements were measured in the wavenumber range

400–4000 cm21 using Spectrum One Fourier transform Infrared

spectroscopy (FTIR) Perkin Elmer spectrometer in normal

transmission mode and confirmed the polymerization of pyrrole

monomer by the presence of vibrational modes in respective

FTIR spectra. FTIR experiments were performed in dynamic

nitrogen atmosphere by averaging 10 scans per sample, keeping

an optical resolution of 5 cm21 for all the spectra. The UV-VIS

absorption spectra of deposited PPy films were recorded by

Cary-5E Varian spectrophotometer. AFM images were acquired

with a Nano Focus (MOD-1M Plus and Tip size of 10 nm) in

non-contact mode and respective images were analyzed by WS

3 M 5.0 and Develop 5.0 software for data acquisition and

image processing, respectively. Contact angle measurements

were carried out in static method using optical contact angle

meter (KSV Instruments Ltd., Model: CAM 200). In this pro-

cess, a sessile water drop was provided over the surface of

grown films and captured images of water drops at time inter-

vals of 5 s and the respective data was fitted with CAM 200

optical contact angle software to estimate average contact angles

for different frames. Impedance spectroscopy measurements

were performed using an EG&G 273A galvanostat-potentiostat/

impedentiometer controlled by the impedance software M398 in

order to acquire the real and imaginary parts of impedance in

the frequency range 10 mHz–100 kHz with a maximum applied

voltage of 1.4 V (RMS). The obtained results were fitted with

Mathematica curve fitting tool using a self-made software first

tested on previously published data and analyzed with commer-

cial software widely used. The use of the self-made software

allows us to control, optimally several parameters, which is not

possible with the commercial software. The values obtained by

means of the fit, allows us to evaluate corresponding dielectric

properties such as dielectric strength and conductivity values

for the grown films.

RESULTS AND DISCUSSION

Polypyrrole thin films obtained by DC-glow discharge plasma

polymerization technique are observed to be quite stable and

well adherent to the substrates. The structure of Polypyrrole

contains an alternating single and double bond. The single

(sigma) bond has electrons localized between the two atoms,

but the double (pi) bond has the electrons in lobes above and

below the sigma bond (as indicated in Figure 1). Figure 2 repre-

sents, FTIR spectra of PPy films polymerized at various dis-

charge powers in the range 10–50 W. FTIR spectra displayed

broad vibrational band at 3300–3400 cm21, which is attributed

to sp3 CAH stretching together with NAH stretching. The pres-

ence of other characteristic peak at 1635–1700 cm21 is corre-

sponding to C@N and NAH bending. The intensities of both

characteristics peaks (present at 3300–3400 cm21 and 1635–

1700 cm21) are decreased slightly as a function of glow powers.

This could be due to decrease in rate of polymerization process

and unwanted reactions between energetic of ions, and radicals,

which are generated in the collision processes at higher glow

powers. In plane vibration and breathing of the pyrrole rings
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are observed by the bands at 1437, 1381, and 732 cm21. As a

function of discharge power, changes in band intensities of

peaks in the wavenumber range 500–1500 cm21 indicates modi-

fications in chemical structure of PPy. In this wavenumber

region, the decrease in intensity of respective bands indicate

modifications in CAH out of plane of bending, in plane of

vibration, CAC stretch and CAN stretch.35–37 The decrease in

intensities of respective bands indicates decrease of ring breath-

ing and increase of stability of pyrrole ring as a function of dis-

charge powers. The presence of prominent bands in finger print

region matched with previously reported results for plasma

polymerized films.38–42 One of the disadvantage in plasma

assisted polymerization process is the loss of the monomer

functionality. During deposition, applied high powers can lead

to an unexpected modifications in chemical structure and com-

position of the polymers due to monomer fragmentation such

as opening of the aromatic chain and monomer oxidation, or

even polymer oxidation. In this direction, nitrile group (CBN)

involves a loss of functionality due to the pyrrole group open-

ing. It is worth to mention that, in the present study the

absence of nitrile group (CBN) band at 2200 cm21 indicates

the structural stability and functionality of PPy films grown at

various glow powers. These results authenticate that the glow

discharge plasma polymerization is one of the promising tech-

nique to produce quality PPy films by controlling the high frag-

mentation effect during the growth process. As evidenced from

XRD studies, the presence of non-characteristic and broad

headed peak at 2u 5 23.58 (as shown in Figure 3) indicates the

amorphous nature of the films.43 Figure 4 Shows, AFM topog-

raphy images of deposited PPy films as a function of glow dis-

charge powers. The topography of the films prepared at lower

Power value of 10 W, is observed to be uniform, denser, moder-

ately smooth, and entire surface is composed of numerous

irregular wrinkles of size about 100 nm [Figure 4(a)]. Consider-

able changes are observed in surface morphological features

(such as grain size and shape, density of clusters, and surface

roughness) with an increase of discharge powers to the higher

values. For the PPy films grown at 50 W, the surface of the

films is noticed to be composed of characteristic vertical cone

shaped clusters of sizes in the range 400–500 nm [Figure 4(c)].

Roughness measurements are performed on several images

taken from the same sample in order to estimate uniformity

and homogeneity. The evaluated root mean square (rms) sur-

face roughness of the grown films increased from 1.12 to

3.42 nm with the enhancement of DC power values from 10 to

50 W, respectively. This could be due to increase of number of

islands consisting of aggregated polymers over ITO substrates

and higher ratio value of “grain growth versus nuclei for-

mation”. In cold plasma polymerization process, ionization of

pyrrole monomer is not so intense that layer growth overcomes

the nuclei formation. With the enhancement of plasma powers,

the rate of growth of formation of nucleation sites and their

agglomeration over ITO substrate are relatively higher than

layer growth process. Therefore, it is evident that DC glow dis-

charge plasma polymerized PPy films have better uniformity

and promising morphological characteristics.

The obtained results can be interpreted as follows: during the

PPy film growth process in cold plasma polymerization tech-

nique, the activation of monomers and reactivation of the

recombined molecules over surface of the substrates are essen-

tially due to fragmentation by characteristic controlling parame-

ter (W/FM) of established plasma in the plasma reactor.33 This

“W/FM ” (W 5 power in J/s, F 5 monomer flow rate in mol/s

and M 5 molecular weight of monomer in Kg/mol) is an appa-

rent input energy per the unit of monomer molecule in J/Kg

and magnitude of W/FM parameter is considered to be propor-

tional to the concentration of activated species in the plasma

region. Obviously for constant monomer flow rate (F) and

molecular weight (M) values, the polymer formation rate (i.e.,

Figure 1. Chemical structure of PPy.

Figure 2. FTIR spectra of plasma polymerized PPy thin films deposited at

different discharge power of (a) 10 W, (b) 30 W, and (c) 50 W.

Figure 3. XRD spectra of PPy thin films deposited at different discharge

powers.
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polymer deposition rate) is directly proportional to power of

the established “plasma region” in the deposition chamber.

Therefore, at lower deposition rates (i.e., at 10 W) less energetic

activated monomer species reach the surface of substrates to

form growth centers and later polymerize with each other to

form uniform PPy thin films. Hence we can observe irregular

wrinkles formation over surface of the substrates and generation

of internal stresses in the matrix of polymer thin film during

the growth as evidenced from Figure 4(a). The enhancement of

plasma power to the higher values leads to the generation of

higher concentration of activated species provided with higher

energy. As a result, the as-deposited higher energetic active spe-

cies can move over surface of the substrate toward active growth

centers to agglomerate with each other in vertical direction to

the substrate. This might be due to the enhancement of rate of

mobility of active species than the rate of formation of growth

centers over the surface of substrate provided with increase of

micro voids inside the matrix of PPy thin films. This could be

the reason for films grown at higher plasma power of 50 W

were demonstrated distinguished surface morphology provided

with higher root mean square (rms) roughness and composed

of vertical spike shaped clusters. Interestingly, we could not

observe considerable changes in structural properties in long

range as a function of plasma power.

The characterization of optical studies of PPy films was per-

formed by measuring the transmittance T(k), absorption A(k),

and reflectance R(k) in the wavelength region 200–1200 nm.

For many organic materials, the band to band transitions theory

was applied to analyze the optical absorption at fundamental

edge. Figure 5 shows, optical absorption spectra of PPy films

prepared at various discharge powers. The Q–band present at

k 5 400–600 nm is attributed to p–p* transition from highest

occupied molecular orbital (HOMO) to the lowest unoccupied

molecular orbital (LUMO) in visible region.44,45 The analysis of

the absorption coefficient has been carried out to obtain the

optical energy band gap (Eg), which is the most important

parameter for organic and inorganic materials. The optical

bandgap of the PPy films was estimated by applying Tauc’s

relationship.46–48

ah#ð Þn 5 A h#2 Eg

� �
(1)

In the above expression “a” represents absorption coefficient, A

is a constant and h# and Eg are incident photon energy and

optical bandgap values, respectively. Here the index “n” is con-

nected with the distribution of density of states and in the pres-

ent study the n value is considered as 2 by representing the

direct optical transition (i.e., n 5 2). Figure 6 describes, the

dependence of ah#ð Þ2 on incident photon energy h# and direct

optical bandgap values for all films are determined from the

intercept of the extrapolated linear part of the plot of ah#ð Þ2
on the photon energy axis (abscissa).49 Evidently, evaluated

optical bandgap values are decreased as a function of discharge

powers and PPy films prepared at lower discharge power of 10

W are exhibited higher band gap value of 2.72 eV. It is observed

that, estimated bandgap values are decreased to the lower value

of 2.53 eV with an increase of discharge power to the higher

value of 50 W. The decrease in evaluated optical band gap val-

ues might be due to the modification of the structure of poly-

mer matrix during the growth of thin films as a function of

plasma power. In addition, during the plasma assisted polymer-

ization process the rate of branching and cross linking of acti-

vated species on surface of substrates is directly proportional to

the strength of plasma region in deposition chamber. As a

result, the PPy films grown at lower plasma power of 10 W

were not highly branched and cross linked to form three-

dimensional networks. The increase of plasma power to the

Figure 4. Atomic force micrographs of DC-discharge plasma polymerized PPy thin films prepared various discharge powers (a) 10 W, (b) 30 W, and (c)

50 W. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. UV-VIS absorption spectra of PPy films synthesized at different

discharge powers.
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higher value of 50 W leads to enhancement of branching and

cross linking of activated pyrrole monomer species and respon-

sible for micro level modifications in structure of polymer

matrix. The refractive indexes of grown films are estimated

from the obtained reflection R(k) and estimated extinction data

using the Fresnel formulae as follows47,48:

n 5
11R

12R

� �
1

4R

12Rð Þ2
2K 2

" #1=2

(2)

where R is reflection coefficient, and K5ak
�

4p is the extinction

coefficient. Here a represents optical absorption coefficient,

which can be evaluated by using the following expression.

a 5 2:303
A

d

� �
(3)

Where A, d are optical absorption and film thickness, respec-

tively. Figure 7 illustrates the variation of refractive index as a

function of wavelength for PPy films deposited at various dis-

charge powers. Evidently, the estimated refractive indices of PPy

films demonstrate oscillating behavior as a function of wave-

length. This could be due to change in density of Polymer

matrix and moderate thickness of the films as a function of dis-

charge powers. Contact angle analysis offers an easy method for

determining the wettability (or hydrophilicity) and adhesion of

a given liquid on a solid surface. The study of surface wetting

properties of polymers has a classical significance in the field of

“Surface Engineering” and for potential applications such as

lab-on-a-chip devices in micro fluids, self-cleaning properties

and it became a synergy of micro/nano morphology and chem-

istry.50,51 Wetting properties of freshly deposited PPy thin films

studied using micro distilled water and by measuring contact

angles for consecutive 50 frames and at a time interval of 5 s.

The obtained results revealed that, estimated contact angles

decline exponentially with respective to wetting time as shown

in the Figure 8. Evidently after 250 s, PPy films grown at lower

plasma power of 10 W were showed contact angle of 51.768 and

observed to be decreased to 28.98 for the films grown at higher

discharge power of 50 W. In comparison to all the films, the

rate of decrease in contact angle values is noticed to be predom-

inant for PPy films prepared at higher discharge powers and

this could be due to enhancement of surface roughness of

grown films as a function for plasma powers.52 In the present

investigation, as evidenced from AFM results, PPy films depos-

ited at discharge power of 50 W are observed to be more hydro-

philic. In the present study obtained results are closely matches

with previously reported studies.53,54

Impedance spectroscopy (IS) is one of the promising analytical

tools to analyze linear electrical response of materials of interest

(including electrode effects) and the subsequent analysis of the

response to yield useful information about physicochemical prop-

erties of the systems. In the present study, we recorded IS spectra

for all PPy films at room temperature and investigated Z*(x)

and E*(x) parameters to understand electrical and dielectric

properties as a function plasma power. Figure 9 shows the

dependence of both real Z j and imaginary impedance Z jj compo-

nents of polymerized PPy films on applied frequency in the range

10 mHz–100 kHz. The Z j values are almost constant at lower

and higher frequency regions, and interestingly decreased monot-

onically in intermediate frequency zone and [Figure 9(a)]. The

peak maximum value of Z jj is noticed to be shifted toward

higher frequency region with the increase of plasma power [inset

of Figure 9(a)]. The Nyquist plots for PPy films [Figure 9(b)]

Figure 6. The ahtð Þ2 versus htð Þ graph and the optical energy gaps of

the PPy films grown at various glow powers (a) 10 W, (b) 30 W, and (c)

50 W.

Figure 7. Spectral dependence of refractive index of PPy films grown at

various discharge powers.

Figure 8. Surface wetting properties PPy films: (a) 10 W, (b) 30 W, and

(c) 50 W.
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demonstrated characteristic single semicircles close to origin,

which is a typical for single layered thin films.55 These semicircles

divulge the presence of the parallel combination of bulk resist-

ance corresponding to migration of ions and bulk capacitance

(due to the immobile polymer chains). Therefore, the frequency

response for the grown thin films can be represented by an

equivalent electrical circuit consisting of series resistance (Rs) cor-

responding to contact resistance of the ITO/polymer interface

and the bulk resistance (Rp) in the parallel RC network, bulk

capacitance (Cp) associated to layer resistance of the anthracene

derivative, geometric capacitance of the polymer layer, respec-

tively. The estimated slope values from Nyquist plots on log–log

scale are observed to be nearly equal to 0.5 [inset of Figure 9(b)]

and it signifies the single characteristic relaxation time.56 From

the Nyquist plots bulk resistance (Rb) was estimated from the

intercept of the plot with the real impedance axis. The conductiv-

ity can be calculated from the following equation57 and tabulated

in Table I. The estimated conductivity values are observed to be

increased with an increase in glow power.

rdc 5
I

Rb

� �
X

t

A

� �
(4)

Where t is film’s thickness, Rb is the bulk resistance of the sam-

ple, and A is the effective area.

Dielectric measurements have been carried out by sandwiching

the PPy films between two ITO electrodes and by employing

EG&G 273A galvanostat-potentiostat/impedentiometer con-

trolled by the impedance software M398 in order to acquire the

real and imaginary part of resultant impedance. Experimentally,

real and the imaginary parts of dielectric constant have been

calculated from impedenziometric data by using following

equations:

Ej52
X

X21R2ð Þ
d

E0A

1

2pf
(5)

Ejj5
R

X21R2ð Þ
d

E0A

1

2pf
(6)

In the above expressions, R, X, d, A, and f represent real imped-

ance, Reactance, thickness of the sample, area of cell surface,

and frequency of applied electric field, respectively. The result-

ant modulus of the complex dielectric constant is evaluated as

follows.

E�5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ejð Þ21 Ejjð Þ2

q
(7)

In order to interpret the influence of plasma power on meas-

ured dielectric relaxation of grown PPy films, E� fð Þ can be

described by Havriliak-Nagami function (which is an empirical

modification of the Debye relaxation model, accounting for the

asymmetry and broadness of the dielectric dispersion curve)

with the addition of a conductivity contribution (last term)

present at lower frequencies.

E� fð Þ5E11
X
j51

DE
½11i 2pfð Þ=ð2pfjÞa�b

2
ir

E
0 xð Þn

(8)

Here, DE 5 (ES2E1Þ indicates dielectric strength, ES and E1
are permittivity values at lower and higher frequencies, respec-

tively. fj is the corresponding relaxation frequency of the

medium, “a” and “b” describe the asymmetry and broadness of

Figure 9. (a) Real and imaginary parts of impedance versus frequency for

grown PPy films as a function of discharge powers. (b) Nyquist plots for

PPy films at various conditions. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Table I. Fitting Parameters for PPy Films Deposited at Various Discharge Powers

Plasma
power (W) DE (V/M) x a b

rfit (S/m) 3

10
212

rest (S/m) 3

10
212 n

10 0.12 0.001 0.87 0.5 1.35 1.37 0.96

20 0.14 0.005 0.82 0.79 2.11 2.00 0.99

30 0.2 0.009 0.79 0.99 2.97 2.92 0.97

40 0.3 0.009 0.90 0.99 3.97 4.08 0.96

50 0.7 0.01 0.99 0.99 6.00 5.82 0.99
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the corresponding spectra. “r” is related to conductivity, and

“n” is a fitting parameter responsible for the slope of the

conductivity.58,59

Figure 10 illustrates the variation of characteristic Ej fð Þ and Ejj
fð Þ values as a function of applied frequency. At lower fre-

quency region, the Ej fð Þ values are increased with decrease in

applied frequency and this similar behavior is observed for

many polymers, it could be due to contribution of free charge

carriers conduction in the matrix of PPy thin films.60 At higher

frequency region, Ej fð Þ values are independent of applied fre-

quency. Because at high frequency regions, the free charge car-

riers diffusion along direction of the applied electric field

becomes zero due to rapid periodic reversal of the applied elec-

tric field. Estimated dielectric constant values of PPy films are

decreased with an increase of discharge power. The dielectric

loss Ejj fð Þ values of grown PPy films decreased exponentially at

lower frequency region and became independent of frequency at

higher frequency region as shown in inset of Figure 10. The

dielectric strength “DE” provides the information about relaxa-

tion strength of polymer matrix and estimated De values

increased slightly with increase of plasma power. At lower

plasma power values, the interlinking of activated polymer

spices show a preferential dipolar orientation in the direction of

its polarization. With the increase of plasma power, the acti-

vated polymer species oppose to show a preferential dipolar ori-

entation in the direction of polarization and this leads to slight

increase in dielectric strength values. The Cole–Cole plots for

grown PPy films are fitted by Mathematica curve fitting tool (as

shown in Figure 11)61 and obtained respective dielectric

strength, conductivity values are provided in Table I. Estimated

and fitted conductivity results are in congruent with each other

and noticed to be increased appreciably from 1.35 3 10212 S/m

to 6.0 3 10212 S/m with an increase of plasma powers from 10
Figure 10. Behavior of estimated dielectric constants of grown films as a

function of frequency (solid black line represents the fit). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 11. Cole–Cole plots for DC glow discharge plasma polymerized

PPy films. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 12. (a) Real and (b) imaginary parts of electric modulus versus

frequency for the PPy films at various discharge powers. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4398243982 (7 of 10)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


W to 50 W, respectively. It reveals the increase of migration of

immobile species or defects in the polymer material as a func-

tion plasma power.

Complex modulus analysis is an alternative approach to explore

electrical properties of the material and to magnify any other

effects present in the sample as a result of different relaxation

time constants. It is an important and convenient tool to deter-

mine, analyze and interpret the dynamical aspects of electrical

transport phenomena (i.e., parameters such as charge carrier

hopping rate, conductivity relaxation time, etc.). A complex

electric modulus has been used to investigate the conductivity

relaxation phenomena, because it suppresses the effects of elec-

trode polarization (EP) to give a clear picture of electrical prop-

erties. Complex electric modulus can be estimated from the

impedance data using following expression.62

M�5 M j xð Þ1jM jj xð Þ: (9)

M j5 xC0Zi: (10)

M jj5 xC0Zr : (11)

Here M j, M jj and Zi, Zr represent real and imaginary parts of

the electric modulus and impedances, respectively. The complex

dielectric function, E*, which consists of dielectric constant and

loss in materials property depends on frequency, temperature,

and structure. At low frequency both of them (e| and ejj) are

very high due to EP effect.63 To reduce the effect of EP, Macedo

and coworkers have established the electric modulus formal-

ism.64 The frequency dependence of M j for PPy films grown at

various discharge powers is shown in Figure 12(a). It is obvious

that M j reaches a maximum saturation at high frequency and

this type behavior is an indicative of negligible EP phenomenon

in the test material. The plots of M jj versus frequency [as shown

in Figure 12(b)] exhibit peaks for M jj at different frequencies

corresponding to the different discharge powers. The peak max-

ima is observed to shift towards higher frequency side with an

increase of discharge powers. The respective Argand plots for

PPy films demonstrated complete semicircular shape (as shown

in Figure 13) and the respective diameter of the semicircles are

found to be independent of discharge powers.

CONCLUSIONS

We have synthesized Polypyrrole thin films by DC glow dis-

charge plasma polymerization technique and investigated the

influence of discharge power on microstructural and dielectric

properties. As evidenced from XRD measurements PPy films

prepared at various discharge powers are observed to be amor-

phous in nature. The presence of characteristic peaks in FTIR

spectra reveals that DC-glow discharge plasma polymerization is

a promising technique to produce structurally less defective PPy

films by controlling high fragmentation effect during the growth

process. In the present study, as a function of discharge power,

we observed significant modifications in surface morphology,

optical, and dielectric properties grown PPy films. For films

prepared at higher discharge power of 50 W, the surface mor-

phology of the films is observed to be composed of vertical

spike shaped clusters with an estimated rms surface roughness

of 3.42 nm. The absorption band in UV-Vis region is inter-

preted in terms of p–p� excitation and evaluated optical band

gap values are noticed to be decreased to 2.53 eV with an

increase of discharge power to the higher value of 50 W. In the

present work, significantly the hydrophilicity of Polypyrrole

films increases with increase in discharge powers. The dielectric

strength and conductivity of grown films are increased appreci-

ably as a function of discharge power and found to be 0.7 V/m

and 6 3 10212 s/cm for films prepared at discharge power of

50 W.
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