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INTRODUCTION

Plasma polymers have attained a distinct position
in the field of new materials and industrialization due
to their adaptable/controllable optical, thermal, elec�
trical, and other properties [1–3]. The reason behind
the increasing interest is, a large number of applica�
tions in a wide range of fields such as production of
membranes for reverse osmosis [4], solar mirror pro�
tective coatings [5], thin films insulators and capaci�
tors in integrated microelectronics [6, 7], biosensors
[8], chemical sensors [9] and humidity sensors [10].
Researchers have chosen plasma polymerization tech�
nique due to its suitability as a dry method for the chip
and microelectronics industry. Since last four decades
a large number of studies have been performed on the
thin polymeric films, yet these materials need further
study to find high quality new materials for electrical,
electronic, and optical based devices in industrial and
scientific applications. Kipnusu et al. [11] reported
Ohmic conduction in the low electric fields and space
charge limited conduction (SCLC) in the high electric
fields. Phonon assisted variable range hopping trans�
port mechanism is dominant between two localized
states in the temperature range of 330–440 K. 

Nespurek et al. [12] briefly outlined the theory of
SCLC mechanism in organic thin films. They report�
ed that current�voltage (I–V) characteristics strongly
depend on temperature, presence of charge carrier
traps, and their distribution in energy, spatial inhomo�
geneity of the sample and electrode configuration. The

presence of a trap influences generation�recombina�
tion noise which can be employed to determine densi�
ty�of�states. Gulalkari et al. [13] suggested that Schot�
tky–Richardson conduction mechanism to be appli�
cable in polyvinylchloride (PVC)�poly(methyl
methacrylate) (PMMA) blend films and absence of
thermodynamic transition in the temperature range of
313–353 K. Deshmukh et al. [14] studied the electri�
cal properties of polyaniline doped PVC–PMMA and
suggested that neither Poole–Frenkel (PF) nor Fowl�
er–Nordheim mechanisms could explain the conduc�
tivity, rather Schottky–Richardson mechanism could
be applied closely in the temperature range of 323–
363 K. Shah Jalal et al. [15] studied the conduction
mechanism in plasma polymerized m�xylene (PPm�X)
thin films and inferred that the PF type of conduction
was most probable in PPm�X thin films. Akther and
Bhuiyan [16] investigated the electrical conduction
mechanism in plasma polymerized N,N,3,5�tetrame�
thylaniline thin films and suggested that the conduc�
tion mechanism was SCLC. Pipinys et al. [17] per�
formed experiments to establish a model for the con�
duction mechanism in polyethylene (PE) films under
high electric fields. To ascertain the peculiar behavior
they suggested a model based on phonon assisted tun�
neling of charge carriers from localized states to the
conducting ones, enables them to explain the temper�
ature dependent I–V characteristics both in PE films
and other polymers. Thus it can be noticed that a vari�
ety of mechanisms are responsible for the electrical
conduction in various materials depending on the his�
tory of preparation and processing. 
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The vinylene carbonate (VC) is a cyclic, reactive,
unsaturated carbonate ester [18, 19]. The role of VC as
an additive was studied and the solid electrolyte inter�
facial layer resulting from its reduction was character�
ized by infrared spectroscopy [20, 21]. The best use of
VC is, as a component of surface coatings. Although
there are reports on the additive characteristics of VC,
as yet a scanty of study on the electrical properties of
thin films obtained from VC has been appeared in the
literature. The vinylene compounds have applications
in the electrical and optical devices [18, 21]. So the in�
vestigations of the structural and electrical properties
of thin films grown from VC are of necessity for its ap�
plication in various devices. From this point of view,
the studies of the structural and electrical properties of
plasma polymerized vinylene carbonate (PPVC) thin
films have been undertaken. In this paper, the struc�
tural characteristics by Fourier transform infrared
(FTIR) analysis and the current density�voltage (J–V)
characteristics at different temperatures of the PPVC
are presented.

EXPERIMENTAL PROCEDURE

The monomer

The VC (C3H2O3) (Technical grade, 97%, Aldrich
Chemical Company, USA) in liquid form was used as
an organic precursor. The chemical structure of the
monomer is shown in Fig. 1 and the physical proper�
ties of VC are given in Table 1.

The Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopic analysis was used for deter�
mining the presence or absence of specific functional
groups in polymers. The FTIR spectra were recorded
to investigate the chemical structure of the VC and
PPVC. 

The experimental set up for plasma polymerization

A capacitively coupled reactor was used for deposi�
tion of PPVC. The reactor consists of three parts,
namely, vacuum system, gas inlet system and dis�
charge system. The glow discharge system has two par�
allel circular plates of stainless steel with a diameter of
0.09 m and thickness of 0.001 m placed 0.04 m apart.
Prior to the polymerization process the glow discharge
chamber was evacuated by a rotary pump down to a
base pressure of 1.33 Pa. Plasma was generated in the
chamber at the line frequency 50 Hz. During the reac�
tion, a vacuum gauge was used to measure the pressure
inside the plasma chamber. During polymerization the
power of the glow discharge was kept at about 40 W
and deposition was made for 60 minutes. 

Sample preparation
for FTIR and electrical studies

The FTIR spectrum of the monomer VC was ob�
tained by putting the liquid monomer in a KBr mea�
suring cell. The PPVC powder was collected from the
PPVC deposited substrates and then pellets of PPVC
powder mixed with KBr were prepared for recording
the FTIR spectrum of PPVC. The FTIR spectra of the
different samples were recorded at room tempera�
ture by using a double beam IR spectrophotometer
(SHIMADZU FTIR�8900 spectrophotometer) in the
wavenumber range of 400–4000 cm–1. The FTIR
spectra of the VC monomer and the PPVC thin films
were recorded in transmittance (%) mode. Glass slides
(18 mm × 18 mm × 1 mm) (Sail brand, China) were
used as substrates in this work. Before thin film depo�
sition the substrates were cleaned very carefully with
acetone and dried by high quality cotton. Again sub�
strates were cleaned by distilled water in an ultrasonic
bath. The cleaned glass slides were next rinsed with
deionized water and then dried properly. Then the
substrates were preserved in desiccators. Metal elec�
trodes of aluminum (Al) for electrical measurements
were deposited using an Edward coating unit E�306 A
(Edward, UK). All of the components of the coating
unit were properly cleaned with acetone. The process
of deposition starts after achieving a vacuum, of the
order of 1.33 × 10–3 Pa or better in the deposition
chamber. The vacuum chamber was evacuated by an
oil diffusion pump backed by an oil rotary pump. The
glass substrates were masked with a 0.08 m × 0.08 m ×
× 0.001 m engraved brass sheet for the electrode depo�

Table 1.  Some physical properties of vinylene carbonate
(C3H2O3)

Name of the Property Property

Form Clear liquid

Color Colorless

Molecular Formula C3H2O3

Molecular Weight 86.05

Boiling point 435 K

Flash point 346 K

Density 1.355 g/ml

O
C

O

CHHC

O

Fig. 1. The chemical structure of vinylene carbonate.
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sition. For the electrode deposition Al was kept on
the tungsten filament. The filament was heated by
low�tension power supply of the coating unit. Dur�
ing evacuation of the chamber by diffusion pump,
the diffusion unit was cooled by the flow of chilled

water and its outlet temperature was not allowed to
rise above 305 K. When the Penning gauge reads
about 1.33 × 10–3 Pa, the Al on the tungsten fila�
ment was heated by low�tension power supply until
it was evaporated. 
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Fig. 2. The FTIR spectra of monomer VC and PPVC.

Table 2.  Assignments of IR absorption peaks for monomer vinylene carbonate (VC) and plasma polymerized vinylene car�
bonate (PPVC)

Types
of vibration/Assignments

Vinylene Carbonate
Wave number [21], cm–1

Vinylene Carbonate
Wave number, cm–1

PPVC
Wave number, cm–1

O–H stretch 3245 3385 3385

Symmetric C–H stretch 3170 3167 2922, 2853

C≡C stretch 2130 2135 2365, 2330

C=O stretch 1831 1853, 1830 1869

Skeletal (C=C) stretch 1620 1628 1683–1647

C–H in�plane bend 1347 1348 1383

C–H in�plane bend 1160 1159 1159

Skeletal (C–O) stretch 1081 1082, 1035 1057

Skeletal breathing 905 906

Skeletal bend 740 741

C–H out�of�plane 711 715 669

C=O out�of�plane 532 530 518



ВЫСОКОМОЛЕКУЛЯРНЫЕ СОЕДИНЕНИЯ  Серия А  том 53  № 1  2011

DC CONDUCTION MECHANISM IN PLASMA 91

RESULTS AND DISCUSSION

The Fourier transform infrared analyses

Figure 2 represents the FTIR spectra of the VC
monomer and the PPVC recorded at room tempera�
ture and the peak assignments of the spectra are pre�
sented in Table 2. The FTIR spectrum of the VC
monomer is in good agreement with previously pub�
lished literature [21]. From the previous recorded data
[21] it is observed that VC has 18 vibration fundamen�
tal which can be classified according to the four irre�
ducible representations. In the monomer spectrum a
strong peak is observed at 3167 cm–1, close to
3170 cm–1 is due to symmetric C–H stretching. An�
other peak is observed at 1830 cm–1 due to C=O
stretching. A skeletal stretch (C=C) peak is observed
at 1628 cm–1. At 1348 cm–1 a strong peak is observed
due to C–H in�plane bending. At 1160 cm–1 a peak is
observed due to C–H in�plane bending. A strong peak
at 1082 cm–1 is due to skeletal (C–O) stretching and at
906 cm–1 may be assigned to skeletal (C–O) breathing.
The peak observed at 741 cm–1 corresponds to skeletal
(C–O) bend. A very strong peak at 715 cm–1 is due to
C–H out�of�plane. A very small peak at 530 cm–1 is
due to C=O out�of�plane [21]. 

A comparison of the FTIR spectra of the VC and
PPVC revealed that the spectrum of the VC is changed
to some extent after formation of the PPVC. In the
FTIR spectrum of the PPVC thin films a broad band is
observed around 3385 cm–1 due to O–H bond, which
may arise due to absorbed moisture from air. A peak is
observed at 2922 cm–1 corresponds to aromatic ring
C–H stretching and C is a part of ring. The C≡C and
C≡N are assigned to the wavenumber range 2300–
2000 cm–1. In the spectrum of PPVC two medium
strong peaks are observed at 2330 and 2365 cm–1 which
may be assigned to the formation of C≡C due to ab�
straction of hydrogen during plasma deposition. In the
VC spectrum a strong peak is observed at 2135 cm–1.
Due to symmetry a terminal C≡C produces a stronger
band than an internal C≡C (pseudosymmetry) [22]. At
the wavenumber 1869 cm–1 a very weak peak is ob�
served, which may be due to C=O stretching. Gener�
ally C=O and C=C are assigned in the wavenumber
range 1900–1500 cm–1 [22]. 

The VC is unsaturated cyclic ester and esters have
two characteristically strong absorption bands origi�
nated from C=O and C–O stretching. The C=O
stretching vibration occurs at higher frequencies. The
force constant of the carbonyl bond is increased by the
electron attracting nature of the adjacent oxygen atom
(inductive effect).The C=O absorption band of satu�
rated aliphatic esters is in the region of 1750–
1735 cm–1. The C=O absorption band of unsaturated
esters are in the region of 1730–1715 cm–1. In the
spectra of vinyl or phenyl esters, with unsaturation ad�
jacent to the C–O group, a marked rise in the carbonyl

frequency is observed along with a lowering of the
C⎯O frequency [22]. Vinyl acetate has a carbonyl
bond at 1776 cm–1 whereas VC has an absorption band
at 1830 cm–1 [22], but in the PPVC this band appears
at 1869 cm–1 corresponding to C=O stretching. At the
wavenumber 1653 cm–1 a medium peak is observed
due to deformation of aromatic C=C stretching close
to assigned wavenumber 1620 cm–1. In the range
1660–1730 cm–1 the unclear peaks indicating that
during plasma polymerization C=O may be broken.
Also in the FTIR spectrum of the VC a large number
of sharp peaks are observed in the lower wavenumber
region whereas in that of the PPVC diffused peaks are
observed with a clear one at 1383 cm–1, which is as�
signed to C–H in�plane bending. In the region
1160 cm–1 a small peak is observed due to C–H plane
bend. At 1057 cm–1, a broad band is observed which
may be due to C–O skeletal stretch. A shifting to
shorter/longer wavelengths diminishing the
peaks/bands significantly in the PPVC spectrum com�
pared to that of the VC spectrum indicate the occur�
rence of fragmentation of the monomer during plasma
polymerization. Therefore structural modification oc�
curs due to hydrogen abstraction/fragmentation and
cross linking of the VC structure.

The J–V characteristics

For a specific polymeric material one of the four
different conduction mechanisms will be dominant.
The probable conduction mechanisms named as

100

10−5

Voltage, V
101 10210−1
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10−7
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325 K
375 K
425 K

10−4

10−3

10−2

J, A m−2

Fig. 3. Variation of current density with applied voltage at
different temperatures for PPVC thin film (thickness, d =
= 130 nm). 
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SCLC, electrode limited Schottky type conduction,
bulk limited PF conduction and tunneling. Figure 3
represents the J–V characteristics curves of a PPVC
thin film of 130 nm thickness at the temperatures of
300, 325, 375 and 425 K. The variation of J with V
seems to be linear in the low voltage region, but at
higher voltages, the rate of increase of current density
is faster. The J–V characteristics follow a power law of
the form J α Vn with different ‘n’ values (slopes). In the
low voltage region the values of slope are 0.85 < n <
1.00 and that of in the high voltage region lie between
1.30 < n < 1.75 as shown in Table 3. 

So these observations indicate that the current con�
duction is Ohmic in the low voltage region and non�
Ohmic in the high voltage region. In addition, at the
higher temperatures the current density increases sig�
nificantly, revealing a strong temperature dependence
of the current density. The steady�state space�charge�
limited conduction current density, J, in a plane�par�

allel dielectric sample with an electrode separation d is
proportional to the square of the applied voltage V.
That is, the current density obeys an equation of the
form [23]

(1)

where ε is the dielectric constant of the material, ε0 is
the permittivity of the free space and μ is the mobility
of charge carriers. Therefore, for SCLC mechanism
the slope of the J–V characteristics should be greater
than or equal to 2. 

From the J–V plots in Fig. 3 it is observed that in
the higher voltage region the calculated values of the
slopes are much smaller than that required for SCLC.
Actually, in the higher voltage region, the slopes are
less than 2, which suggest the possibility of PF or
Schottky type mechanisms in the PPVC thin films and
the possibility of SCLC is negligible. Tunneling is an�
other possible conduction mechanism but for very thin
film of thickness of the order of a few nanometers. The
sample used in the present measurement is far away
from this range. So there is no possibility of tunneling
effect. 

The general expression for both Schottky and PF
type conductions is expressed by the equation of the
form [24] 

(2)

where J0 is the low�field current density, F is the ap�
plied electric field, k is the Boltzmann constant, T is
the absolute temperature and φ is the ionization ener�
gy of localized centers in PF conduction and Coulomb
barrier height of the electrode polymer interface in
Schottky type conduction, β is the coefficient of the
static electric field. The coefficient β for the Schottky
type conduction is known as Schottky coefficient, βs,
and defined as

(3)

For the PF mechanism, it is called the PF coeffi�
cient, βPF, and is defined as

(4)

where e is the electronic charge. 
So, according to equation (2) a plot of lnJ versus

V1/2 (Schottky plots) should be a straight line in the
higher voltage region with a positive slope [14]. Figu�
re 4 shows the plots between lnJ versus V1/2 for a PPVC
thin film of thickness 130 nm. It is observed from the
Fig. 4 that Schottky plots are approximately straight
line with positive slopes indicating the probable con�
duction mechanism to be of Schottky or PF type.
Therefore, from the voltage dependence current den�
sity data at different elevated temperatures it is found
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Table 3.  Values of ‘n’ at different temperatures for PPVC
samples with thickness 130 nm

Temperature, 
K

Values of the slopes

Low voltage region High voltage region

300 1.00 1.30

325 1.00 1.45

375 0.85 1.55

425 1.00 1.75

Voltage1/2, V1/2
2

−14

300 K
325 K
375 K
425 K

4 60
−18

−10

−6

lnJ, arb. units

Fig. 4. Variation of lnJ with square root of applied voltage
for PPVC thin film (thickness, d = 130 nm) [Schottky
plots]. 
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that the mechanism of charge transport in PPVC may
be due to Schottky or PF type.

To differentiate between these two possible mecha�
nisms Schottky coefficient (βs) and PF coefficient
(βPF) should be calculated theoretically and com�
pared with the β found experimentally. To calculate
experimental values of the β coefficients the rela�
tion βexp = skTd1/2 were used, where s is the slope
(s = Δln J/ΔV1/2) of the graph plotted between lnJ and
V1/2. The theoretical values of the coefficients were
calculated from the equations (3) and (4).

From the Table 4 it is clearly seen that the experi�
mental values are very close to the theoretically calcu�
lated Schottky coefficient which indicates that the
probable mechanism of charge transport in the PPVC
thin film is of Schottky type. Furthermore in Schott�
ky–Richardson mechanism, the current density
shows strong temperature dependence but not in the
case of PF mechanism [14]. Therefore an alternative
way to identify whether the conduction mechanism is

PF or Schottky, it is appropriate to investigate the tem�
perature dependence of the current density. To affirm
Schottky–Richardson mechanism ln(J/T2) vs. 1/T
curve should be a straight line with a negative slope
[25]. 

Figure 5 shows the plot of ln(J/T2) vs. 1/T (Rich�
ardson plots) for the PPVC thin film of thickness
130 nm. It is observed from the Fig. 5 that at two fixed
voltages (5 and 20 V) the curves are straight line indi�
cating the Schottky type conduction mechanism. So,
the conduction mechanism in the PPVC thin films has
a maximum possibility of being Schottky type. The
straight line with constant slope observed throughout
the applied electric field indicating the absence of any
thermodynamic transition with in the measured tem�
perature range.

CONCLUSIONS

The comparative study of the FTIR spectra of VC
and PPVC yields that the PPVC thin films grown by
plasma polymerization technique have slightly differ�
ent chemical structure from that of the VC due to some
structural rearrangement. The absence and/or shifting
of some of the FTIR absorption bands in the PPVC
support the above observations. From the J–V charac�
teristics of PPVC thin films it is observed that the cur�
rent increases nonlinearly with the applied voltage.
With a fixed voltage, the current densities are higher at
higher temperatures. Theoretically calculated values
and experimental results of βs and βPF have lead to
comment on the conduction mechanism as Schottky
type. The temperature dependence of current density
also suggests Schottky type mechanism. Therefore it
may be concluded that the most probable conduction
mechanism in the PPVC thin films is of Schottky type. 

ACKNOWLEDGMENTS

One of authors, S. Majumder, acknowledges the fi�
nancial support offered by the authority of Bangladesh
University Grant Commission, Agargaon, Dhaka�
1207 as a Ph. D. fellowship and also to the Ministry of
Education, Bangladesh for sanctioning 3 years depu�
tation for higher study.

Table 4.  Comparison between the theoretical and experimental β coefficients with thickness 130 nm

Dielectric constant Temperature, K

Theoretical, βth Experimental, βexp

βS

(eV�m1/2 V–1/2)
βPF

(eV�m1/2 V–1/2)
(eV�m1/2 V–1/2)

6.00 300 1.55 × 10–5 3.10 × 10–5 0.60 × 10–5

5.38 325 1.64 × 10–5 3.28 × 10–5 0.70 × 10–5

4.93 375 1.71 × 10–5 3.42 × 10–5 0.85 × 10–5

4.89 425 1.72 × 10–5 3.44 × 10–5 1.20 × 10–5

2.6

−24

−26

ln(J/T2), arb. units

3.4

5 V

−22

2.2
1000/T, K−1

−20

3.0

20 V

−18

Fig. 5. Variation of ln(J/T2) with inverse absolute temper�
ature for PPVC thin film (thickness, d = 130 nm) [Rich�
ardson plots].
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