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ABSTRACT: Thin organic polymer films were prepared by plasma polymerization in the 
heated system. The films obtained were very smooth and free of pinholes. The electrical 
conductivities ranged from 10- 6 to 10- 7 Scm- 1 and the AliPolymeriAu cells with polymers 
produced from fumaronitrile and p-aminobenzonitrile showed rectifying effect. Both IR obser
vations and electrical measurements confirmed that the conjugated double bonds formed by plasma 
polymerization in the heated system were responsible for high electrical conductivity. The plot of 
log u vs. 1IT gave straight line and 0.29 eV of the activation energy was determined for fumaronitrile 
polymer. 

KEY WORDS Plasma Polymerization I Electrical Conductivity I 

Fumaronitrile I Isophthalonitrile I p-Aminobenzonitrile I Organic 
Semiconductor I 

The formation of thin polymer films by 

means of the glow discharge in the vapor of 

a monomer at low pressure, referred to as 

plasma polymerization, has been well known 

for many years. 1 Because of the large num

ber of reaction pathways available during 

plasma polymerization, the polymers general

ly have very complex structures such as 

branching or formation of new groups. The 

major distinguished feature in them is the 

very high degree of crosslinking which ren

ders them insoluble.2 •3 

As the plasma-polymerized films have gen

erally the characteristics of high electrical 

resistivity and strong to substrates, 

the plasma polymerization technique has be

come widely accepted in the electronics and 

optics manufacturing industries; plasma 

polymers have been used as dielectrics for 

thin film capacitors,4 • 5 protection of semi-

conductor devices,6 • 7 chemically modified 

electrodes, 8 -ll scratch resistant coatings for 

plastic optical components,12 optical wave

guides, 13 an tirefl.ection coatings/ 2 and coat

ings for the orientation of liquid crystals in 

liquid crystal displays. 14 Less directly, plas

ma polymers have found application as corro

sion protective coatings for metals or alloys.tS 

The glow discharge process in most inves

tigation was carried out at room temperature 

and the conductivity of plasma polymers ob

tained ranged from 10- 17 to 10- 13 Scm- 1 . In 

the previous study16 in our laboratories, ace

tonitrile was plasma-polymerized at room 

temperature and then the polymer film was 

annealed at the temperature ranging from 

200 to soooc in a vacuum. It was found that 

the electrical conductivity increased by an

nealing, ranged from 10- 10 to 10- 3S em - 1 , 

but this technique has the following draw-
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backs; one is the fact that two fabricating 

processes, plasma-polymerization and an

nealing, are needed for an electrically con

ductive film and the other is that pinholes 

and/or cracks in a polymer film are susceptible 

to formation because of the evaporation of the 

low molecular fragments and foreign mate

rials during the annealing process. 

In the present work, we plasma-polymerized 

some monomers containing cyanogen groups 

in a heated system for the improvement of 

above-mentioned drawbacks and investigated 

the electrical properties of plasma polymer 

films sandwiched between metal electrodes. 

EXPERIMENTAL 

Plasma Polymerization 

Figure 1 shows a schematic diagram of 

plasma polymerization reactor. The outside 

of the reactor whose body is 5 cm-i.d. Pyrex 

glass of 60 em length was heated to 250°C 

with a mantle heater. The inside was evacuated 

to 10- 2 torr with a rotary pump and then the 

glass substrate with a predeposited gold 

electrode was heated to 200oc with an inner 

heater. Before the gold predeposition the 

glass substrate was cleaned by sanification 

and rinsed with copious amount of distilled 

A.C. 

POWER 
SUPPLY 

water. The solid monomer mounted on an

other inner heater was heated to near its melt

ing point and the vapor pressure of monomer 

was around 1 torr. All monomers of fumaro

nitrile, isophthalonitrile, and p-aminobenzo

nitrile were reagent grade and used as ob

tained from the manufacturer (Tokyo Kasei 

Co.). The glow discharge was initiated at 

10-100W by a Tokyo By-power's rf power 

signal generator (model PSG-1301) which 

operates at 13.56 MHz. Radio frequency 

was coupled to a glow discharge capacitively 

by use of two parallel aluminum plates, placed 

outside to glow discharge vessel and 7 em 

apart. 

Sandwich Cell Preparation 

The specimen was removed from the plasma 

chamber and the top electrode was evaporated 

on the plasma-polymerized films in a vacuum 

of about 10- 6 torr using a JEOL JEE-4X 

Vacuum evaporator. The aluminum mask was 

utilized to restrict the area of top electrode 

to approximately 0.1 square centimeter. When 

aluminum lead wires were attached at the 

ends of the specimen with the aid of silver 

paste it was ready for electrical measure

ments. The configuration of sandwich cell is 

shown in Figure 2. 

R.F. GENERAlOR 

13.56 MHz 

ROTARY 
PUMP 

Figure 1. Schematic diagram of plasma polymerization reactor. 
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Figure 2. Configuration of sandwich cell. 

Electrical Measurements 

Current-voltage measurements were carried 

out using an electrometer (TR-8641, Takeda 

Riken) and a DC voltage supply (Type 2553, 

Yokogawa Electric Works, Ltd.) or a function 

generator (model FG-121B, NF Circuit De

sign Block Co., Ltd.) which generates the 

triangular voltage. The voltage across the 

sample capacitor was slowly increased man

ually or automatically and the output was fed 

to the X-axis of an X-Y recorder (model F-3F, 

Riken Denshi Co. Ltd.). Simultaneously, the 

current was observed on theY-axis. 

Film Thickness Measurement 

The thickness determination of the polymer 

films was done by a multiple interference unit 

attached to metallurgical microscope (Nikon 

Optiphoto, type 104). The thickness of the 

plasma polymerized films ranged between 

1 OOOA to I J.lm. 

IR Spectra 

Infrared absorption spectra of polymer films 

deposited on metal-coated slide glasses were 

recorded by polarized refrection method in 

IR spectrometer (DS-701G+PR-51, JASCO). 

Scanning Electron Micrograph 

The electron micrograph was taken with a 

JEOL JSM-25S III scanning electron micro

scope. The polymer film was coated with gold 

by the sputter deposition prior to the mea

surement in order to improve the resolution 

of the micrograph. 

RESULTS AND DISCUSSION 

In the heated plasma-polymerization system 

Polymer J., Vol. 18, No. 10, 1986 

Figure 3. SEM photograph of fumaronitrile polymer 

film ( x I 0000). 

any volatile foreign materials or low molecular 

fragments are evaporated from the substrate 

and sucked into the vacuum trap during the 

plasma-polymerization process. Holes or 

thin spots resulting from the evaporation of 

volatile foreign materials or low molecular 

fragments in polymer films are filled with 

high molecular fragments or polymer due to 

the stronger electrical field at holes or thin 

spots. This film-formation process continues 

for the given polymerization time and con

sequently very uniform and pinhole-free films 

can be obtained. Figure 3 shows a SEM pho

tograph of fumaronitrile polymer (FN) film. 

The polymer film is very smooth and pinhole

free. In fact it was so smooth that it was 

difficult to obtain good resolution. Several 

investigators13 • 17 - 20 have examined plasma

formed polymers with SEM and observed 

spherical powders with diameters of a few 

mici·ons. However, no such particles were 

observed in the films produced here. 

The polymer films adhered tightly to their 

substrates and showed no dissolution in a 

variety of solvents such as water, methanol, 

dichloromethane, acetonitrile, and tetrahy

drofuran. Strong adhesion to a substrate 

might be ascribed to the formation of highly 

reactive free radicals on the surface of sub

strate by the bombardment of radiation of 

various wavelengths produced by the plasma. 

Such highly reactive radicals could contribute 
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to bond formation between substrate and 

growing polymer. By the use of electron spin 

resonance, Morosoff et a/. 21 have detected the 

presence of free radicals in a glass substrate 

subjected to plasma treatment or plasma 

coating. 

Inferring from the fact of insolubility in 

organic solvents and the mechanism of 

plasma polymerization, the polymer was 

thought to have highly crosslinked struc

ture. 

Table I shows the electrical properties of 

the polymers produced at 200°C in the 

heated system. The electrical conductivities, 

which were measured with Au/Polymer/Au 

cells, ranged from 10- 6 to 10-7 s cm- 1 and 

were enhanced by one order of magnitude by 

13m W em-2 of white light excitation. The 

polymer films which showed high electrical 

conductivities compared to the results of 

Bradley et a/.,1 10- 17-10- 13 S cm- 1, would 

qualify for consideration as organic semicon

ductors. 

The Al/Polymer/Au cells with FN and with 

PABN showed the rectifying effect. The cell 

with IPN exhibited no rectifying effect, but it 

showed a blocking contact, which gave non

symmetrical and non-ohmic characteristics. 

It may be due to the existence of the surface 

potential in the IPN. 
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Figure 4. Current-voltage characteristic for Al/FN/Au 

cell. 
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Figure 4 shows a typical current-voltage 

characteristic of AljFNjAu cell when biased 

on the Al electrode. This polymer is p-type 

semiconductor from the measurement of ther

moelectric effect (Seebeck effect). Therefore, 

the polymer can form Schottky barrier with 

aluminum which has low work function. The 

direction of the forward current and the large 

rectification ratio suggest the formation of the 

Schottky barrier at the Al/FN interface. In 

addition, the capacitance of the cell depends 

slightly on the bias electric field. The carrier 

density of the polymer which was evaluated 

from the bias field dependence of capacitance 

(l/c2) was about 10- 17 cm- 3. This means the 

polymers have the low carrier mobility, which 

is responsible for amorphous structure of the 

polymer. The forward current-voltage cha

racteristic is represented by -the following re

lationship.22 

Jc::::.Jsexp(qVjnkT) 

where J is a current density, ]5 the saturation 

current density, q the charge of an electron, 

V an applied voltage, k the Boltzmann con

stant, T an absolute temperature, and n an 

ideality factor defined as 

n =(qjkT) · (oVfo(lnJ)) 

In organic devices, n implies the deviation 

from ideal diode (n = 1 ). The values of n 

for organic devices were reported as 1.5 for 

phthalocyanines,23 1.98 for polyacetylene,24 

and 5.0 for poly(p-phenylene sulfide). 25 As 

shown in Table I, the present devices show-

Table I. Electrical properties of the sandwich cells 

Plasma Rectification Ideality Conductivity 

polymer• ratio at SV factor Scm- 1 

FN 100-200 6-8 10-6 

lPN 10-7 

P-ABN 50-100 12-17 10-6 

• FN, lPN, and P-ABN represent the plasma polymer 

produced from fumaronitrile, isophthalonitrile, and p

aminobenzonitrile, respectively. 
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Figure 5. IR spectra of FN Polymer; (a) polymerized 

at room temperature x 10 W, (b) 200°C x 10 W, (c) room 

temperature x 100 W. 

ed the slightly higher n values as organic 

devices. This might be due to the high con

centration of trap levels in the polymer/ 

electrode interface and polymer bulk. 

Figure 5 shows theIR spectra of FN. They 

represent the spectra of the samples, (a) sub

jected to glow discharge at room temperature 

and lOW, (b) at 200°C and lOW in the heat

ed system, and (c) at room temperature and 

100 W. The general feature of the spectra 

peaks was similar and all showed an unre

solved distribution of absorption bands, sug

gesting a mixture of materials with extended 

conjugation or free valences. In comparison 

with (a) and (b), the intensity of the absorption 

peak at 2200 em - 1 (C = N stretching vibra

tion) was weaker in (b) and the peak at 1670 

cm- 1 (nonconjugated C=C and/or C=N 

stretching vibration) shifted to 1600 em - 1 

(conjugated C=C and/or C=N stretching 

vibration). In the other comparison with (a) 

and (c), the peaks at 2200 and 1670cm- 1 are 

weaker in (c). The electrical conductivities of 

sample (a) and (c) were the order of 10- 12 S 

em - 1, but the electrical conductivity of (b) 

was the order of 10-6 S cm- 1 . From these 

results it can be suggested that the effects of 

temperature and power are both related to the 

opening of C = N bond, but the temperature 

has influenced to the formation of conjugated 
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Figure 6. Log u vs. 103/T plot for FN Polymer at 

2.0V. 

double bond which can form bands by over

lapping n-orbitals and through which the 

transport of electrons or holes can occur, 

resulting in high conductivity. The reproduc

ible results of electrical properties can be ob

tained with the sample polymerized in the 

heated system, but in the case of samples 

polymerized at the room temperature and then 

annealed above 200°C they cannot be ob

tained. 

The stability of the polymer films made it 

possible to measure an activation energy of 

electrical conduction. The temperature de

pendence of the electrical conductivity of 

FN is shown in Figure 6. The conductivity 

was related to the familiar expression26 

a=a0 exp( -E./kT) 

in which E. is the activation energy for con

duction, a electrical conductivity and a0 con

stant. The activation energy was calculated to 

be 0.29eV from the slope of the straight line in 

Figure 6 and the energy band gap, Eg, 0.58 

eV from the equation27 of Eg=2E., derived 

from the assumption of an intrinsic semicon

ductor. The low activation energy in the pres

ent investigation showed remarkable contrast 
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to the value of l. 36 e V reported by Bradley 

et a/.28 who had plasma-polymerized hydro

carbon and amine monomers at room tem

perature. This implies a different conductiv

ity mechanism, one of the possibilities must 

be that in the present polymer the principle 

charge carriers are available from conjugated 

carbon-nitrogen double bonds where the 

mobility might be higher, while in the hydro

carbon and amine polymers the charge trans

fer is due to hopping along the carbon-carbon 

skeleton. 

CONCLUSION 

Thin organic polymer films produced by 

plasma polymerization in the heated system 

are smooth and free of pinholes, and showed 

no dissolution in a variety of solvents. Films 

have 10- 6-10- 7 S cm- 1 of electrical con

ductivities which are influenced by the pres

ence of the conjugated double bonds and 

consequently would qualify for considera

tion as organic semiconductors. The low ac

tivation energy compared to the results of 

Bradley et .a/.1 indicates that the principle 

charge carriers are available from conjugated 

carbon-nitrogen double bonds. 
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