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SYNOPSIS

Plasma treatment of poly(p-phenylene sulfide) (PPS) doped with I, is found to increase
both the electrical conductivity and the stability of the material. The average conductivity
of plasma-treated samples reaches an apparently saturated value of 1.7 X 107% s cm™?,
which is about six orders of magnitude higher than that of the same material without
plasma treatment, and this conductivity remains practically unchanged under exposure to
ambient environment for 10 days. Infrared and secondary ion mass spectra of the samples
before and after plasma treatment suggest that the charge-transfer complexes are formed
in PPS doped with I, after plasma treatment. This is also consistent with the temperature
dependence of conductivity results which show that the activation energy for electrical
conduction decreases from 2.0 eV for pure PPS to 0.2 eV for plasma-treated I,-doped PPS.
Using isothermal potential and current decay techniques, we have also measured the trap
density distribution. Plasma treatment, on the one hand, does create more traps in PPS,
but, on the other hand, it enhances conductivity. The mechanism of electrical conduction

is briefly discussed.

INTRODUCTION

In the past, polymers were generally regarded as
good insulators. Since the discovery of conducting
polyacetylene, > many conducting polymers, and, in
particular, those with = conjugated structures in
their skeletal chains,®” have been actively studied
because they exhibit metallic properties when they
are doped with strong acceptors or donors’ and have
the potential for practical applications. Of many
polymers of this kind, poly(p-phenylene sulfide)
(PPS) is one which is melt-, solution-, and machine-
processable. This advantage makes its industrial
applications feasible. However, PPS has no = con-
jugation along the skeletal chains, and the neigh-
boring phenyl rings are inclined by alternating an-
gles (+45° and —45°) with respect to the planar zig-
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zag chain of the sulfur atoms.® This disadvantageous
structure results in a low conductivity of pure PPS,
which is of the order of 107 s cm™! belonging to
an excellent insulator. Pure PPS also has a high
ionization potential (~ 6.3 ¢V). Thus, in order to
transform this material into a good conductor, it is
necessary to heavily dope this material with strong
acceptors such as AsF5 and SbF;. X-ray photoelec-
tron spectroscopy (XPS) spectra® have shown that
for SbFs-doped PPS, charge-transfer complexes are
formed as (PPS)* (SbFg) ™, whereas for I;-doped
PPS, iodine acts as weak acceptors and does not
contribute to the formation of a charge-transfer
structure in the PPS chains. Up to the present, many
dopants are known to be capable of increasing the
conductivity of PPS to high levels, but the increase
is generally unstable, decaying with time under ex-
posure to ambient environment. The conductivity
of SbF;- or SO;-doped PPS could drop to 103 times
its initial value and that of I;-doped PPS could re-
duce to a value lower than 1072 s cm™ after expo-
sure to air for a short period.®
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The instability of the doped PPS is the major
obstacle hindering its use for practical applications.
Several investigators have reported that high con-
ductivity and high stability of doped polymers can
be achieved by ion implantation.!®!! However, after
lon implantation, the material usually becomes
brittle, losing its original processability.!? Thus, this
method has its limitations for impurity doping into
polymers. Recently, low-temperature plasma pro-
cessing has been widely used for film deposition, im-
purity doping, etching, and surface treatment.!®!*
In this paper, we present our plasma treatment
technique for improving both the conductivity and
the stability of I,-doped PPS, as well as our analysis
of the structure of this material based on the infrared
and the secondary ion mass spectra. The mechanism
responsible for electrical conduction is also dis-
cussed.

EXPERIMENTAL

PPS samples were produced by molding. PPS pow-
der was first melted and then molded at 310°C to
form a sheet of 150 um in thickness and 6 ¢m in
diameter. The chamber for I;-doping is made of
glass. PPS sheet and iodine were placed inside the
gap between two parallel aluminum electrodes in
the chamber, the electrodes being 15 ¢m in diameter
and their separation being 5 cm. The chamber was
then pumped down to a vacuum of 10! Torr and,
at about the same time, put into a large oven that
was maintained at a constant temperature of 100°C.
The doping concentration was controlled simply by
the doping time. After the doping process for a pre-
determined doping concentration (or a predeter-
mined doping time) had been completed, the doped
sample was then subjected to plasma treatment in
the same chamber by applying a high-frequency
voltage of 1 kV at 2.4 MHz to the aluminum elec-
trodes to create a uniform plasma of I, vapor/air
gas mixture in the gap, the operating gas pressure
being 10 ! Torr. The average conductivity was mea-
sured using a two-point probe technique to avoid
the effect of contact resistance between the electrode
and the sample. The average conductivity was cal-
culated using the following relation:

IL
av 15 1
7 " Vwd (1)

where I is the current through the sample; V is the
voltage between two point probes whose separation

is L; w and d are, respectively, the width and the
thickness of the sample. For secondary ion mass
spectra (SIMS) measurements we used the Escalab
MKII spectrometer. For both the SIMS and infrared
absorption measurements, specially made specimens
were used, which were produced by molding of doped
PPS powder mixed with KBr powder. We have also
measured the trap distribution using the isothermal
potential and current decay methods.!®® For un-
treated PPS samples, since the current is low, we
measured the potential decay with time; whereas for
plasma-treated I-doped PPS samples, since the cur-
rent is high, we measured the current decay with
time. For current decay measurements, aluminum
electrodes were vacuum deposited on both sample
surfaces to form a sandwich electrode configuration
with a guard electrode to divert the unwanted surface
leakage current to ground, the diameter of the
guarded electrode being 2.5 cm. After the sample
had been subjected to a dc prestressing voltage of 2
kV for 30 min, the voltage source was removed and
the sample was immediately short-circuited for 10
s. After that, the sample was connected in series to
a resistor of 100 MQ and a picoammeter, and the
current decay with time was immediately measured
using a high-speed recorder. Based on the current,
I, as a function of time, ¢, the trap distribution can
be determined from the following relations®:

4It
N(E) = gkTAd (2)

and
E =kTIn (»t) (3)

where N (E) is the trap concentration at the energy
level E, A is the guarded electrode area, ¢ is the
electronic charge, k is the Boltzmann constant, T is
the absolute temperature, and » is the attempt-to-
escape frequency which is 1072 s, For potential
decay measurements, the same sandwich electrode
configuration and prestressing procedure were used.
But in this case, the surface potential decay of the
sample was measured using a potentiometer in con-
junction with a sensor probe placed near the sample
surface. This method is based on the induction of
the static electric charge on the sample surface to
the sensor probe without direct contact to the sample
surface. Based on the surface potential V, as a func-
tion of time ¢, the trap distribution can be deter-
mined from the following relation!®:
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4et dV,
gkTd? dt

N(E) = - (4)

and eq. (3) where ¢ is the permittivity of the sample.
There are many factors that may affect the effi-
ciency of the plasma treatment such as gas pressure,
high-frequency voltage, plasma treatment time, etc.
For a fixed gas pressure of 10! Torr and a fixed
high-frequency voltage of 1 kV, the conductivity of
I,-doped PPS depends on plasma treatment time as
shown in Figure 1. The optimal plasma treatment
time for the doped sample that had undergone the
I,-doping process for 3 h was 3 min. Therefore, for
all experimental results being reported, we used 3
min for plasma treatment time at a gas pressure of
107! Torr and a high-frequency voltage of 1 kV. It
should be noted that for a fixed gas pressure and a
fixed plasma treatment time the conductivity of
doped PPS depends on applied high-frequency volt-
age in a manner similar to the conductivity—plasma
treatment time characteristic shown in Figure 1.

RESULTS AND DISCUSSION

The average electrical conductivity of plasma-
treated I,-doped PPS, s,,, as a function of doping
time, ty, is shown in Figure 2. o,, increases with t,,
reaches a peak value for ¢, of 5 h, and then starts to
decay with ty;. The I, content is directly related to
ty. The I, contents of 10% and 15% in PPS by weight
correspond to ¢; of 3 h and 5 h, respectively. For ¢,
of 5 h, g,, of plasma-treated I,-doped PPS reaches
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Figure 1 The average electrical conductivity of I,-doped

PPS as a function of plasma treatment time. Doping time:
3 h.
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Figure 2 The average electrical conductivity of plasma-
treated I,-doped PPS as a function of doping time.

a peak value of 1.7 X 10™% s cm™!, whereas g,, for

the doped PPS with the same doping time but with-
out plasma treatment is 4.3 X 10 °s cm™?, indicating
that plasma treatment increases the conductivity
by six orders of magnitude.

When a doped sample is exposed to ambient en-
vironment, its conductivity decays with time, indi-
cating its instability. Figure 3 shows clearly that o,
of I,-doped PPS without plasma treatment drops by
four orders of magnitude after only 10 min of ex-
posure, whereas that of plasma-treated I,-doped PPS
with the same doping time of 5 h remains practically
unchanged after 10 days of exposure and drops by
one order of magnitude after 100 days of exposure,
indicating that plasma treatment increases also the
stability of the material.

Figure 4 shows the infrared (IR) absorption
spectra for three cases: (A) pure PPS without doping
and without plasma treatment, (B) plasma-treated
I,-doped PPS with doping time of 4 h, and (C) I.-
doped PPS with the same doping time but without
plasma treatment. In Figure 4(A), the peaks at
1570.7, 1468.7, and 1384.4 cm™! are due to the C—
C bond stretching vibration of benzyl; the peaks at
1089.1, 1071.5, and 1008.2 cm™* correspond to the
sulfide bond absorption; and the peaks at 807.81,
741.02, and 702.30 cm™! are related to the C—H
bond out-of-plane bent vibration of 1.4-substituted
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Figure 3 The decay of the average electrical conductivity of I,-doped PPS with time of
exposure to ambient air environment: (A) without plasma treatment; (B) with plasma

treatment. Doping time: 5 h.

benzyl. By comparing these spectra for these three
cases, it can be seen that the difference between case
(A) and case (C) is very little, but there is a signif-
icant difference between case (A) and case (B). The
two peaks at 1089.1 and 1071.5 ecm™' occurring in
(A) are merged into one peak at 1092.6 cm ' in (B),
indicating that the sulfide-bonding structure has
undergone a change after plasma treatment. Fur-
thermore, the peak at 807.81 cm™! occurring in (A)
has been shifted to a larger wavenumber at 818.36
and becomes larger in (B) after plasma treatment.
Iodine and other gases under low-temperature
plasma will be dissociated into activated atoms, ions,
and electrons. Iodine and PPS will react as follows:

L—=I*+1"+e
I, + 2e* — 21* + 2¢
PPS + e* - (PPS)* + e

PPS + e* = (PPS)* + 2e
(PPS)* + e — (PPS)* + 2e

where e denotes electron and * denotes the activated
state. These reactions will transform weak acceptors
to strong acceptors, leading to the formation of
charge-transfer complexes:

(PPS) + I* — (PPS) "I~
(PPS)" + 2L, » (PPS)*"I™ + I

Iodine has a strong electron affinity, which tends to
reduce the electron cloud density around the benzene
ring and, hence, causes the absorption peak due to
the C—H bond out-of-plane bent vibrations to shift
to a larger wavenumber. The activated I atoms will
form chemical bonds with the PPS molecules with
the following possible structures:

O DO

The IR absorption spectrum of the I,-doped PPS
without plasma treatment is similar to that of pure
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Figure 4 The infrared absorption spectra for (A) pure
PPS without doping and without plasma treatment; (B)
plasma-treated I,-doped PPS with doping time of 4 h; and
(C) I,-doped PPS with the same doping time of 4 h but
without plasma treatment.

PPS, indicating that I, molecules doped in PPS be-
have as entities penetrating into PPS by diffusion
without chemical reaction with PPS molecules. This
explains why the conductivity stability is so poor,
because I, molecules can easily evolve from the ma-
terial. However, plasma treatment dissociates I, into
1* or I*, which becomes chemically active to react
with PPS to form a charge-transfer complex.

The analysis of the secondary ion mass spectra
for the same three cases (A), (B), and (C) shows
that plasma treatment creates two new groups,
(C3H,S)* and (CHSI)*, corresponding to ion
masses of 70 and 172, respectively, and that the con-
centration of I~ corresponding to an ion mass of 127
is much larger for plasma-treated I,-doped PPS than
that without plasma treatment. Some of the ions
detected by SIMS are listed in Table I for compar-
ison purposes. The SIMS results are consistent with
the IR absorption spectra in support of the chemical
reaction of I* with PPS in plasma-treated samples.

Three basic parameters that are characteristic of
the material structure control the electrical conduc-
tivity, and they are the ionization potential, I,; the
m electron bandwidth, W,; and the forbidden energy
gap, E,. For polyacetylene, the values of I, W,, and
E are4.7,6.5,and 1.4 eV, respectively,” whereas for
PPS, these corresponding values are 6.3, 1.2, and
3.9 eV, respectively.!™® Since polyacetylene has
small I, and E,, and large W,, even the doping with
weak acceptors like I, can enhance its conductivity
to 102 s cm™!. PPS has a high ionization potential;
the doping of I, can increase the conductivity to only

Table I Some Ions and Their Relative Concentrations Detected by SIMS

in Plasma-Treated I.,-Doped PPS

Normalized Relative Concentration

I,-Doped PPS

Plasma-Treated without Plasma

Mass Ion Pure PPS I,-Doped PPS Treatment
12 3 1.00 1.00 1.00
27 Al* 4.54 692.00 14.40
32 St 0.28 0.15 0.16
46 CH,S* 0.18 2.77 0.25
70 C,H,S* — 0.85 —

172 HCIS* — 4.77 —
12 Cr 1.00 1.00 1.00
16 o 0.38 5.56 0.55
32 S~ 1.57 0.72 2.14

127 I 0.38 2.22 0.64

The values for positive ions are normalized to the value for C{. The values for negative ions are normalized to the value for Ci.
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10°s cm™!. Plasma treatment of I,-doped PPS can
increase its average conductivity to 1.7 X 10 3 cm ™.
Apart from the charge-transfer complexes created
by the bonding of I and PPS, Al* ions knocked out
from the electrodes by ionic bombardment and I
ions created during plasma treatment can also pen-
etrate into PPS. Al* and I* may react with PPS as
follows:

PPS + Al** - (PPS)" + Al" + e
(PPS)* + 21, > (PPS)*I™ + I3
PPS +1** - (PPS)'I +h

where h is the hole. The concentration of Al* in
plasma-treated I,-doped PPS is quite high, as shown
in Table I. To find out whether Al* would play a
role in the increase of the conductivity, we have pro-
duced some plasma-treated undoped PPS sample
(under the same plasma treatment as that for I,-
doped PPS) and measured the Al* content using
SIMS. The results show that the relative concen-
tration of Al" in these plasma-treated undoped PPS
samples is about 880 (relative to C* concentration),
which is even higher than 690 for plasma-treated I,-
doped PPS (Table I), but their conductivity is only
2 X 107* s em™?. This indicates clearly that it is
not the Al* content, but the formation of (PPS)*1~
charge-transfer complexes that enhances the electric
conductivity.

The intensity of one peak for one particular mass
in the SIMS measurements can be recorded as a
function of sputtering time as the sample is sput-
tered, yielding a depth profile. By measuring the
sputtered depth with sputtering time, we have de-
picted the relative concentration of (HCIS)* and
Al* in plasma-treated I,-doped PPS as functions of
the depth measured from the surface exposing to
the plasma. Both the (HCIS)* and Al* concentra-
tions decrease rapidly with the depth, and they be-
come negligibly small at the depths larger than 700
A from the surface. For the average conductivity
measurements using a two-point probe technique,
we used the thickness of 150 um for the calculation
of the cross-section area A. This may be valid for
the I,-doped samples without plasma treatment. For
plasma-treated I,-doped samples, the effective cross-
section area may be much smaller because the high
conductivity path is limited to the narrow layers
close to both sample surfaces. Supposing that the
effective thickness of the layer is 700 A, equal to the
depth experiencing the influence of the plasma
treatment, the total effective thickness for the cal-
culation of the cross-section area should be 2 X 700

= 1400 A instead of 150 um. In this case, the cal-
culated conductivity should be 1.7 X 1073 X [(150
X 107*) /(1400 X 107%)] ~ 1.7 s em™*, rather than
1.7X 10 sem™.

Several investigators have reported that the tem-
perature dependence of the conductivity of AsF;-
doped PPS (Ref. 5) and TaFs-doped PPS (Ref. 19)
follows the relation o, oc exp(—aT/2), where a is
a constant. The exp(—aT /%) dependence has
been attributed to the carrier transport due either
to a hopping process??! or to a tunneling pro-
cess.???® However, for PPS doped with TCNE,
DDQ, chloranil, and TNF, the conductivity does not
have the exp (—aT~'/?) dependence, but follows** ¢
a exp(—AE/kT), where AE is the apparent acti-
vation energy. The pure PPS also follows this re-
lation® with an activation energy of 2.0 eV. Our
plasma-treated I,-doped PPS also follows this re-
lation, as shown in Figure 5, which gives AE = 0.2
eV, implying that plasma treatment of the doped
samples reduces the activation energy for electrical
conduction.

We have also measured the isothermal surface
potential decay with time for pure PPS samples and
the isothermal current decay with time for plasma-
treated I,-doped PPS samples. The results are shown
in Figure 6. From egs. (2)-(4) and Figure 6 we have
calculated the trap distribution in pure PPS and
plasma-treated I;-doped PPS samples. The results
are shown in Figure 7. It can be seen that for pure
PPS the major traps are located at 0.78, 0.82, and
0.89 eV, whose trap density is of the order of 1013
cm™® eV !, whereas for plasma-treated I,-doped
PPS, the major traps are located at 0.83, 0.89, and

10 "
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Figure 5 The average electrical conductivity of plasma-
treated I,-doped PPS as a function of temperature. Doping
time: 3 h.
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Figure6 (A) The surface potential decay with time for
pure PPS without doping and without plasma treatment;
(B) the current decay with time for plasma-treated I,-
doped PPS with doping time of 3 h.

at E > 0.91 eV, where E is measured from the band
edge. The traps at 0.83 and 0.89 eV for the plasma-
treated I,-doped samples correspond to those at 0.82
and 0.89 eV for pure PPS, but their density is much
larger, in the order of 10 cm™2 eV !, Iodine doping
with subsequent plasma treatment increases the
formation of (PPS)*1~ charge-transfer complexes
and also increases the density of traps. The
(PPS)*1~ and I, always tend to increase the con-
ductivity, but the traps tend to decrease the con-
ductivity. This is why the conductivity increases

with increasing doping concentration, reaches a peak
at an optimal doping concentration, and then de-
creases with further increase in doping concentra-
tion. A similar trend would also be expected for the
variation of the conductivity with plasma treatment
time for a fixed doping concentration, as shown in
Figure 1.

CONCLUSIONS

On the basis of the experimental results described
above, the following conclusions are drawn:

1. Iodine doping into PPS and subsequent
plasma treatment increase both the average
electrical conductivity and the stability of the
material.

2. The analysis of both the infrared absorption
and the secondary ion mass spectra shows that
plasma treatment creates (C;H,S)* and
(HCIS)* groups, indicating its action in pro-
moting the chemical reaction between I and
PPS.

3. Plasma treatment, on the one hand, creates
more traps in PPS, but, on the other hand, it
promotes the formation of (PPS) 1~ charge-
transfer complexes enhancing the electrical
conductivity.

N(E) (10" %em=3evT)

0.72 0.76 0.80

E (eV)

Figure 7 The density of trapping states as a function of energy E measured from the
conduction band edge (A) pure PPS without doping and without plasma treatment; (B)
plasma-treated I,-doped PPS with doping time of 3 h.
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4. Both the pure PPS and the plasma-treated I,-
doped PPS follow the relation o, o
exp(—AE/kT), implying that the carrier
transport is a thermally activated process.

We wish to thank the Natural Sciences and Engineering
Research Council of Canada (NSERC) for supporting this
research under Grant A-3339.
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