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Experimental studies of electrical transport properties have been performed with respect to pris-
tine and heavily doped polyacenic materials prepared by pyrolytic treatment of phenol-
formaldehyde resin. Four kinds of the pristine samples prepared under different temperatures were
employed. It is shown that temperature dependences of electrical conductivity and of thermoelectric
power suggest that the conduction mechanism in the samples varies from the three-dimensional
variable-range-hopping to the nearly-filled-band metallic regime with increasingly higher values of

the chosen pyrolytic temperature.

I. INTRODUCTION

Interest in organic conductive polymers has been grow-
ing incessantly in the field of solid-state science ever since
the discovery of high electrical conductivity in doped po-
lyacetylene.! Extensive studies on pristine and doped po-
lyacetylene have been performed from both experimental
and theoretical points of view.2 However, chemical insta-
bility of this substance in air® limits the range of its appli-
cation to electric and/or electronic devices. This limita-
tion promotes interest in air-stable conductive polymers
capable of being alternatives to polyacetylene, such as
poly( p-phenylene)* or polythienylene.’

In this respect, we have been developing a polyacenic
material prepared by pyrolytic treatment of phenol-
formaldehyde (PF) resin. This material is stable in air
and shows a wide range of electrical conductivity
(1071—10° Scm~! or more), depending on the degree of
the carbonization or “graphitization” that is controlled by
the pyrolytic temperature applied. 6 Furthermore, it has
also been demonstrated for the first time that the doping
of this material with either electronic acceptor or donor is
effective for the control of conduction carriers and thus
causes an increase of the conductivity by 11 orders of
magnitude at maximum.®

In general, pyrolized polymers have been considered,
rather ambiguously, to consist of fractions of various
sized condensed aromatic rings like coke or coal and,
hence, to be amorphous. It has also been pointed out that
the currently studied polyacenic materials show an elec-
tron spin resonance peak orlgmatlng from 7 electrons as a
sort of magnetic impurity.” Therefore, a systematic inves-
tigation of electrical transport in polyacenic material in
the pristine and the doped stages is of interest not only for
its own sake, but from the viewpoint of organic amor-
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phous semiconductors. However, there has only been a
preliminary report on the temperature dependence of elec-
trical conductivity at high temperatures for undoped py-
rolized PF resin.?

In this paper we report the results of an experimental
study on electrical transport, that is, the temperature
dependence of electrical conductivity o(T) and ther-
moelectric power S(T) of pristine and heavily doped po-
lyacenic materials. Four kinds of typical pristine samples
prepared by pyrolytic treatment of PF resin with different
temperatures were selected. For dopants, iodine and sodi-
um were employed as electron acceptor and donor, respec-
tively. The doping of all these samples was performed up
to each saturation limit. Furthermore, magnetoresistance
at low temperature (4.2 K) was examined in pristine and
iodine-doped samples with comparatively high electrical
conductivity in order to obtain information on their
Fermi-energy surfaces.

II. EXPERIMENTAL PROCEDURE
A. Sample preparation

The pristine samples were essentially prepared by pyro-
lysis of PF resin molded in advance. In the present exper-
iment, fibrous samples were prepared in order to achieve a
uniform diffusion of dopants into the texture of the sam-
ples. In the molding process, a cloth of PF resin fibers
(Kaynol®, from Nippon Kaynol, Inc.) impregnated with a
methanol solution of PF resin was pressed under 150
kg/cm? at 150°C after drying of methanol. This molded
raw material was pyrolized in a nonoxidative atmo-
sphere.%®

Four kinds of the pristine samples, labeled B, D, E, and
G, were prepared under very accurate temperature control
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TABLE 1. Pyrolized temperature (T, in °C) of pristine samples and molar ratios in pristine and

doped samples.

Pristine I,-doped Na-doped
Sample T, [H]/[C] molar ratio [1]/[C] molar ratio [Na]/[C] molar ratio
B 595 0.35 0.025 0.080
D 650 0.27 0.005 0.058
E 775 0.15 0.022 0.058
G 935 0.05 0.025 0.066

in the range 595—935°C. In the second and the third
columns of Table I are listed the pyrolysis temperatures
(T,) and the [H]/[C] molar ratios determined by elemen-
tal analysis with respect to  each sample. The values of
the [H]/[C] molar ratio indicate the degree of carboniza-
tion. The chemistry involved in this pyrolytic treatment
has been described in earlier publications.® Each sample
was made into the form of a plate (ca. 1.5X 1.5 cm? or
less) with thickness of 400—500 um. These appear as dull
black-colored solids due to their fibrous structures, and
are insoluble and infusible. ‘

The iodine and the sodium doping was carried out by
the conventional techniques described in Ref. 6 until the
electrical conductivity was saturated. The [I]/[C] and the
[Na]/[C] molar ratios of the doped samples are listed in
Table I. The former values were determined by elemental
analyses, whereas the latter were determined by titration
of the sodium ion after thorough undoping of sodium
from the doped sample into water.

B. Electrical conductivity measurements

All the measurements of o(7T) were performed by the
dc four-probe method except for B, to which the dc two-
probe method was applied. Measured samples had been
cut out into a small rectangular chip (ca. 1X10 mm?).
Silver paste was used to make the electrical contacts onto
the pristine samples. For the iodine-doped and the
sodium-doped samples Electrodag paint and pressure con-
tact by gold wire were utilized, respectively. The contact-
ed samples were held in a glass container filled with heli-
um after evacuation. The temperature control of the sam-
ples was achieved by immersing the container into liquid
helium or nitrogen in a Dewar. A mixed solution of “He
and 3He was used for the measurement of low tempera-
tures down to 0.2 K. The measurement of temperature
utilized a copper-gold differential thermocouple.

C. Thermoelectric power measurements

Measurements of .S (T') were carried out with respect to
all the pristine samples and typical iodine-doped samples
D and E (hereafter we abbreviate these as I,-D, I,-E, and
so on) over the range 80—290 K.

A square sample (ca. 3X 3 mm?) was mounted between
two copper blocks by pressure contacts in vacuo. The
temperature difference of both ends of the sample chip
(AT) was set to be £0.5°C by alternately heating one of
the copper blocks. That is, the thermopower at T was
measured by taking an average of those at (7 —0.5, T)
and (7, T +0.5), where temperatures in parentheses
denote those at both ends of the sample. The measure-
ment of temperature utilized an Alumel-Chromel dif-
ferential thermocouple inserted into holes near the sample
in the copper blocks.

D. Magnetoresistance

Measurements of transverse magnetoresistance at 4.2 K
were performed with respect to G and I,-G cut out into
ca. 1X 10 mm? and immersed in liquid helium. The resis-
tance was measured by the four-probe method described
in Sec. II B." The magnetic field applied was in the range
0—63000 G.

III. RESULTS AND DISCUSSION

A. Conductivity

Temperature dependences of electrical conductivities
[o(T)] of pristine, iodine-doped, and sodium-doped sam-
ples are shown in Fig. 1. Values of o at room temperature
for all the samples are listed in Table II along with the ac-
tivation energies for conduction (AE) estimated at the ini-

TABLE II. Electrical conductivity (o in Scm™!) at 290 K and activation energy for conduction (AE in eV) of pristine and doped

samples evaluated from 7~! dependence of o.

o ) AE
Sample Pristine I,-doped Na-doped Pristine I,-doped Na-doped
B 1.0x 1010 7.8%103 6.1x1073 3.9x107! 1.8 10! 9.7Xx10~2
D 8.5x 10~ 1.0x 103 3.5x 10! 1.8 10! 1.2x 10! 6.9 102
E 1.2x 10! 3.0x10° 2.9x 10! 7.0 102 2.9x 102 1.8x 1072
G 2.7x 10! 5.7x10! 4.5x% 10! 3.6x1073 3.0x10~% 3.8x1073
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FIG. 1. Conductivity o vs 1/T for (a) pristine samples, (b)
I,-doped samples, and (c) Na-doped samples.

tial slope of the log go-versus-1/T plots.

It is seen from Fig. 1(a) that progress of the carboniza-
tion in the pristine samples gives rise to the increase in o
and the decrease in AE, being consistent with the tenden-

cy reported earlier.%® The curvature in the plots of B, D,
and E in Fig. 1(a) suggests the structural disorder causing
a distribution of activation energies. The most carbonized
sample, G, shows the activation energy to be smaller than
kpT at room temperature ( kp is Boltzmann’s constant) by
1 order of magnitude. Hence G is expected to be rather
metallic per se in the sense of a nearly filled band struc-
ture.

Doping of the pristine samples with iodine or sodium
obviously leads to the increase in .o and the decrease in
AE in almost all the samples. The sodium doping is more
effective than the iodine doping in the elevation of o. The
effect of the doping of G is rather small, although the
[1)/[C] or [Na]/[C] molar ratios in I,-G or Na-G are not
small. It is noted that o of Na-E is rather close to that of
Na-G but that the magnitudes of AE of these two are ob-
viously different, suggesting a structural difference be-
tween Na-E and Na-G.

As mentioned above, the curvature seen in the plots in
Fig. 1 suggests the existence of disorder in the sample
structures. In this respect, the plots of log;go versus
T —'/# are shown in Fig. 2 so as to examine the possibility
of the three-dimensional variable-range-hopping (3D-
VRH) mechanism!® governed by

T, 1/4
T

CO=0g€eXp | —

, (1)

where o is a constant. The selection of the three dimen-
sionality is plausible since there are not well-established
layers such as graphite in the structures of the present
samlples according to preliminary x-ray diffraction analy-
ses.

It is seen from Fig. 2 that the behaviors of o(T) of B,
I,-B, and Na-B (B series) are well fitted by a T-* func-
tion signifying the effect of the 3D-VRH mechanism in
these materials. Other samples (D and E series) do not
really show good T—!/* fittings except for the low-
temperature data. The G series already demonstrates
good linearity with respect to T~! in Fig. 1, and hence
the 3D-VRH mechanism is not likely to occur therein as
discussed below. On the other hand, the T~!/* depen-
dence of conductivity in the range of rather high tempera-
tures (—50 to 600 °C) has been reported with respect to
pyrolized PF resin under various TI,’s.8 The actual
behavior of the VRH mechanism, however, should be
checked in the lower-temperature region as has been
remarked by Mott.!?

The exponential factor T, in Eq. (1) is decomposed into

16a3

To= kgN(Ep) ’

(2)

where a~! is the radius of the localized state wave func-
tion and N (Ef) the density of states (DOS) at the Fermi
level.'> In Table III are listed the values of T, and
N(Efr) estimated from the initial slope of the plots in Fig.
2. For evaluation of N(Er) we employ a typical value,
a~!=10 A, being the order of that estimated for isotropic
amorphous carbon film.!3
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Values of N (Ep) thus estimated are in the range
10'7—10%! states/eV cm® (Table III), contrasted with 10'8
states/eVcm® of amorphous carbon film made
250 T(K) 100 by sputtering!®> and with 10%° states/eVcm?® of pyro-
T T lized poly(p-phenylene-1,3,4-oxadiazole) with 7,=2800
2t LG —1200°C.** Values of N(Ef) of the G series in Table III
are in excess of 102 states/eV cm>, which is unrealistic,
of RET " ——ee . leading to the conclusion that the 3D-VRH mechanism is
= =2} not at work in these materials.
'g i 12-D The change in o of G down to approximately 0.2 K is
2] -4 IL-B \ shown in Fig. 3. The decrease in o indicates the conduc-
2-6} ' tion mechanism of the activated type is still working at
3-8 low temperatures in G. From this result it can be con-
i sidered that G has a sort of polycrystalline structure
-10r mixed with metallic fragments and a less metallic region.
12+ Those fragments with high conductivity ought to consist
(b) of a well-developed graphitized part, and a small activa-
020 0,:'!5 0?30 035 tion energy is required for carrier hopping among these
Tacy fragments.
B. Thermoelectric power
The results of thermoelectric power S versus o with
respect to selected samples measured at room temperature
250 TK) 150 are plotted in Fig. 4. The sign of S is positive for all of
T T the measured samples indicative of p-type behavior. An
2 Na-G increase in o causes a decrease in S monotonically, ir-
1k —_———r respective of the pristine or the doped states. It is obvious
Na-E that a semiconductor-metal transition takes place at I,-E
of or G with AE less than 3X 10~2 eV, which is the order of
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FIG. 2. Conductivity o vs (1/T)'* for (a) pristine samples,
(b) I,-doped samples, and (c) Na-doped samples.

kpT at room temperature (see Table II). The temperature
dependence of S is shown in Figs. 5 and 6 except for B.
The magnitude of S in B is large (ca. 370 uV/K) and
essentially independent of temperature apart from T!/2
dependence'® expected from the 3D-VRH behavior of
o(T) in the above. It is noted that pristine trans-
polyacetylene (0=4.4Xx10"° Scm™!)! shows a larger

" value of S at room temperature (ca. 900 uV/K), being

temperature independent.!’
The plot of S(T) for D in Fig. 5 is instead fitted by a
combination of 7!/2 and T functions as

S(T)=AV'T +BT , (3)
with 4 =3.83 and B =0.201. For 1,-D, E, 1,-E, and G,



which is characteristic of a nearly-filled-band metallic
system. Note that the coefficients of the linear terms in D
and I,-D are almost equal. It should be stressed here that
the behavior of S(T) represents the intrinsic nature of the
material. Therefore, the actual dc conductivity is limited
by the hopping among such metallic fragments as was
mentioned in| Sec. III A. The nearly-filled-band metallic
conduction feature is expected only in these fragments.
The temperature dependence of S in the case of p-type
materials is usually analyzed based on the formula'®

4)

o(E)=n|E)|e |u(E), (5)

where n (E) is the carrier density and u(E) is the mobility
contributing to o(E). If u is assumed to be independent
of energy, Eq. (4) becomes
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Eq. (2) and n(Ef) is the DOS at the Fermi level per car-
) . L rier. Hence the values of y(Ef) for I,-D, E, I,-E, and G
S(T) changes linearly with T, as seen in Figs. 5 and 6,  can be estimated from the slope of the plots of S(T) and

are listed in the second column of Table IV. Further-
more, using the values of N (Ey) in Table III, n (Ep) can
be evaluated and is also given in Table IV. On the other
hand, one can evaluate n (Ef) for I,-D and I,-E using the
[I]/[C] molar ratio in Table I on the assumption that the
dopant species is I;~ as in polyacetylene!” and that charge
transfer from the carbon skeleton to the dopants is com-
plete. It is seen from Table IV that this assumption works
well for I-E but not for I,-D. This discrepancy suggests
that in I,-D only a very small number of absorbed iodine
molecules can act as an electron acceptor, possibly because
the structure with undeveloped graphitization cannot fully
accommodate the dopants.

Extrapolation of the plot of S(T) for G demonstrates a
small intercept (—1.8 uV/K), signifying, for instance,
that p is energy dependent. In this case, Eq. (6) has an
additional term as follows:

sy k8 dlnu(E)
SN =" ks T [n(Ep)+—27 pei;

(7

> kg N(Ep) * kp
S(D=- e kpT— E) =3 Je| kpTn(EF) , One might argue that this term arises from thermally ac-
tivated process such as hopping similar to the cases of
(6)  Ce;_,S4 (x=7)® and La;_,SrvVO; (x =0.20).° As-
where N (Ef) is the DOS at the Fermi level as defined in suming
TABLE III] Exponential factor ( T in K) of Eq. (2) and estimated DOS at the Fermi level [ N (EF) in states /eV cm?] evaluated
from T—!/* dependence of o.
Ty N(Ep)
Sample Pristine I,-doped Na-doped Pristine I>-doped Na-doped
B 1.1x10° 3.3x10° 3.2x107 1.7x 10V 5.6 10" 5.8 108
D 1.8x10% 7.6 107 5.2%x10¢ 1.1 10" 2.4x10" 3.6 10"
E 3.3x10° 4.7x10° 3.7x10* 5.7 10" 4.0 10%° 5.0 10?!
G? 5.2 10? 8.9 10! 3.1x10? 3.6 105 2.1 10%# 5.9 105

2See text with frespect to the value of N (Er) of G series.
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W (E)
E)= —
w(E)=pqexp kyT | (8)
where o represents the energy-independent term,

OW(E)/OE | g—E, is estimated to be 6.4x 1073 by the
substitution of Eq. (8) into Eq. (7). ‘This value is consider-
ably small, and hence u(E) in G could be regarded to be
almost energy independent.

C. Magnetoresistance

As described in Sec. IITA, the 3D-VRH mechanism
does not work in G-series samples as a whole. Hence, we
have examined transverse magnetoresistance of G and I,-
G at 4.2 K so as to obtain information on the Fermi ener-
gy surface of these.

The measured magnetoresistance rate (MR), defined by

Ap _PB)—po
Po Po

is plotted in Fig. 7 versus B?, where p(B) and p(0) are the
resistances under magnetic fields B and zero field, respec-

) 9

TABLE IV. DOS at the Fermi level per carrier [9(EF) in
states/eV carrier] from the data of S(T) and carrier density at
the Fermi level [ n (Ef) in carriers per carbon atom].

n(Eg)
from N (Ef) from [I]/[C]
Sample 7(EF) in Table III* in Table I
I,-D 8.56 9.2x10~¢ 1.7x 1073
E 2.95 6.5x10~*
L-E 1.47 9.7x 103 7.3% 1073
G 1.02 3.5x1073

2For G, N (Er) estimated from the magnetoresistance data (see
Sec. III C) is adopted.

FIG. 7. Magnetic field dependence of Ap/pp in G and I,-G at
42 K.

tively. Both G and I,-G demonstrate positive MR for all
ranges of B. This feature is common to other pyrolized
carbon such as heated coke or bamboo char treated at
about 900°C.2% It is interesting to note that positive MR
shown by bamboo char has been ascribed to the 3D-VRH
conduction therein.?® On the other hand, positive MR
and the 3D-VRH mechanism are obviously uncorrelated
in the present samples. The MR curves of both G and I,-
G linearly change with B? and tend to saturate at higher
fields, which suggests that the Fermi energy surface is
closed in both samples.
Employing the relationship proposed by Soule,?!

Lo =uleB? (10)
Po

Uesr (effective mobility) of G and I,-G can be estimated.
Furthermore, using the relations

o=0(Ep)=N(Ep)|e |pestkpT , (11)

the DOS at the Fermi level (at 4.2 K) is evaluated with
respect to G and I)-G. The results are listed in Table V,
where the magnitudes of N(Er) are more realistic than
those in Table III estimated from the T~!/* analysis of
o(T).

It is noted that p.g of I,-G is less than that of G, prob-
ably due to scattering of carriers by dopant molecules.
Hence, it is concluded that the increase in o of I,-G arises
from the increase in the number of carriers upon doping
as indicated by the magnitude of N (Ey) in Table V.

TABLE V. Effective mobility (u. in cm?/V sec) and DOS at
the Fermi level [ N (Er) in states/eV cm?] evaluated from mag-
netoresistance data at 4.2 K along with o (in Scm™!) for G and
L-G.

Sample Hefs N(EFp) o
G 450 1.210%° 3.16
I,-G 360 1.0 10! 2.14x 10!
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IV. CONCLUDING REMARKS

Transport properties have been examined with respect
to pristine and heavily doped polyacenic materials
prepared by pyrolytic treatment of PF resin under various
temperatures (T,). There are five major features in the
present study.

(1) The sample prepared under lower 7, (~~600°C)
demonstrates the behavior of o(T) governed by the 3D-
VRH mechanism even after the heavy doping thereupon.
But the thermoelectric power of this sample is rather tem-
perature independent.

(2) For the samples prepared under higher temperatures
(650—800°C) the 3D-VRH mechanism is less likely to
occur, as seen in the o(7T) plots. Temperature dependence
of thermoelectric power gradually reflects the intrinsic na-
ture of the nearly-filled-band metallic system.

(3) The thermally activated conduction mechanism pre-
vails in the sample with T, =935°C. The activation ener-

gy is of the order of 10~ eV, being one order less than
kT at room temperature, which permits a metallic
behavior of this material at a higher temperature range.
The magnitude of thermoelectric power at room tempera-
ture demonstrates an intrinsic semiconductor-metallic
transition at this sample.

(4) The magnetoresistance of this sample is positive and
tends to saturate at higher magnetic fields. This suggests
that the Fermi-energy surface is closed in this sample.
The estimated mobility of the sample from magnetoresis-
tance is considerably large.

(5) All the pristine samples are p type on the basis of
the sign of thermoelectric powers. This signifies that
there are some intrinsic acceptor levels in all of the pris-
tine samples, reflecting their structures.

These findings in the transport properties of the studied
polyacenic semiconductive materials offer some illumina-
tion for understanding the solid-state properties and struc-
tures of these materials. Currently we suppose that the
structure of the present material is polycrystalline, con-
sisting of mixed polyacenic skeletons, some of which
make metallic fragments. In the low-7, material these
skeletons are not well developed, and hence the 3D-VRH
mechanism is dominant. With higher T),, polyacenic
skeletons develop and become larger in size, which
demonstrates polycrystalline nature more clearly.

It is rather surprising that the doping process is effi-
cient in such disordered materials, which may open up a
new individual area of organic amorphous semiconduct-
ors. Further detailed analyses such as direct measure-
ments of mobility of the present samples using Hall-effect
(for samples with higher T,) and time-of-flight methods
(for samples with lower T,) are in progress. These re-
sults, as well as individual reports of the measurements of
thermoelectric power and magnetoresistance, will be pub-
lished in the near future.
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