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dc transport studies of poly(benzimidazobenzophenanthroling a ladder-type polymer

K. S. Narayaf and A. A. Alagiriswamy

Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre For Advanced Scientific Research, Jakkur, Bangalore-560064, India

R. J. Spry
Wright Laboratory, Materials Directorate, Wright Patterson Air Force Base, Dayton, Ohio 45434
(Received 17 November 1997; revised manuscript received 26 May) 1998

The room-temperature electrical conductivity of pblgnzimidazobenzophenanthrolindramatically in-
creases when heated to 600 K by more than six orders in magnitude. The evolution of this significant increase
in conductivity is studied closely. The conductivity prior to exposure to the high temperature is compared with
postheated samples and analyzed in terms of activated and hopping models. The thermally induced electrical
conductivity is studied for different geometries and significant anisotropic features are observed. The variation
in the thermally induced conductivity with respect to the ambient conditions is also correlated with the
structure. The results reveal contribution of surface processes in the electronic transport.
[S0163-182699)06015-4

I. INTRODUCTION for samples with film thickness ranging up to L& with the
in-plane conductivity greater than three orders of magnitude
The rigid-rod and aromatic heterocyclic ladder-type poly-than the out of plane conductivify? The absorption spec-
mers have been characterized extensively for their mechanirum shows the onset af-#7* transition at around 1.68 eV
cal properties, and they promise multifunctional purposedvith a broad absorption maxima at about 1.9%¥he broad
compared to the linearly conjugated polymers because dfansition spanning over a range of 0.22 eV was attributed to
their extensiver electron delocalization, coupled with high the wide distribution of length scales of the conjugated sys-
mechanical strength, and thermal stabilifit has been sug- t€m and other broadening mechanisms arising from the dis-
gested that the existence of multiple conjugation paths woul@rder in the system. The photocurrent studies also revealed
also result in higher conductivity because the charge carriefd)e band edge observed in the absorption spectra but show
could bypass the defects on one of the chiikwever, subtle differences with respect to the photon energy when t_he
there are far fewer studies on the electronic transport of theg®easurements are carried in the surface and sandwich
rigid-rod and ladder-type polymers compared to the Convenconﬁguranonsq. S
tional conducting polymers such as polyacetylene, polya- ItiS also been observed.that dc cp_nductwny in pristine
niline, polypyrole, eté. Another aspect that has not been BBL films dependslgn ambient conditions and varies from
studied in conventional conducting polymers, primarily duel0 " to 10" *4S/cm® Some of the methods to enhance the
to lack of thermal stability, is the behavior of electronic conductivity in BBL have been through chemical dopfig,
properties in the high-temperatuf0—700 K regime and 10N implantation.” pressure treatment pyrolysis*and heat
investigation of shallow traps. treatmen_tz.'8 Humidity-dependent studies reveal surface ef-
The fully conjugated ladder polymer pghenzimida- fects Whlc_h dominate the transport proc&ssiowever, Fhe
zobenzophenanthrolingBBL) provides a model system be- thermally induced processes are more pronounced with con-
cause of its stability at temperatures up to 600 °C in air andluctivity changing by nearly seven orders in magnitude at
700 °C in nitrogen and the processability by which thin filmsoom temperature when heated to 625 K. In this paper we
and fibers of micron-size diameter can be obtaih@ihese ~ Study the thermally induced electronic conductivity closely
polymers, in the form of films or fibers, due to their high @d speculate on the mechanism leading to this enhance-
molecular weight, display good mechanical propertrigh ~ ment. Th_e_ temperature depe_ndence of_ the conductivity and
tensile strength, high modulusand exceptional solvent the stability of the electronic properties depend on the
chemical resistance and high intrinsic viscositg.9 ~Sample history and morphological aspects. Polymer samples
d|/gm)_lv2v5 The polymer has a repeat unit that possesses &] film and fiber .formS al’.e studied tO resolve these unique
double-stranded chemical structure consisting of aromatiéeatures. The anisotropy in conductivity and the dependence
napthalenic and benzenoid units and alternating bond lengtf¥! @mbient conditions of the enhanced conductivity are also
of imines in the neutral ground state. Recently wide anglestudied.
x-ray measurements of BBL films have revealed scattering
patterns suggesting that molecular chains are arranged in a
layered configuration with their molecular planes almost per-
pendicular to the film surfacklt is expected that the ladder- The cast films of 2Qum thickness and oriented fibers of
like BBL polymer chains form a layered structure across thel5 um in diameter were used for the present studies. Films
film thickness like other stiff polymers. The high degree of were obtained from the polymer solution with methane sul-
coplanarity is reflected in the anisotropy of conductivity evenfonic acid as the solvent. The dc conductivity of the films as
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well as fibers were measured by the standard four-probe and 10°
two-probe methods. The conductivity cell consists of four 1074
electrodes with a spring loaded arrangement specially de-
signed for reliable high-temperature measurements under
high vacuum. The contact regions on the samples were
coated with gold for uniformity and measurements for resis-

tance were done in the Ohmic region from the current-

voltage curves. The temperature was monitored by the suit-
able thermocouples and platinum sensors along with a digital 10%9
keithley multimeteimodel 200} and current was measured

using a Keithley 6512 electrometer. The measurements were 107 1
carried out for a wide range of temperature as possible with
the sample resistance of ¥@) as the limit of measurements.

IIl. RESULTS AND DISCUSSION

The room-temperature conductivity of the BBL as mea-
sured by four-probe conductivity of cast films with equidis-
tant electrodes on the plane of the film,=10"8 S/cm. The
conductivity perpendicular to the filns;, =10 '?2S/cm, and
that of the fiber, with the electrodes placed along the fiber
axis, oy,=5X%10""S/cm. The values of the conductivity in
different configurations reveal the anisotropy present in cast
films. The source of anisotropy could arise from extrinsic
effects leading to modification of surface states or can be 3 P /4
intrinsic in origin. The importance of these extrinsic effects 10° 4 &/

X © m"?"&o

can be studied by the temperature dependence of the anisot- ;4.
ropy. The conductivityo of the film and fiber in different o : . .
configurations as a function of temperatuflejs shown in 100 200 300 400 500 600

Fig. 1. Fig. 1a) shows that the plot ofr, (T) and the arrow T(K)

traces t_he thermal cycle in the measurement process. The FIG. 1. o(T) as a function of temperature for fib&), parallel
predommant features accompanying Fhe cycle of measur?b)’ and perpendiculafc) configurations. The arrow indicates the
ment is the presence of large hysteresig () between the thermal cycle] indicates first round of heating and cooling, dhd

initial heating process and the subsequent cooling and warnyygicates second round of heating and cooling. The chemical struc-
ing process. There was no discernible hysteresig i(iT) ture of BBL is also depicted in the inset.

upon repeated heating and cooling after the initial first round.
However, if the sample is heated in the first round 6,3, ) ) )
lower than 600 K, appreciable hysteresis is obtained fofour orders in magnitude withogp(T)=1S/cm at T
o, (T) during the subsequent cooling and warming cycles.=600K. The high conductivity value is expected due to an
The Trma~625 K, the temperature corresponding to a mini-increased degree of crystallinity, order and chain orientation.
mum in the area of the hysteresis between the first roundhe anisotropy profile as a function of temperature is shown
cooling and second round heating, can be assigned to the Fig. 2@). The o4,(T)/o, (T) shows a broad maximum
maximum value of an energy barrier which is thermally ac-centered around 430 ka, (T) increases more rapidly than
cessible for increasing the conductivity. Preliminary ther-o4,(T) for T>430K and the ratios settle down to 3500 as
mally stimulated current measurements also reveal peaks ithe temperature is increased.
dicative of well-defined trap energy levels. The conductivity mechanism changes prior to sample get-
The conductivity measurement of the sample with theting exposed tdl ~600 K and thereafter as evidenced from
probes along the surface, i.ey(T) showed similar behavior Figs. 1 and 3. The mechanism crossover can also be bench
to that shown in Fig. (b). However, the subtle differences marked in terms of the temperature dependence of the an-
become more obvious in the anisotropy/o, as a function isotropy. As the sample is heated the crossover temperature
of temperature. The anisotropy profile as a function of tem-can correspond to the point where the anisotropy ratio
perature is shown in Fig.(B) and shows a broad maximum o,(T)/o, (T) decreases to a constant value~8500 and is
centered around 430 kr, (T) increases more rapidly than nearly temperature independent.
o(T) for T>430K and the ratier; /o, settles down to 400 The anisotropy present prior to heating can be considered
as the temperature is increased. The ratio is fairly indeperto arise from extrinsic ambient sources which preferentially
dent of temperature subsequently on cooling and reheatingnodifies the surface compared to the bulk and gives rise to
The anisotropy decreases by three orders in magnitude aftémre peculiar temperature dependence with a rounded maxi-
the thermal treatment at room temperature. mum around 430 K. The anisotropy after the sample is
Measurements done on fiber also qualitatively reveaheated to 625 K and maintained in vacuum conditions can
similar o4,(T) behavior as depicted in Fig(d. The mag- correspond to some sort of intrinsic anisotropy of the system
nitudes of the conductivity, however, are shifted by three taas indicated by the lack of temperature dependence.
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FIG. 2. Anisotropy in conductivity as a function of temperature
for the entire thermal cycléa) (of,/o,) vs T, (b) (0y/0,) VST,
the arrow indicates the thermal cycle, 1 indicates first round of
heating, and 2 indicates second round of heating and cooling.
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The time dependence of conductivity mentioned above oot 0002 0003 0004 0005 0006 0007

also supports the view of different mechanisms for the 1T (K

charge transport process. The conductivity value for all the

systems at room temperature, in vacuum conditions after FIG. 3. ¢(T) for the entire thermal cycle in log scale as a
heating, is fairly constant; however, the value graduallyfunction of reciprocal of temperature for different configurations
drops over a period of hours when exposed to air and corfiber (a), parallel (b), and perpendiculafc), respectively, and the
verges to its Origina| value as shown in F|g 4. Earlier report@l’fOW indicates the thermal cycle. The dashed and solid lines indi-
on the humidity dependence of BBL were explained on thecate fits to a simple activation behavior model.

basis of HO adsorption where the sites close to the surface
are significantly affected’ The samples studied were, how-
ever, in the highly insulating regime. The fiber conductivity
was more stable with respect to ambient conditions. The high
conductivity of the fiber at room temperature obtained by
heating persisted longer. These results suggest that the fibe
is less sensitive to moisture indicating that the diffusion rates 10" [0 I EHTs STEEFIHETTHERTIRSD - (S --- --- --- --
are small when compared to films and they have not alterec g fer

the electronic properties. Also thermogravimetric analysis
(TGA) studies indicate there is a marginal weight loss below
the degradation temperature of BBL at 675 K, which can be
attributed due to the moisture content in the samples.

The difference in the energetics of the mechanisms can bes
gauged by fits to the simple activated models. The fits are not
crude as expected and the barrier energies obtained can t
used to highlight the differences. The initial heating process  1* M'v---v-—y—. v

S/cm)

parallel

v

of the three configurations can be modeled in terms of an perpendicular

activated behavior and conductivity via barrier hopping as

the leading mechanism. There is a gradual increase {IT) 10

up to 440 K, which can be approximately fitted to a simple 2000 . 4000 6000
activated model: o= o, exp(—A/KT) with A=0.0452eV. Time (secs)

o, (T) increases more rapidly for>440K and is indicated FIG. 4. o(t) as a function of time for heated samples at room

in the fit to the activated model with the value of of  temperature and exposed to air for different configuratians.

=2.308 eV. o, (T) for T=600K is in the order of =0 sec corresponds to vacuum conditions, and dashed lines are fits
107°S/cm. For the surface measuremeat(T) of BBL to the data.
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films, the initial heating process can be modeled in terms of 0

a simple activated behavior with two different regimes; M

=0.011eV for T<390K and A=1.12eV for 600-T 5 A

>390K, ando=10"2S/cm atT=600 K. For the fiber mea- NG

surement,os,(T), the initial heating process can also be ol

modeled in terms of a simple activated behavior with two < \M
g B S

different regimes; A=0.098eV for T<350K and A s

=0.878eV for 600-T>350K, and o;,=0.1S/cm atT QQ%
=600 K. . ‘ch{o

Upon cooling from 600 K,o(T) for the different film -20¢ Tos. oo
geometries and fiber can also be approximately fitted to a © VV\V\%V\\QQQ\
single activated processr, (T) gradually decreases uni- 25 . . N,
formly on cooling with A=0.35eV and reaches 004 005 0.06 007 008
=108 S/cm at room temperature(T) gradually decreases T

uniformly - on cooling with A=0.364eV reaching FIG. 5. In(@) vs 1AT for the heated samples fib&), parallel
=10"°S/cm at room temperaturars,(T) gradually de- () and perpendiculafc) configurations. The dashed lines are fits
creases uniformly on cooling with=0.377 eV approaching to the 1D variable range hopping model.

=10 S/cm at room temperature. The notable feature is that

the activation energy values for all configurations and fiber%omponent of interchain hopping conductivity parallel
are almost similar. to the chain, oy(T)={[€?up(2mt, 7ih)2]/(aKgTZzA)}exp
The results obtained after the initial heating proces§ —(T,/T)*?] and the component of interchain hopping per-
(Tmax=625K) can be considered to be a better representggendicular to the Chain,Uinter(T)={[2629(Ep)b2vph]/
tive of the system for studying the electronic transport pro-p(2t, 7,h)2lexd —(To/T)"2], where To=8al
cess because of the inSGnSiVity to Subsequent heating CyCI@(EF)ZkB), Uph is the characteristic phonon frequenty,is
yielding consistent results. Three-dimensio8D) Mott  the interchain exchange integra, is the interchain mean
variable range hoppinRH) models have been previously free time,a is the inverse of longitudinal localization length,
used to describe theo(T) behavior with o(T) b s the inverse of transverse localization lengthis the
=00 exp(To/T)” where (1f—1) is the dimensionality and nyumber of nearest neighboring chaiAds the average cross-
for isotropic system oy=o,, the parameter To  sectional area of each chain, agfEg) is the density of
=A/kgNp(Eg)e® wheres is the localization lengthNp is  states with one sign of spif:*® A detailed structural infor-
the density of localized states near the fermi leveDirdi-  mation on the arrangement of the polymer chains in the bulk
mensions andh is a numerical factor of order unify.For s needed to know how the quasi-1D models can be adopted
anisotropic 3D system the effectivels equivalent to a geo- for o, (T). However, it must be mentioned that several other
metrically averagede(’e | )" wheree ande, are intraplane models also result in this kind of temperature dependence
and interplane localization lengths. The conductivity anisotsuch as charge energy limited tunneling for granular metal
ropy, i.e.,ay /o, in the model® is found to be~(e;/e,)?.  and 3D variable range hopping model with a Coulomb Hap.
The ratio of the localization lengths:(/e,) for BBL have It is not possible with the present experimental information
been estimated to be-30." The present value ofr;/o0,  to have a complete understanding of the physical process
~ 400, which is in the same order of magnitude ag/¢,)?>  involved in the conduction mechanism, but, what is estab-
can be then argued to arise from the anisotropy in localizalished is the identical nature of the temperature dependence
tion length. However, in the present casg€T), o, (T), and  of the conductivity in different geometries and morphology
osp(T) yields better fits to quasi-1D models than 2D, 3D after thermal treatment.
VRH, or a simple activated model. The deviation from a 3D The x-ray studies done on uniaxially oriented films re-
model, which was used to describe the transport properties ealed Bragg peaks d@~13.24° and 19.01° withl values
BBL,’ can be attributed to differences in factors such as oricorresponding to 3.36 and 2.36 A, respectively, and are con-
entation, impurity concentration, and processing conditionssistent with the earlier observatiohreliminary observa-
The low-dimensional picture is more plausible for thetions in the x-ray studies also reveal additional features
micron-size, drawn fibers, which can be considered to bevhich are dependent on the sample history. Fibers are ex-
packed with fibrillar structures as observed in scanning elecpected to show a microstructure similar to the uniaxially
tron microscopy images and these structures are present gmown films. Efforts are being pursued to study these fea-

the films as well. tures in detail as a function of temperature and correlate the
Another crucial feature in the present case is lack of temresults with the transport results.
perature dependence of /o, for surface and bulk configu- The samples when exposed to air vary significantly with

rations andoy /o, for fiber and bulk configurations. This respect to time after heat treatments. Upon exposing the
feature is also revealed in the similar valuesTgfobtained sampleo(t) and o,(t) initially increases marginally and

in the 1D model fits(Fig. 5, with values of T;~2.23  subsequentlyt(>100sec) the conductivity in all configura-
X 10°, 2.31x 10, and 2.3% 10°K, for bulk, surface, and tions progressively decreases with time as shown in Fig. 4.
fiber configurations respectively. The system can be modeletihe decrease in(t) can be fitted to Inf)=at® wherea and

in terms of a quasi-1D system with a strong intrachain hopb are constants. The rate of decrease in conductivity for the
ping and a weak interchain hopping component. For thalifferent geometries can be evaluated in terms of magnitude
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of the constanb, sinceda/dt=ba In(o)/t. The fiber conduc- configuration photocurrent follows the absorption spectra
tivity decreases at a much slower rate compared, () and  closely around the edgeA possible source for this effect

o, (t) with b~0.04, 0.08, and 0.02 for bulk, surface, and was thought to arise from the presence of extrinsic impurities
fiber configurations, respectively. This process is irreversiblghat can cause tails in the density of states by perturbing the
and the sample regains the higher conductivity @ value  band edge via deformation potential, via coulomb interaction
only upon thermal treatment. These features indicate the senr by forming a band of impurity states. The present results
sitivity of the electronic properties on the physiochemicalmay explain the origin of the features observed in the pres-
interactions at the surface. The results also clearly demorsure dependence and photoconductivity results and stress the
strate that these changes brought about extrinsically can bmportance of geometrical effects in the experimental studies
overcome by thermal treatment. due to the surface processes in this material.

Earlier studies on the pressure dependence of the elec-
tronic transport of the thermally treated polymer in ambient
conditions also show the anisotropic behavibihe resis-
tance in the transverse configurati® and in the planar The present results add further insight into the electronic
surface configuratioR,,, show drastically different behavior structure of BBL and the sensitivity of electronic properties
as a function of pressure. TH®, of the sample gradually to ambient conditions and thermal treatment. The ambiguous
decreases with an increasing pressure with the process beinganner in which the conductivity of BBL enhances due to
reversible. The surface resistance on the other hand increasid®ermal treatment and the decrease upon exposure to mois-
with increasing pressure initially and then decreasesPfor ture is completely traced and the results are consistent with
>25kbar with an appearance of a rounded peakPat previous experimental observations. The energy barriers and
~20kbar and this process was irreversible. A possible exthe time constants involved in these process are also esti-
planation for the results was given in terms of the occurrencénated. The anisotropy in the electronic conductivity studied
of an initial physiochemical process such as removal of waas a function of these parameters also highlights the impor-
ter from the surface foP <20 kbar, and subsequently physi- tance of structural and morphological aspects in the ladder-
cal processes such as packing, and orientational changes tdkpe polymer.
ing over forP>25kbar as the major factors influencing the
dc conductivity*®

Previous results on photocurrent studies on heated
samples in ambient conditions reveal a small but significant K.S.N. acknowledges the support of the Asian Office of
presence of photocurrent in the surface cell configurationAerospace Research and Developm@®ARD), AFOSR,
well below the absorption edge<1.68 e\j.° In contrast to  and Department of Science and Technology, Government of
the surface cell configuration photocurrent the sandwich cellndia, towards this project.
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