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Tunneling and hopping conduction in Langmuir-Blodgett thin films of poly(3-hexylthiophene)
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The electrical conductivity and field-effect mobility of undoped and NOPF4-doped Langmuir-
Blodgett thin films of poly(3-hexylthiophene) have been measured as a function of temperature, elec-
tric field, and film thickness. These properties are compared with those of free-standing films. In
undoped samples the conductivity is best described by variable-range hopping, whereas in the doped
and dedoped states the model of charging-energy-limited tunneling between conducting islands is
applicable. The data indicate metallic charge carrier densities within the conducting islands in the
highly doped state. At electric fields close to the dielectric breakdown, a possible onset to Fowler-
Nordheim tunneling is observed. As the samples become dedoped, the electrical properties indicate
an increase in the average size of conducting islands, which are suggested to consist of polymer
backbones separated by the alkyl side chains of neighboring molecules.

I. INTRODUCTION

The mechanisms of electrical conduction in inherently
conducting polymers are still a matter of controversy.
The concept of solitons and polarons acting as charge
carriers has been widely accepted, but the physical pro-
cesses involved in their motion through the material
remain unsolved to some extent. Conducting polymers
are usually highly disordered materials with considerable
amounts of impurities. The electrical properties reflect
the structure of the polymer, which depends on the
method of preparation and processing. The characteriza-
tion and modeling of electrical conduction is thus a
difficult task and comparisons of experimental results be-
tween research groups can easily lead to wrong con-
clusions if the materials are not similar by structure.

The experimental studies on conducting polymers have
shown that the conductivity mechanism is dependent on
the degree of doping. Doping, on the other hand, is
known to alter the structure of conjugated polymers.
Tunneling and hopping models have usually been used in
explaining the conductivity behavior. For example, in
polyacetylene, the most studied conducting polymer, the
observed electrical properties have been related to the
theories of variable-range hopping,! charging-energy-
limited tunneling,2 thermal fluctuation-induced tunnel-
ing, >* intersoliton hopping,” and bipolaron hopping, ® de-
pending on the degree of doping or other factors. These
models have been used in describing the charge transport
in other inherently conducting polymers too.

We are currently studying the electrical properties of
thin films of conducting polymers prepared by the
Langmuir-Blodgett (LB) technique. The recent progress
in this field’” makes it possible to manipulate poly(3-
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alkylthiophenes) into well-defined layered structures with
controllable thickness. They can be subsequently doped
by chemical oxidation, which makes the film conductive.
The controllability of LB manipulation may be used in
examining the effect of structure on the electrical proper-
ties and the good reproducibility of the film structure
offers a possibility for detailed studies on the conduction
mechanisms in these materials. In this paper we report
the results of a series of detailed electrical measurements
in undoped and NOPFg-doped LB films and free-standing
films of poly(3-hexylthiophene) (PHT). The measure-
ments include the temperature, electric field, thickness,
and pressure dependences of the conductivity, as well as
the thickness and temperature dependences of the field-
effect mobility. The applicabilities of the models of
variable-range hopping and charging-energy-limited tun-
neling are tested, and the conductivity behavior is com-
pared to that of free-standing films of PHT.

II. EXPERIMENT

Poly(3-hexylthiophene) was prepared by the direct oxi-
dation of 3-hexylthiophene monomer by FeCl; as de-
scribed elsewhere.® Free-standing films (thickness 30—50
pm) were cast from chloroform solution. The molecular
weight of the polymer was M,=75700 g/mol and
M, =18000 g/mol. Elemental analysis was performed by
Schwarzkopf Microanalytical Laboratory, Inc. The re-
sults showed an Fe impurity concentration of about
7X 10" ¢cm ™3 in the undoped polymer. Weight uptake
measurements indicate dopant concentrations of about 20
mol % in the NOPF- and FeCl;-doped polymers.

LB deposition was performed by mixing PHT and sur-
face active 3-octadecanoylpyrrole (30DOP) (molar ratio

9076 ©1991 The American Physical Society



43 TUNNELING AND HOPPING CONDUCTION IN LANGMUIR- . ..

5:1) in a chloroform solution and spreading it onto a
purified subphase of water in a Lauda film balance. By
using 3-octadecanoylpyrrole, the films are free from Cd
ions, unlike in films where stearic acid is used as the sur-
face active element and CdCl, is needed in the subphase.
This is especially important in electrical measurements
with a two-point configuration of electrodes. The num-
ber of layers ranged from 3 to 25, which corresponds to
film thicknesses from 150 to 1250 A according to ellip-
sometric measurements.

Doping was carried out chemically with NOPF in
acetonitrile and FeCl; in nitromethane. The doping time
was 90 min for free-standing films and 10 min for LB
films. The dopant concentration in solution was 0.5 g/1
for NOPF, (0.1 g/1 in the case of the LB films) and 10 g/1
for FeCls,.

dc conductivity was measured in vacuum in a cryostat
over a temperature range of 4.3-300 K. Free-standing
films were contacted with carbon paste, which forms an
Ohmic contact to PHT and measurements were per-
formed by the standard four-point method except in the
case of the electric-field dependence in which two points
were used. Langmuir-Blodgett films were deposited on a
specially designed field-effect transistor (FET) electrode
configuration® (Fig. 1), which allowed the simultaneous
measurements of conductivity and field-effect mobility.
Gold electrodes (100 A Cr plus 200 A Au) deposited on
silicon oxide (3000 A thermally grown on an n-type Si
wafer) were interdigitated having a channel width of 8 or
4 cm, but a length of only 5 um. Gold also forms an
Ohmic contact to PHT.

The electric-field dependence of the conductivity was
measured by applying a dc voltage across the electrodes.
In some cases the behavior was checked with a pulse gen-
erator at a frequency of 10 Hz and a pulse width deter-
mined by the RC constant of the load. However, no
difference in conductivity was observed.

The pressure-dependent conductivity of free-standing
films of PHT doped with FeCl; was measured up to 1.7
GPa in a hydrostatic BeCu pressure clamp of standard
design'® at room temperature. The current and voltage
leads for four terminal conductivity measurements were
25-um gold wires attached to the film with carbon paste.
The sample was then placed in a Teflon bucket filled with
a perfluorocarbon pressurizing fluid. The bucket and

SiO;
| n-type Si

G

FIG. 1. Field-effect transistor electrode configuration. The
actual number of interdigitated gold electrode fingers is 20 or
40, giving a channel width of 4 or 8 cm. The channel length is 5
pum. The LB films are deposited on top of the electrodes.
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BeCu cap with an epoxy electrical feedthrough were
compressed in a BeCu cylinder between two tungsten car-
bide pistons with a hydraulic press. The pressure was
monitored by a strain gauge on the press, and the voltage
was recorded as the pressure was varied. The current
through the sample was kept less than 1 mA at all times.
The measurements were repeatable over several cycles of
the clamping pressure. Any hysteresis in the measure-
ments seemed to be due to friction of the pistons against
the walls, which would cause a force differential across
the piston. This hysteresis was reduced to almost zero
after several cycles of the pressure.

III. RESULTS

The LB film samples used in this study had thicknesses
of 3, 11, 21, and 25 layers. We use terms undoped,
doped, dedoped, and redoped in describing the sample
history. Undoped means the as-deposited films. Doped
refers to measurements made immediately after doping.
After doping the the conductivity decreases and the sam-
ple becomes dedoped. In dedoped samples we may dis-
tinguish a moderately dedoped state when the room-
temperature conductivity is above 10~* S/cm. If a
dedoped sample is doped, it will be called redoped. The
temperature and the electric-field dependence of the con-
ductivity were measured in all samples. Detailed
electric-field dependence measurements were performed
in a 25-layer sample which was dedoped by venting the
sample chamber and letting the conductivity decrease at
room temperature in laboratory air. The measurements
of the moderately dedoped and (more fully) dedoped
states were then made after 12 and 27 days from doping,
respectively. The temperature dependence of the field-
effect mobility was measured in samples of 3 and 21 lay-
ers. The effect of redoping was studied in an 11-layer
sample. The measurements of the undoped material were
performed in a sample of 25 layers. Free-standing films
were studied only in the doped state.

A. Field-effect measurements

Due to the large parallel bulk conductance of the LB
film, the polymer transistors studied here are normally-on
devices with nonlinear, nonsaturating I-V characteristics
at high biases. Figure 2 shows the effect of gate voltage
Vs on drain-source current Ing in a three-layer sample
after dedoping. A negative gate voltage accumulates p-
type charge carriers at the polymer-SiO, interface,
whereas a positive gate voltage depletes the charge car-
riers away from the conduction channel. No saturation
current can be observed at higher biases, which is caused
by a non-Ohmic conduction at high electric fields. Un-
doped polymer transistors can be driven to the saturation
region'! and they can be made normally-off devices if the
bulk resistance is increased for example by a heat treat-
ment or by reducing the thickness of the film. We did not
observe any saturation in I g in doped samples even after
prolonged dedoping. The field-effect mobility p in the
linear region can be calculated by measuring the channel
conductance g; at low bias Vg and using the well-
known equation’?
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FIG. 2. Current-voltage characteristics of a dedoped 3-layer
LB-FET in the linear region. The gate voltage was varied from
—40to +40 V with steps of 20 V.
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as Vpg—0. Vi is the threshold voltage and C,, the ox-
ide capacitance. w and L are the channel width and
length, respectively.

Figure 3 shows the conductivity and the field-effect
mobility measured as a function of the film thickness be-
fore and after doping with NOPF,. The samples were de-
posited on the same substrate by adjusting the depth of
the dip of the substrate wafer in the LB trough. There
were about eight transistors with each thickness. The
gate voltage did not have any effect on the channel con-
ductance immediately after doping. This was probably
caused by the film being lifted off the SiO, interface by
the solvent during doping. The field-effect measurements
of the doped state were thus performed after storing the
samples for three days in nitrogen. By that time the con-
ductivity had decreased by a factor of about 2. As can be
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FIG. 3. Conductivity and the field-effect mobility before and
after doping with NOPF; as a function of the number of layers
deposited.
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seen in Fig. 3, doping increased the conductivity by five
orders of magnitude and the mobility only an order of
magnitude less, which shows that the conductivity in-
crease is mainly due to a change in mobility. The in-
crease is fairly independent of thickness within the exper-
imental error, except in the thinnest sample of three lay-
ers. After doping the conductivity starts degrading.
Dedoping proceeds much faster in air as the PF,~ mole-
cules react with moisture and become inactive. In the
thinnest sample the decrease in conductivity is due to a
decrease in both the mobility and the active dopant con-
centration, whereas in thicker films the mobility changes
more slowly and is not very much thickness dependent.

The temperature dependence of the field-effect mobility
in a dedoped three-layer sample is shown in Fig. 4. The
data fit best a logqu « T %5 dependence in the accumu-
lation mode, but the depletion mobility behaves more ac-
cording to a log,qu =< T ! law and vanished completely
below 150 K. When the measurement was repeated in a
thicker film of 21 layers and at a higher doping level, the
relative difference between the accumulation and the de-
pletion mobilities was not as great as in Fig. 4, but the be-
havior was qualitatively the same. The accumulation mo-
bility has the same temperature dependence as the con-
ductivity (see Fig. 5), which will be discussed in Sec.
III B. This gives also the carrier concentration o /ep the
same temperature dependence, which, however, is rela-
tively small, as seen in Fig. 5.

B. Conductivity in doped LB films

The temperature dependence of the conductivity in
doped and dedoped samples was always found to obey
well the exponential law

— 1/2
R (To/DV2 2)
Figure 6 shows o(7) measured in a 25-layer sample at
different dedoping levels. At high conductivities (above
0.01 S/cm) the sample resistance became comparable to
the series resistance formed by the cryostat measurement
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FIG. 4. Field-effect mobility in accumulation (Fz= —30 V)
and depletion (V=30 V) as a function of temperature in a
dedoped 3-layer LB FET.
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FIG. 5. Conductivity and the charge-carrier concentration
(0 /eu) as a function of temperature in a dedoped 3-layer LB
FET.

leads and the contact resistance. This is due to the large
channel width and the small channel length of our elec-
trode configuration. Thus the conductivity was not
measurable in this sample at high temperatures. Extrap-
olating the slope in Fig. 6 gives a room-temperature con-
ductivity of 0.1 S/cm. After dedoping the activation en-
ergy increases (see Table I), but the temperature depen-
dence can still be fitted to Eq. (2) in an excellent way.

The behavior of Eq. (2) is predicted by various models,
such as one-dimensional variable-range hopping,'?
variable-range hopping with a quadratic density of
states:'* N(E)x<(E —Ep)?, or charging-energy-limited
tunneling between metallic islands.!® It is necessary to
perform other measurements in order to distinguish be-
tween these models. Figure 7 shows the electric-field
dependence of the resistivity at high fields and at a low
temperature in the same 25-layer sample of Fig. 6. Ac-
cording to the model of the charging-energy-limited tun-
neling the resistivity should then behave exponentially

Ey/E

R :Roe (3)

This is exactly what is observed in Fig. 7 with the slope
increasing as the sample becomes dedoped. Another
proof of the applicability of this model is shown in Fig. 8
where the electric-field dependence of the conductivity
has been measured at different temperatures. The data
have been fitted to the complete field and temperature
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FIG. 6. Temperature dependence of the conductivity at
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where E¥*=E/E, and T*=4T/T,. Z is an integration
variable dependent on the electric field, the charging en-
ergy, and the tunneling barrier parameters. E, and T,
are determined from Figs. 6 and 7, respectively (see Table
I), which leaves only one adjustable parameter o ., deter-
mining the amplitude of the function of Eq. (4). E, and
T, determine the shape of the curve, and as shown in Fig.
8(a), a satisfactorily good fit can be obtained especially at
high fields by using these values obtained from the low
field 0(7T) and the low temperature R (E). As the sample
becomes dedoped we need to adjust T* in order to make
good fits in Figs. 8(b) and 8(c). The tendency is that Eq.
(4) gives then slightly too strong a curvature if the mea-
sured value of T is used. At low temperatures Eq. (4) is
very insensitive to changes in T, and therefore a fairly
large increase of T* is needed in order to improve the fit.
Table I also shows the parameters measured in an 11-
layer sample after three cycles of doping and dedoping.
Redoping increases the conductivity, but it does not rise

TABLE 1. Parameters of a doped, moderately dedoped, and dedoped 25-layer film, and a redoped and dedoped 11-layer film.

o o kT, O E, w'

Sample (S/cm) (S/cm) (eV) (S/cm) (MV/cm) (A)

doped 0.1 3 0.29 2X107? 0.17 42
moderately dedoped 6X107* 20 2.7 1X1073 1.1 61
dedoped 2X107° 2 3.5 3X107* 1.4 63
redoped and dedoped 3% 107° 25 6.6 3X10°° 1.6 106
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temperature and the electric-field dependences of the con-
ductivity still agreed equally well with the theory of
charging-energy-limited tunneling. The breakdown field
was studied in this redoped and dedoped sample of 11
layers at 4.3 K. The data are shown in Fig. 9. Some de-
viating behavior from the slope (E,) of Table I was ob-
served in the field dependence of resistance starting
around 0.3 MV/cm. The resistivity seemed to have tran-
sition points after which it decreased according to Eq. (3),
but with an increasingly steeper slope. The current densi-
ty was 11 A/cm? right before the breakdown, which oc-
curred at an electric-field strength of 0.52 MV/cm. The
breakdown increased the current by several orders of
magnitude and the sample temperature started rising.
After the breakdown the sample remained in a highly
conducting state, which suggests that carbonization of
the film had occurred. The tunneling behavior before the
breakdown will be discussed later in this paper.

C. Conductivity in undoped LB films

The temperature dependence of the conductivity in an
undoped 25-layer sample was best fitted to the model of
three-dimensional variable range hopping'2

— 1/4
=0 (T,/T) ()
at low bias. Figure 10 shows also the effect of electric
field on the behavior of the conductivity. The data have
been fitted to the form of the variable-range hopping
model developed by Apsley and Hughes'®
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FIG. 8. Electric-field dependence of the conductivity fitted to
the model of charging-energy-limited tunneling in a 25-layer
sample (a) in the doped state, (b) in the moderately dedoped
state, and (c) in the dedoped state. In (b) and (c) the parameter
T* has been adjusted at each temperature (see the tabulated
values) in order to make satisfactory fits.
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FIG. 9. Behavior of the resistivity close to the dielectric
breakdown field in a redoped and dedoped (three cycles of dop-
ing and dedoping) 11-layer sample at 4.3 K.

and 12.2 A as the electric field increased to 60 and 160
kV/cm, respectively. Another feature typical of applying
variable-range hopping models is the problem of the pre-
factor in Eq. (6), which gives unphysically high jump
rates, 3.9X 10°® s 7! in our case. The data fit the model in
a wide temperature range. Notice the kink in the curve
of 160 kV/cm at 140 K above which temperature the
data start deviating from the theoretical values. These
kinds of transitions can sometimes be seen in o(T) curves
in both doped and undoped samples (see the data of the
moderately dedoped sample in Fig. 6). They occur unex-
pectedly and usually in an irreproducible way. It is possi-
ble that at these transition points the charge carriers find
new hopping or tunneling routes, which have different
transfer characteristics.

D. Conductivity in doped free-standing films

In order .to reveal if the ordered structure of the LB
films has any effect on the charge-transport mechanism,

109

5 107 ]
z 3
z 107
= ]
S 10°
= 3
= ]
g 10" ]
Qo 3
107" . ]

P EPETS A il M Y il | IR A IE

0.28 0.32 0.36 0.40

T-0.25 (K-O.ZS)

FIG. 10. Temperature dependence of the conductivity at
different electric-field strengths in an undoped 25-layer sample.
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the temperature dependence of the conductivity was mea-
sured in free-standing films of doped poly(3-
hexylthiophene). Figure 11 shows the behavior of o(T)
in samples doped with NOPF, and FeCl;. In both cases
the best fit was obtained with Eq. (2) as in doped LB films
of the same material. The tendency to saturating conduc-
tivity at low temperatures (below 30 K) is due to the
non-Ohmic behavior of the resistance. This can be seen
more clearly in Fig. 12 where the resistance was mea-
sured with a two-point electrode configuration. The con-
tacts were made with carbon paste as close to each other
as possible. The electrode distance was of the order of
100 um, but it was impossible to determine it accurately.
Thus the electric-field strength is not known in this case.
However, the qualitative behavior can be seen to ap-
proach the relation of Eq. (3).

It is not possible to use the electrode array structure of
field-effect transistors in measurements of free-standing
films and therefore the comparatively larger electrode
distance prevented us from studying and comparing the

Resistance (Q)

e 20K

NOPFg Doped @ 50K

0.1 0.2 0.3 0.4 0.5
1/Bias (1/V)

FIG. 12. Bias voltage dependence of the sample resistance at
different temperatures in a free-standing film of PHT doped
with NOPF,.
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FIG. 13. Relative sample resistance as a function of pressure
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high-field conductivity more closely. The pressure depen-
dence was measured instead as shown in Fig. 13. The
resistance decreases with increasing pressure as expected
if the tunneling barrier width between the conducting is-
lands is reduced. Note that the vertical axis is in a loga-
rithmic scale.

IV. DISCUSSION

A. Undoped LB films

The observed log,o0 < T~ /'* behavior in the undoped
sample indicates that the dominant charge-transport
mechanism is variable-range hopping. It also means that
the density of states is flat, since other densities of states
would produce different dependences. The functional
form of the electric-field dependence, on the other hand,
is still a matter of controversy. We have used the ap-
proach of Apsley and Hughes'® which predicts a
log,o0 = E? behavior. Pollak and Riess'® utilized directed
percolation and arrived at a linear field dependence of
log,qo. In both cases there is experimental data support-
ing the theories. Further work on the directed percola-
tion!® has given also a log,,0 < E? behavior depending on
the types of approximations made.

The parameters a, N(Eg), and v extracted from the
field and temperature dependence of conductivity are
comparable to the values measured by Yoffe and Phil-
lips!” in amorphous P and As. In a-P they get @ =10 A,
N(Ep)=5.2X10" eV lcm ™3 and v=7.5X10%* s,
which are very close to the values obtained in this study.
However, instead of having to increase the value of a,
they had to decrease it in order to maintain a good fit at
high fields. This means that in our case the model un-
derestimates the strength of the dependence of the con-
ductivity on electric field, unlike in amorphous inorganic
semiconductors. v is larger than the optical-phonon fre-
quency (v,,~10" s™1) by a factor of 10'". These features
show that the simple model of variable range hopping is
not correct, although it can explain many of the main
properties of the data.

Knowing a and N (Ep), it is possible to determine the
average hopping distance r and the average hopping ener-
gy W,
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9 , (7)

87kTN (Ej)

3

_——, 8
47r’N(Ep) ®

according to Mott’s definitions'® (Apsley and Hughes

used a parameter called range which is the sum of re-
duced r and W). Substituting a and N (Ej) into Egs. (7)
and (8) gives 7(300 K)=230 A and W =0.41 eV. These
values are high manifesting the high resistivity of the ma-
terial. We can then also test the suggestion of Colson and
Nagels® for the jump frequency vexp(—2R/a)<v,,
which indeed predicts that a hopping distance greater
than 200 A is expected, if @ =10 A and v=10% s~ 1,
With hopping lengths this long we would expect to see a
strong thickness dependence of the conductivity in the
thinnest films. As shown in Fig. 3, there is a decrease in
conductivity with a decreasing number of layers in the
undoped state, but the magnitude of the effect is smaller
than in a previously reported study of a LB FET of
poly(3-hexylthiophene).?! This suggests that the charge-
carrier hopping length increases more slowly than pre-
dicted by percolation models as the two-dimensional hop-
ping regime is approached.

The charge carriers in the undoped materials are
caused by synthesis-induced impurities which act as
dopants. In this material the impurities are FeCl; mole-
cules or other products which are used in the polymeriza-
tion of poly(3-hexylthiophene). If we assume that hop-
ping occurs between polarons or bipolarons electrostati-
cally bound to dopant molecules the dopant concentra-
tion can be estimated to be 3 /47r3, which gives 2 X 10'®
cm 3. This would be the concentration of active dopants
or the density of the dopants acting as hopping sites. The
estimate is very rough and it would be more justified in
the case of nearest-neighbor hopping, whereas in
variable-range hopping it can be regarded as the lower
limit for the dopant concentration. The value is much
less than the total Fe concentration in pure PHT deter-
mined by elemental analysis, but it is very close to the
dopant concentrations obtained from spin cast PHT
Schottky barriers by capacitance-voltage measure-
ments.??> Our own C-V measurements>® probe only the
outermost layers and give higher dopant concentrations,
of the order of 10'7-10'"® cm™3, for LB films of PHT.
This is due to the fact that in thin films the dopant con-
centration is much higher near the interface.?>?* The
value is also over two orders of magnitude smaller than
the carrier concentration calculated with the conductivi-
ty and the field-effect mobility values of the undoped state
in Fig. 3. These concentrations need not be the same, of
course, since the application of a gate voltage can create
new polarons or bipolarons to the polymer-SiO, interface.

With the speculations of polaron hopping we are mov-
ing closer to the intersoliton hopping model proposed by
Kivelson.?> According to this model the conductivity
should vary as o(7T)=T". It has been successfully ap-
plied to lightly doped trans-poly(acetylene) (Ref. 26) and
poly(paraphenylene) (Ref. 27) and it could in principle be
used here too because a logqo-log,T plot of our data
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gives a reasonably good linear behavior at a low electric
field. A value of n =14.3 can be determined from the
slope. However, the intersoliton model lacks an expres-
sion for the electric-field dependence and the variable-
range hopping model explains our data over a wide tem-
perature range. The choice of variable-range hopping is
also supported by the similarity of the data to the corre-
sponding measurements made in inorganic disordered
systems, where similar interpolaronic conduction is un-
likely to exist. Frequency?® or pressure?® dependence of
conductivity could probably determine the applicabilities
of these two models.

B. Doped LB films

Doping LB films with NOPF, results in a change in
charge-transport properties. As shown in Fig. 3 the con-
ductivity increase is caused by a dramatic change in mo-
bility. On the other hand, as the sample becomes
dedoped the conductivity decreases mainly because of a
drop in charge carrier concentration. The temperature
dependence of the conductivity fits the log,,o « T ~1/2
dependence in an excellent way and the electric-field
dependence of the resistivity resembles closely that of
granular metals.!> The results strongly indicate that
highly conducting islands are formed. It is not clear
whether the charge-carrier tunneling between these is-
lands occurs, for example, through undoped polymer seg-
ments, polymer side chains or free space. The LB films
also contain insulating surface active 3-
octadecanoylpyrrole molecules, which, however, are solu-
ble in acetonitrile and are at least partly washed away
during doping. The process of LB film deposition sup-
posedly forms a homogeneous blend of 30DOP and
PHT, and the subsequent doping and removing of
30ODOP is then believed to result in a homogeneous mix-
ture of highly conducting PHT or aggregates of PHT
molecules. In this case, the layered structure of the LB
films disappears completely upon doping.

The size of the conducting islands can be estimated ac-
cording to the work of Sheng and Abeles'?

kT,
YT AR,

9)

Here w’' denotes the average width of the conducting
grain plus the insulating barrier. The value of w’ at
different dedoping levels can be found in Table I. Quite
surprisingly it is found that w’ increases from 42 to 63 A
as the sample gets dedoped. In the redoped 11-layer sam-
ple Eq. (9) gives 106 A. Another way to estimate w’ is to
measure the field strength E, at which the conductivity
has dropped by a factor of 2 from the value in the Ohmic
region.!> The island size is then w’'=kT /eE,. In the
dedoped, the moderately dedoped, and the doped states
of the 25-layer sample we get w’'=66, 58, and 40 A at 80,
77, and 54 K, respectively, which are in good agreement
with the values in Table I. Furthermore, E, decreases as
temperature drops as predicted by the model.

The conducting island growth is clearly too large an in-
crease to be solely due to a growing tunneling barrier
width because the tunneling probability decreases rapidly
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over few tens of angstroms. The fact that the largest is-
land size was measured in a redoped sample suggests that
the growth could be due to PF;~ molecules that have
been deactivated (HPF¢) by capturing a hydrogen atom
from the carbon chain or from a water molecule, but
remain inside the conducting islands. They are no longer
bound to the polymer carbon chain by a Coulombic at-
traction, so they are likely to reside further away from
the backbone. Dedoped material becomes partly solu-
ble,® which indicates that interchain forces weaken. All
this could result in a growth or swelling of the conduct-
ing islands of PHT. Redoped and dedoped samples
would thus contain considerable amounts of inactive
dopants. These speculations do not seem unreasonable,
but let us first proceed further in this discussion of
dedoped films before drawing any conclusions about the
increasing size of conducting islands.

The values of T* need to be corrected in dedoped sam-
ples in order to maintain a good fit of the electric-field
dependence of conductivity. Similar but smaller correc-
tions were needed in the measurements of granular met-
als.!® Since T, could be measured accurately it would
mean that the sample temperature had risen. This is,
however, very unlikely since the current densities were
highest in the measurements of the doped state, in which
case no corrections of T* were necessary. The reason for
these corrections has to lie somewhere else and they
could perhaps reflect the contribution of the increasing
resistance of the conducting islands to the transport
properties of charging-energy-limited tunneling.

The original treatment of Sheng and Abeles'® requires
a correlation between grain size and grain separation, and
it can be questioned whether this assumption holds in
conducting polymers, especially if the tunneling occurs
through barriers formed by polymer side chains. The
latter is supported by Sato’s?® study of electrochemically
synthesized poly(3-alkylthiophenes) with PF,~ acting as
dopant. The results showed increasing conductivity with
decreasing alkyl-chain length. The field-effect mobility
and the conductivity have been observed to be larger also
in undoped spin cast films of poly(3-alkylthiophenes) with
shorter side chains.’ Despite some opposing theoretical
considerations®® concerning the fractional temperature
dependence of conductivity in granular metals, our re-
sults here are clearly proportional to exp(T ~!/?) and they
show very close resemblance to the data of granular met-
als or cermets where a correlation between grain size and
separation is believed to exist. In fact, Sheng31 later de-
rived the same temperature dependence by using the crit-
ical path method which enabled him to relax the correla-
tion assumption between charging energies and the tun-
neling distance.

The cermet sample in Ref. 15 with parameters closest
to our data at the doped state is 44 vol % Ni in SiO,
(kT(y=0.34 eV, E;=0.22 MV/cm, 0,=30 S/cm,
0,(00=1X10"2 S/cm, w'=60 A). This is a high
volume percentage in the transition region between
dielectric and metallic regimes. The average distance be-
tween grains was determined to be o10 A, which in our
case gives a PHT island size of 32 A. At lower volume
percentages the conductivity level of cermets is naturally
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decreased, but in contrast to results here the grain size
decreases. This suggests that there is a fundamental
difference between our dedoped samples and cermets in
the dielectric regime, so that no correlation exists be-
tween the PHT island size and their separation. Further-
more, an island size of only 32 A in the doped state can-
not be formed by an aggregation of a great number of
PHT molecules, since the average chain length is 108 re-
peat units giving an average molecule length of about 400
A. This raises a question whether we are in fact measur-
ing charge transfer between molecules through barriers
formed by alkyl side chains. The side chain length is 7-8
A which is in agreement with the previous estimate of 10
A for the barrier width if we assume that the side chains
of neighboring molecules are partly interdigitated.

The picture of neighboring polymer chains being
separated by alkyl side chains is supported by recent
structural studies on poly(3-alkylthiophenes).*>3% X-ray
diffraction from the semicrystalline regions of the poly-
mer has revealed a layered structure where the polymer
chains are stacked on top of each other. The alkyl side
chains act as spacers between these stacks. Doping the
polymer with iodine** induces slight expansions and con-
tractions between the stacks, which cannot account for
the large changes in conductivity if a tunneling process
through the interstack space is assumed.

According to the theory of charging-energy-limited
tunneling the temperature dependence of o, manifests
the effect of phonon-assisted tunneling. The motion of
charge carriers is quantized within the conducting island
and thus a phonon emission or absorption may be re-
quired in the tunneling process. The probability of
phonon-assisted tunneling increases with temperature
and leads to a temperature-dependent o .. When kT is of
the order of the average energy-level separation, a satura-
tion of o, is expected. Figure 14 shows that such a satu-
ration is indeed observed in the doped state starting at
around 35 K. The average energy level separation 8 is*”

8E
=—" (10)
md n
1,84—""""']""'""l'""""l""""‘I""""‘I""4:
g1.6;— ]
) £ ]
T f ]
E31.45— —5
| 5
8. f
o l1.2F =
_ 25- Layer Film Doped
1.03... ............

10 20 30 40 50
T (K)

FIG. 14. Relative value of the parameter o, as a function of
temperature in a doped 25-layer sample.
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where 7 is the conduction electron density, E the Fermi
level, and d the conducting island size. Using the values
8~kT =3 meV, d =32 A, and E;=5 eV (Ref. 24) we
get n~1X10% cm 3. This is the density of free charge
carriers (holes) inside the conducting islands and it is of
the same order as the conduction electron density in met-
als. As the sample becomes dedoped o, increases with
temperature, but the possible saturation occurs above the
temperature range of the measurements. This indicates a
decreasing charge-carrier density as both 8 and d in-
crease. As discussed earlier, the field-effect measure-
ments (Fig. 3) also show the decrease in conductivity be-
ing associated with a decreasing number of charge car-
riers, but not so much with degrading mobility. These
considerations support the tempting speculation of con-
ducting islands being formed by the polymer backbones
and separated by alkyl side chains. The conductivity de-
crease would thus be due to an increase in the resistance
(average energy-level separation) within the conducting
islands, but it would not be primarily caused by a grow-
ing tunneling distance. The increasing average size of
conducting islands with dedoping could then be caused
by the decreasing density of conducting segments of the
polymer backbones. In other words, before tunneling
takes place the charge carriers will have to traverse on
the average a longer distance along the chain in order to
find the next sufficiently conducting part of a neighboring
carbon chain.

C. Comparison with free-standing films

All the electrical properties of doped LB films of PHT
and 30DOP discussed so far were reproducible in free-
standing films of doped PHT. This is not too surprising
since the mole ratio of PHT and the matrix material is
high and most of 30DOP is extracted away during dop-
ing. The “quality” of the data obtained from the LB
films is better than from free-standing films. This can be
partly due to the more sophisticated -electrode
configuration used with LB films, but it also reflects an
electrically more homogeneous material that is very well
suited for charge-transport studies.

The temperature dependence of the conductivity in
Fig. 11 suggests that the conduction mechanism is the
same whether NOPF; or FeCl; is used as dopant.
Charging-energy-limited tunneling has also been ob-
served in FeCly-doped polymer blends of poly(3-
octylthiophene) and ethylenevinylacetate, where only 10
wt. % of the conductive polymer was used.*® The con-
ducting island size was estimated to be around 100 A.
Hence doping seems to result in the same conduction
mechanism in a variety of compositions of poly(3-
alkylthiophenes). Moreover, the conducting island size
seems to be of the same order (less than 100 A), as re-
quired by the model.

We are unaware of any quantitative model describing
the effect of pressure on charging-energy-limited tunnel-
ing, but at least qualitatively the behavior in Fig. 13
seems to be correct: as pressure is increased the conduc-
tive islands are forced closer to each other and the tun-
neling barrier width decreases resulting in a drop in resis-
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tivity. In the simplest case of elastic tunneling the resis-
tance depends on the tunneling distance D exponentially,
InR < D. If the strain is linearly related to the stress
(pressure), then d (InR)/dP should be constant. As seen
in Fig. 13, this is not exactly the case, although there are
some linear parts in the curve.

D. Conductivity close to the breakdown field

The behavior of the resistivity close to the breakdown
field was shown in Fig. 9. The data points recorded right
before the breakdown are replotted in Fig. 15 where a
straight line corresponds to a fit to the field-emission
theory of Fowler-Nordheim, 3738

J=1.54%10"°E?p !

Xexp[ —6.83X107®32E “Ym*/m)'?), (11

where J is the current density (in A/cm?), ® is the poten-
tial barrier height (in eV), m* /m is the average effective
mass ratio of electrons in the conduction band of the in-
sulating barrier, and E is expressed in V/cm. At high
fields the behavior of Eq. (11) is essentially the same as
Eqg. (3) since the exponent is the dominant variable. It is
therefore not easy to distinguish between these two mod-
els. However, the proportionality constant is expected to
be larger than E|, in charging-energy-limited tunneling.
In our sample the slope of Fig. 9 switches to a value that
is larger than E (Table I) by a factor of 17.

Field emission from the Fermi level of the conducting
islands to the conduction band of the insulating barrier is
expected when the voltage drop across the barrier be-
comes comparable to the barrier height. In our case the
voltage across the electrodes is about 250 V, the distance
5 pm, and the island size about 100 A (Table I). Because
the voltage drop across the conducting islands is negligi-
ble, we have a minimum of 500 tunneling barriers in a
single percolation path. This means that ®=0.5 eV is
the upper limit for the average barrier height. This value
would correspond to the situation when the conduction
path leads straight through the polymer. Because of the
extremely high electric field, tunneling parallel to the field

100 T T T

11-Layer Film

T=43K

1k IR | L
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1 (10°° cm/v)

FIG. 15. J/E? vs inverse electric field at 4.3 K in a redoped

and dedoped (three cycles of doping and dedoping) sample of 11
layers before the breakdown.
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lines is expected to be favored and the actual barrier
height could be close to the above estimate. Using
®=0.5 eV and the slope from Fig. 15 in Eq. (11) gives
then m*/m =0.97. Thus the magnitude of the effect is
physically acceptable and indicates true Fowler-
Nordheim tunneling. It has been previously observed in
Si-Si0,-Al/Mg structures’®3® with effective-mass ratios
being usually too small (m*/m =0.39-0.48) compared
to the values obtained from current versus temperature
measurements (m*/m =0.96).

The data fit Eq. (11) well, but due to the close proximi-
ty to the breakdown, the range of this behavior is not
very large. We were not able to check the dependence of
Fig. 15 with voltage pulses, and therefore heating effects
cannot be completely excluded. However, even higher
current densities (see Fig. 7) were sustained in other sam-
ples without any signs of joule heating in current trans-
port. Because high current densities cannot be driven
through polymers, probably the only way to observe this
switching to Fowler-Nordheim tunneling is to use highly
dedoped samples at low temperatures.

Knowing the estimate for the barrier height we can
further calculate some characteristic values for the tun-
neling process. We shall first calculate the current densi-
ty in a single tunneling junction. With 250-V bias and
500 barriers in series we get Ez =5 MV/cm for the elec-
tric field across the tunneling barrier if a tunneling width
of 10 A is assumed. This is a high value, being only a fac-
tor of 2 smaller than the dielectric strength of SiO,. The
voltage drop across the junction is 0.5 eV, which indeed
shows that the electrons are about to surmount the po-
tential barrier leading to the observed sample breakdown.
A substitution of Eg, ®, and m*/m into Eq. (11) gives
Jp=6.6X10"!1 A/A 2 When this is compared with the
total current flowing through the sample at the onset of
Fowler-Nordheim tunnelmg (ot =10 uA) we get
Jiot /Jp=1.5X10° A2 for the combined cross-sectional
area of all the conducting pathways through the sample.
This is 7.5X 1077 times smaller than the total cross-
sectional area of the film (2X 107> cm?). The area of a
single tunneling barrier cannot be extracted from these
calculations, but if we assume it to be of the order of 100
A 2, there would be about 10° percolation paths through
the sample.

V. CONCLUSIONS

The electrical properties of undoped LB films of PHT
and 30DOP were discussed within the framework of
variable-range hopping. However, the possibility of the
applicability of the intersoliton hopping model was not
excluded. Doping results in a dramatic increase in
charge-carrier mobility and the transport properties
change. The conduction mechanism in NOPF¢-doped
LB films of PHT and free-standing films of the same ma-
terial was found to be well described by the theory of
charging-energy-limited tunneling between conducting is-
lands. The results indicate an increase in the average size
of the conducting islands from about 30 to 50 A as the
material becomes dedoped. The conducting islands were
suggested to be formed by parts of conjugated polymer
chains which are separated by alkyl side chains. An esti-
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mate of about 1X10%* cm™3 for the charge-carrier densi-
ty along a highly doped polymer chain was given on the
basis of high-electric-field measurements. At very high
electric fields a possible switching to Fowler-Nordheim
tunneling was observed. To our knowledge this is the
first time Fowler-Nordheim tunneling has been observed
in organic materials or granular metals.
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