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Charge transport in p-conjugated polymers from extraction current transients
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The transport properties, namely mobility, conductivity, and charge carrier concentration of three model
polymers, regioregular poly~3-hexylthiophene! ~RRPHT!, poly~p-phenylene vinylene! ~PPV!, and a polya-
zomethine~PAM! are investigated by charge extraction in a linearly increasing voltage. We have numerically
modeled the charge carrier transients including a Gaussian distribution of localized states and the typical
Poole-Frenkel-type field-dependent mobility observed in these materials, and good agreement with measured
values is obtained. From our calculation we can determine the reason for the field-dependent mobility, and we
found that the field-dependent release time from the localized states,tR is very important in RRPHT and PPV,
while PAM is governed by stochastic transport.
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Time of flight ~TOF! is a basic method to study the char
carrier drift mobility1 in low mobility materials such as
amorphous semiconductors, chalcogenide glasses and
ganic materials.2 p-conjugated polymers are slightly differ
ent in the sense that poor sample quality and low mobili
often make the TOF measurements difficult.3 However, by
using materials with high order and good processing te
niques, it is possible to get good transients, and an estima
of the mobility from the transient ‘‘kink’’ in the small charg
drift current can be made.4 Still, the estimation of the kink
can be very difficult due to the dispersion of the sheet
charges drifting through the sample. Furthermore, the ne
sary conditions for the applicability of TOF techniques
that the dielectric relaxation time is larger than the cha
carrier transit time,ts.t tr , otherwise the drifting charge
will relax before they reach the opposite electrode. Mo
over, the equilibrium charges will be sufficient to signi
cantly redistribute the electric field inside the sample fas
than t tr . Finally, in TOF photogenerated charge carriers
studied, but it is also important to determine the transpor
equilibrium charge carriers in order to understand the beh
ior in light-emitting diodes~LED’s!5,6 and field-effect tran-
sistors~FET’s!.

In this report we present a method to study the equi
rium charge transport inp-conjugated polymers, based o
the charge extraction in a linearly increasing volta
~CELIV!.7 We have numerically modeled the charge tra
port involving the typical field dependence of the mobili
found in these materials3,5 and using a Gaussian distributio
of localized states which has been suggested
p-conjugated polymers.3 We have experimentally verified
the results for three model polymers and found that we
determine the nature of the underlying mechanism for
field dependent mobility observed in these materials.

The idea of CELIV~Refs. 7 and 8! is based on the com
parison of the extraction current transients of equilibriu
charge carriers when two sequential voltage pulses of tr
gular shape@U(t)5At# are applied to the sample~see Fig.
1!. The sample is of sandwich type with at least one block
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contact. The very first initial current step@ j (0)5««0A/d,
whered is the interelectrode distance# is caused by the geo
metric capacitance of the sample and can be used for est
tion of either the dielectric constant or the thickness of
active material. The rise speed of the current followingj (0)
is caused by the bulk conductivity of the sample or, if w
have a heterogeneous material, by the most conductive
in the device. The time to reach the extraction current ma
mum tmax is used for the estimation of the drift mobility o
equilibrium charge carriers. For low conductivity materia
when ts>t tr the condition D j 5 j max2 j (0)< j (0) is ful-
filled, and we can estimate the mobilitym from

tmax5dA 2

mA
. ~1!

For high conductivity materials whents!t tr is valid, D j
@ j (0) and

tmax5A3 3
tsd2

mA
. ~2!

The bulk conductivitys can be estimated according to

FIG. 1. Schematic illustration of the CELIV method. HereU is
the applied voltage pulse@U(t)5At#, and j is the corresponding
calculated current transient whents5t tr ~first pulse! and partial
equilibrium recovery~second pulse!. j (0) is the contribution from
the capacitance, andD j and tmax are indicated.
R16 235 ©2000 The American Physical Society
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s5««0S d@ j / j ~0!#

dt D U
t50

~3!

and

s5
3««0D j

2tmax j ~0!
. ~4!

During the extraction of the charge carriers, the electric fi
is not constant. This affects the estimation of the elec
field at which the value of drift mobility and conductivit
were estimated when they are electric field dependent. H
ever, the main extraction occurs at the momentt5tmax when
the field is strongest. Therefore, the mobility calculated
cording to Eq.~5! and conductivity according to Eq.~4!
roughly correspond to the values at an electric fieldF(tmax)
5Atmax/d.

Experimentally it is most convenient to make measu
ments whenD j > j (0). This may be achieved by choosing
properA or samples of proper thickness. In this workm is
estimated taking into account the numerically estimated c
rection factor~arising from calculating the extraction dept
for details see Ref. 7!

m5
2d2

3Atmax
2 F110.36

D j

j ~0!G
. ~5!

We can estimate the amount of charge carriers from the
ference between the CELIV current pulses, and from its
pendence on the delay time between the two pulses, we
estimate the recovery of the charge equilibrium.

We have numerically calculated the current transients
solving the continuity, current and Poisson equations.7 We
included a Gaussian distribution of localized statesN(E)
;exp(2E2/2d2), suggested forp-conjugated polymers.3 In
Fig. 2 the calculatedD j (A) and tmax(A) curves are shown
However, using this distributionD j ;Ab and tmax;Ag are
not exactly linear on a double logarithmic scale. Thus in b

FIG. 2. Numerical modeling ofD j , j (0) ~dotted line! and tmax

as a function of the speed of the voltage increase,A, using a Gauss-
ian distribution of localized states with the dispersion parame
d/kT53. As the electric field dependence on the drift mobil
and release time we usedm;exp(0.2AF) ~dashed line!, tR

;exp(20.2AF) ~thin solid line! and no electric field dependenc
~thick solid line!.
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the theoretical and experimental analysis we have defineb
andg from the regions of intermediateD j > j (0) as

b5
d~ ln j !

d~ ln A!
U

D j 5 j (0)

~6!

and

g5
d~ ln tmax!

d~ ln A!
U

D j 5 j (0)

. ~7!

We found that (b2g)>1 for various parametersd, while
(b1g) is negative and it’s absolute value increases withd
@see Fig. 3~a!#.

Organic materials typically show a Poole-Frenkel-ty
behavior wherem ands are electric field dependent. In thi
case the current transient in the time intervalt,tmax changes
from sublinear to super-linear. We did the numerical mod
ing in two cases. First, when the drift mobility depends
the electric field asm;exp(aAF). In this case (b2g).1,
while (b1g),0 and independent of, or even decreases w
a @See Fig. 3~b!#. Second, when the release tim
from localized states,tR depends on electric field astR

;exp(2bAF). Then (b2g).0 while (b1g) increases
and even changes sign. Hence, from theb andg parameters
~and their temperature dependences! we can experimentally
determine the nature of the charge carrier transp
dependence on the electric field, whether it is due tom
or tR dependence on electric field or stochastic transport.
have measuredb, g, mobility, conductivity and carrier con
centration for three different model polymers, namely reg
regular poly~3-hexylthiophene! ~RRPHT!, unsubstituted
poly~p-phenylene vinylene! ~PPV!, and the intermediate
between RRPHT and PPV a polyazomethine p
(3,39,4-,399-tetrahexyl-a-sexithienylene- azomethine-1,48-
biphenyleneazomethine! ~PAM!.9

RRPHT was purchased from Sigma Aldrich, dissolv
into xylene or chloroform and spun from 1–5 mg/ml sol
tions for desired thickness on ITO covered glass~sheet resis-
tance less than 10V/h). PAM was synthesized according t
Ref. 9 and spun from a chloroform solution. For the PP
samples we used the tetrahydrothiophene precursor ro
and solution cast films from 1 mg/ml methanol solutio
were converted in 220 °C in nitrogen atmosphere for a f

r

FIG. 3. Numerical modeling of (b1g) and (b2g) as a func-
tion of: ~a! the dispersion parameterd/kT of the Gaussian distribu-
tion of localized states;~b! the Poole-Frenkel parametersa in m(F)
~dashed line! andb in tR(F) ~full line! usingd/kT53.
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FIG. 4. Experimental results o
D j , j (0), tmax, and estimated mo-
bility m, and conductivitys, as a
function of the voltage rise spee
A for RRPHT, PPV, and PAM, re-
spectively. The numerical value
of b and g defined byD j ;Ab

and tmax;Ag are given in the fig-
ure.
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hours. To complete the device a 30–60 nm thick alumin
electrode was evaporated on top of the deposited poly
film. All samples were stored under vacuum but handled
measured in air.

The experimental equipment is very simple: two sub
quent voltage pulses of reverse bias are applied to
sample, and the current transients of charge carrier extrac
are recorded by an oscilloscope. The maximum magnitud
the triangular voltage pulse was 11 V and the duration of
pulse was changed between 100 ns and 1 s. The sa
thickness was chosen, depending on the sample conduc
and with a purpose to fulfill the criterionD j > j (0), as
RRPHT 2 d5140 nm, PAM d532 nm, and PPVd
51.1 mm.

In Fig. 4 we show thetmax, D j , and j (0) dependences o
A. Additionally, the hole mobility calculated from Eq.~5!
and the conductivity estimated from Eq.~4! are presented
The estimated hole mobility, concentration and conductiv
dependences onF(tmax) are presented in Fig. 5. From the
results we may immediately draw the conclusion thatm(F)
ands(F) have similar field dependences for all investigat
materials and therefore the equilibrium charge carrier c
centration is independent of the electric field. We would li

FIG. 5. Hole drift mobilities~solid symbols! and equilibrium
carrier concentrations~open symbols! as a function of electric field
in RRPHT ~squares!, PPV ~circles!, and PAM~triangles!.
er
d

-
e

on
of
e
ple
nce

y

-

to emphasize that under these conditions in these mater
and especially in RRPHT, TOF measurements at used e
tric fields would be impossible due to the relaxation of t
drifting charges, i.e.,D j . j (0) implying thatts,t tr . This
electric field redistribution may cause an erratic decreas
the mobility as a function of field estimated from TOF me
surements in Ref. 3.

The validity of the inequality (b2g).1 for all the inves-
tigated materials points to the fact thatm or tR depends on
the electric field. However, the inequality (b1g).0 ob-
tained in RRPHT and PPV suggests that the field depende
of the release time from localized states is responsible for
observed transport@see Fig. 3~b!#. We have performed tem
perature measurements ofb andg in RRPHT and found that
(b1g) increases when the temperature decreases. Th
evidence for the important role oftR(F) under these condi-
tions, since thea andb coefficients should have a temper
ture dependence of the typeb(T)5b̃(1/kT21/kT0).5 In
PAM, however, (b1g),0 and thus the charge transport
PAM is stochastic.

To conclude we have presented calculated and meas
equilibrium charge extraction currents inp-conjugated poly-
mer model systems. The advantages of the CELIV met
are:~i! great simplicity and wide applicability to various ma
terials and~ii ! possibility to evaluate both mobility and bul
conductivity not influenced by contact barriers. We have p
sented numerical modeling, taking a Gaussian distribution
localized states and the typical Poole-Frenkel type of fie
dependent mobility, which describe the model polyme
RRPHT, PPV, and PAM very well. We found that we ca
experimentally determine the nature of the transport from
dependences ofD j and tmax on A. In RRPHT and PPV the
field dependent release time from traps determines the tr
port, while for PAM the transport is stochastic.
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