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Charge transport in #r-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 pol$-hexylthiopheng (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 statésyery important in RRPHT and PPV,
while PAM is governed by stochastic transport.

Time of flight (TOF) is a basic method to study the charge contact. The very first initial current stdg(0)=eegyA/d,
carrier drift mobility* in low mobility materials such as whered is the interelectrode distarkis caused by the geo-
amorphous semiconductors, chalcogenide glasses and dnetric capacitance of the sample and can be used for estima-
ganic materiald. -conjugated polymers are slightly differ- tion of either the dielectric constant or the thickness of the
ent in the sense that poor sample quality and low mobilitiegictive material. The rise speed of the current followj(Q)
often make the TOF measurements difficuldowever, by is caused by the bulk conductivity of the sample or, if we
using materials with high order and good processing techhave a heterogeneous material, by the most conductive part
niques, it is possible to get good transients, and an estimation the device. The time to reach the extraction current maxi-
of the mobility from the transient “kink” in the small charge mum t,, is used for the estimation of the drift mobility of
drift current can be madestill, the estimation of the kink equilibrium charge carriers. For low conductivity materials,
can be very difficult due to the dispersion of the sheet owhen 7,=t, the condition Aj=j.—j(0)<j(0) is ful-
charges drifting through the sample. Furthermore, the neceéilled, and we can estimate the mobility from
sary conditions for the applicability of TOF techniques is
that the dielectric relaxation time is larger than the charge ]2
carrier transit time,r,>t,, otherwise the drifting charges tnax=d M_A
will relax before they reach the opposite electrode. More- ) o ) ) ) _
over, the equilibrium charges will be sufficient to signifi- FOr high conductivity materials when, <t is valid, A]
cantly redistribute the electric field inside the sample faster”1(0) and

thant, . Finally, in TOF photogenerated charge carriers are . g
T(T
tma= \/ 3 WA
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studied, but it is also important to determine the transport of
equilibrium charge carriers in order to understand the behav-
ior in light-emitting diodes(LED’s)>® and field-effect tran-
sistors(FET’s).

In this report we present a method to study the equilib-
rium charge transport inr-conjugated polymers, based on
the charge extraction in a linearly increasing voltage 1 2
(CELIV).” We have numerically modeled the charge trans-
port involving the typical field dependence of the mobility

2
The bulk conductivityo can be estimated according to

U,

found in these material$ and using a Gaussian distribution j ' .

of localized states which has been suggested for Nl —
m-conjugated polymers.We have experimentally verified . P

the results for three model polymers and found that we can 70

determine the nature of the underlying mechanism for the 0 : 0 7 p

tr tr

field dependent mobility observed in these materials.

The idea of CELIV(Refs. 7 and 8is based on the com- FIG. 1. Schematic illustration of the CELIV method. Hevds
parison of the extraction current transients of equilibriuminhe applied voltage pulsgU(t)=At], andj is the corresponding
charge carriers when two sequential voltage pulses of triarcalculated current transient when=t,, (first pulsé and partial
gular shapd U(t)=At] are applied to the samplsee Fig. equilibrium recovery(second pulse j(0) is the contribution from
1). The sample is of sandwich type with at least one blockinghe capacitance, anflj andt,,,, are indicated.
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A FIG. 3. Numerical modeling of g+ y) and (38— y) as a func-

tion of: (a) the dispersion parametérkT of the Gaussian distribu-

FIG. 2'. Numerical modeling odj, j(O)_ (dotted Ii_ne) aNndtma tion of localized stategp) the Poole-Frenkel parameteasn w(F)
as a function of the speed of the voltage incredseising a Gauss- ;dashed lingandb in rr(F) (full line) using S/kT=3.

ian distribution of localized states with the dispersion paramete
o/lkT=3. As the electric field dependence on the drift mobility the theoretical and experimental analysis we have defthed
and release time we usefi~exp(0.2/F) (dashed ling 7= andy from the regions of intermediatej=j(0) as

~exp(=0.2yF) (thin solid ling and no electric field dependence

(thick solid lin. _ dlnj) ©6)

d(nA)5j-jc0)

dlj/j(o
:880<¥) ©) and
t=0
d(Intma

and y= —d(lnn,;\) . (7)

_ 3egpA]j Aj=j(0)
7= 2tmax (0)° @) We found that B—y)=1 for various parameter§, while

(B+ ) is negative and it's absolute value increases vdith

During the extraction of the charge carriers, the electric fieldsee Fig. 8a)].
is not constant. This affects the estimation of the electric Qrganic materials typically show a Poole-Frenkel-type
field at which the value of drift mobility and conductivity pehavior wherew and o are electric field dependent. In this
were estimated when they are electric field dependent. HoWwease the current transient in the time intenvat,,,, changes
ever, the main extraction occurs at the montenty., When  from sublinear to super-linear. We did the numerical model-
the field is strongest. Therefore, the mobility calculated acing in two cases. First, when the drift mobility depends on
cording to Eq.(5) and conductivity according to Ed4)  the electric field agi~exp@yF). In this case B—y)>1,
roughly correspond to the values at an electric fl{inad  while (58+ y) <0 and independent of, or even decreases with
= Alma/d. o _ a [See Fig. ®)]. Second, when the release time

Experimentally it is most convenient to make measure.om |ocalized statesyr depends on electric field as
ments whem\ j=j(0). This may be achieved by choosing a ~exp(—byF). Then (8—7)>0 while (8+y) increases
properA or samples of proper thickness. In this wQikis  anq even changes sign. Hence, from ghand y parameters
estimated taking into account the numerically estimated COltand their temperature dependences can experimentally
rection factor(arising from calculating the extraction depth, determine the nature of the charge carrier transport

for details see Ref.)7 dependence on the electric field, whether it is dueuto
5 or 7z dependence on electric field or stochastic transport. We

_ 2d (5) have measure@, y, mobility, conductivity and carrier con-
i ) [ Aj | centration for three different model polymers, namely regio-

3Athay 1+0.3 (0 regular poly3-hexylthiopheng (RRPHT), unsubstituted

poly(p-phenylene vinylene (PPV), and the intermediate

We can estimate the amount of charge carriers from the difbetween RRPHT and PPV a polyazomethine poly
ference between the CELIV current pulses, and from its de¢3,3’,4”,3""-tetrahexyle-sexithienylene- azomethine-1;4
pendence on the delay time between the two pulses, we casiphenyleneazomethingPAM).°
estimate the recovery of the charge equilibrium. RRPHT was purchased from Sigma Aldrich, dissolved

We have numerically calculated the current transients bynto xylene or chloroform and spun from 1-5 mg/ml solu-
solving the continuity, current and Poisson equatibiée  tions for desired thickness on ITO covered glesweet resis-
included a Gaussian distribution of localized stal{(E) tance less than 1Q/[1). PAM was synthesized according to
~exp(—E%26?), suggested forr-conjugated polymersin  Ref. 9 and spun from a chloroform solution. For the PPV
Fig. 2 the calculated\j(A) andto(A) curves are shown. samples we used the tetrahydrothiophene precursor route,
However, using this distributiothj ~A? andt,,~A? are  and solution cast films from 1 mg/ml methanol solutions
not exactly linear on a double logarithmic scale. Thus in bothwere converted in 220 °C in nitrogen atmosphere for a few
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hours. To complete the device a 30—60 nm thick aluminunto emphasize that under these conditions in these materials,
electrode was evaporated on top of the deposited polymeind especially in RRPHT, TOF measurements at used elec-
film. All samples were stored under vacuum but handled andgric fields would be impossible due to the relaxation of the
measured in air. drifting charges, i.e.Aj>j(0) implying thatr,<t,. This

The experimental equipment is very simple: two subseelectric field redistribution may cause an erratic decrease of
quent voltage pulses of reverse bias are applied to thghe mobility as a function of field estimated from TOF mea-
sample, and the current transients of charge carrier extractiofyrements in Ref. 3.
are recorded by an oscilloscope. The maximum magnitude of The validity of the inequality 8— y)>1 for all the inves-
the triangular voltage pulse was 11 V and the duration of thQigated materials points to the fact thator 7z depends on
pulse was changed between 100 ns and 1 s. The sampige electric field. However, the inequality3¢y)>0 ob-
thickness was chosen, depending on the sample conductanggned in RRPHT and PPV suggests that the field dependence
and with a purpose to fulfill the criteriodj=j(0), as of the release time from localized states is responsible for the
RRPHT — d=140 nm, PAM d=32 nm, and PPVd observed transpofsee Fig. &)]. We have performed tem-
=11 pum. perature measurements @fandy in RRPHT and found that

In Fig. 4 we show they,,,, Aj, andj(0) dependences on (B+ y) increases when the temperature decreases. This is
A. Additionally, the hole mobility calculated from E@5)  evidence for the important role ofz(F) under these condi-

and the conductivity estimated from E@) are presented. tjons, since thex andb coefficients should have a tempera-
The estimated hole mobility, concentration and conductivityture dependence of the type(T)=B(1kT—1/kT)5 In

dependences oR(t,,,) are presented in Fig. 5. From these PAM, however, 8+ y)<0 and thus the charge transport in
results we may immediately draw the conclusion théF) PAM is stochastic.

ando(F) have similar field dependences for all investigated 14 conclude we have presented calculated and measured

materials qnql therefore the equilibriu_m _charge carrier CONgquilibrium charge extraction currents inconjugated poly-
centration is independent of the electric field. We would “kemer model systems. The advantages of the CELIV method
are:(i) great simplicity and wide applicability to various ma-
terials and(ii) possibility to evaluate both mobility and bulk
conductivity not influenced by contact barriers. We have pre-
sented numerical modeling, taking a Gaussian distribution of

~10°F oo \
PAM

port, while for PAM the transport is stochastic.

""g e RRPHT localized states and the typical Poole-Frenkel type of field-
S [PPV ’ e . ;

& 10°F i dependent mobility, which describe the model polymers
T RRPHT, PPV, and PAM very well. We found that we can
22 10°F 1 experimentally determine the nature of the transport from the
< / dependences afj andt,,, on A. In RRPHT and PPV the
3107 / 1 field dependent release time from traps determines the trans-
=
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FIG. 5. Hole drift mobilities(solid symbol$ and equilibrium
carrier concentrationpen symbolsas a function of electric field
in RRPHT (squarey PPV (circles, and PAM (triangles.
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