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Hole and electron transport in mixtures of donor and acceptor organic molecules bounded by various polymeric materials
was investigated by the time-of-flight method. Dependences of electron and hole mobility on electric field, temperature, and
layer’s composition were measured. Based on the model of charge carrier transport in organic materials of disordered structure,

parameters of energy and positional disorder were evaluated.
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1. Introduction

Recently, due to possible application in molecular
electronics the bipolar charge carrier transport of or-
ganic material blends induced great interest. Usually,
depending on homogeneous organic material, either
electrons or holes are mobile. For effective electro-
graphic photoreceptors or solar cells it is necessary that
charge carriers of both signs were mobile. Moreover,
recently [1] in blends of organic materials, so called
bulk heterojunctions, the photogeneration quantum ef-
ficiency has been estimated to be close to unity, while it
is much less than one in homogeneous organic materials
(caused by Onsager gemini recombination). In blends,
due to different pathways for charge carriers of oppo-
site sign, also the bimolecular recombination is much
slower than the Langevin recombination typical of low
mobility materials [2].

The goal of this research was to investigate peculiar-
ities of charge carrier transport in blends of donor (hole
transport material - HTM) and acceptor (electron trans-
port material — ETM) organic molecules with binding
polymer (BM).

2. Experiment

The mixtures of hole transport material (derivative
of stilbene) and electron transport material 2, 7-Bis-(1-
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phenyl-ethyl)-benzo[lmn][3, 8]phenanthroline-1,3,6, 8-
tetraone (NTJB1) with different binding materials —
9,9-bis[4-(2-hydroxyethoxy)phenyl]fluorene- terephta-
lic acid-ethylene glycol copolymer (OPET), polyvinil-
butyral (PVB), or polycarbonate-Z (PC-Z) — were coated
on the polyethylene-theraphthalate (PET) film covered
by Al and barrier layers, and the 7-8 pm thick layers
were formed. The influence of HTM, ETM, and various
binding polymer compositions to mobility of electrons
and holes has been investigated. The variation of com-
position of layers changes the mean hopping distance,
the relational values of which for electrons and holes,
respectively, has been evaluated by blend weight ratio:

. [(ETM) + (HTM) + (BM)
o ~ \/ (HTM) M
and
. 3\/ (ETM) + (HTM) + (BM) .
(ETM)

The mobility of charge carriers was measured using
time-of-flight (TOF) method. For TOF measurements
the semitransparent 3 mm diameter Al layer was evap-
orated onto the top of structure. After the U = 0-600 V
voltage was applied onto the Al top electrode, the de-
layed by t4 pulse of ultraviolet light (Nichia UV LED
NSHU 590) creates charge carrier pairs at the surface
of layer. If positive potential is applied onto the il-
luminated electrode, the holes drift to the opposite elec-
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Fig. 1. Typical TOF photocurrent transient. ¢t — UV light pulse,
ty — transit time.

trode. The typical photocurrent transient is shown in
Fig. 1. From the kink of current transient the transit
time (t, = d?/(uU)) was obtained and the drift mo-
bility of holes was estimated. The influence of ¢4 on ¢
was checked and assured that, after the voltage was ap-
plied on sample, the redistribution of electric field due
to extraction of equilibrium charge carriers or injection
from electrodes was absent. To escape possible elec-
tric noises the temperature of sample was adjusted by
vapour of liquid nitrogen or hot air.

Because the electron mobility is by two orders of
magnitude smaller than that of holes, it has been mea-
sured using the xerographic TOF (XTOF) method.

According to widely used disorder formalism of
charge carrier transport in organic materials, charge car-
rier mobility is described as follows [3]:

20 \?
u(F,T) = po exp <_3k:T>

cnlel(2) -]vE) o

Here o describes splitting of localized states in en-
ergy, and is equal to halfwidth of Gaussian energetic
distribution of density of states; Y is parameter de-
scribing positional disorder of distribution of local-
ized states; C' is empiric constant, which weakly de-
pends on density of states and is approximately equal
to 2.9-107% (cm/V)%3. This formula gives good de-
scription of charge carrier mobility of organic materi-
als in the 10°-10° V/cm electric field region, and in
T. <T < T, temperature interval (here 7. corresponds
to temperature where charge carrier transport becomes
dispersive, i.e. in photocurrent transients disappears
the kink of charge carrier transit time; 7} is glass tem-
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Fig. 2. Electric field dependence of hole and electron drift mobility
for different compositions HTM : ETM : OPET (holes — open sym-
bols, electrons — solid symbols).

perature). The parameter o may be estimated from the
plot. The X is calculated from expression

2
() e

plotted as dependence on 1/(kT)?, when it intersects
with the temperature axis.

3. Results and discussion

In Fig. 2 the experimentally measured dependences
of electron and hole mobility on electric field and on
composition of layers are plotted in Poole—Frenkel de-
scription. The clear reduction of mobility of both elec-
trons and holes with decrease of amount of correspond-
ing transport material in the layer is seen. If experi-
mental p(F') dependences are extrapolated to F' = 0,
the £(0) values for each HTM (or ETM) density may be
evaluated. The plot of 1(0) dependence on the relative
mean distance between HTM molecules (d, ~ C —1/3,
here C = HTM/(HTM + ETM + BM)) demonstrates
reliance, which is typical of hopping transport descrip-
tion (Fig. 3):

p ~ exp(—2ad,) . )

This also proves that both ETM and HTM distribute
homogeneously, without clustering, in the bulk of layer.
For comparison, the values of hole and electron mo-
bility of pure, vacuum-deposited HTM and ETM are
shown, respectively. These values nicely fit into Eq. 3.
From Fig. 3 the weak dependence of 11(0) on binding
material is also seen: use of PVB gives smaller values
than one gets in case of OPET binding material.

For evaluation of the influence of electron transport
material on mobility of holes, there was made a
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Fig. 3. Prefactor mobility (0) dependence on mean hopping dis-
tance for holes d, and electrons d,, for layers with different binding
polymers (holes — open symbols, electrons — solid symbols).
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Fig. 4. Typical electric field dependence of hole mobility at different
temperatures for HTM : ETM : OPET (0.1:0.1: 1) layer.

special group of samples, which consisted of mixtures
of HTM and ETM materials of different HTM/ETM
ratios. The 11(0) dependences on d well fit Eq. 3 depen-
dence (in Fig. 3 — mobility measurement results of lay-
ers 0f 0.2:0.4:1 and 0.4:0.2: 1 compositions, marked
by ‘x’). This shows that ETM does not influence trans-
port of holes and, vice versa, HTM does not influence
transport of electrons. The similar results have been ob-
served in mixtures of PTS and TTA polyester [4]. Con-
trarily, in a mixture of PTS acceptor and TPD donor, the
hole mobility is strongly influenced by acceptors due to
formation of charge transfer (CT) complexes [5].
Figure 4 shows a typical dependence of hole mobil-
ity on electric field, measured at different temperatures.
Obviously, i does not depend on electric field at high
temperatures, and for some samples it even decreases
with increasing electric field. The o for samples with
different compositions has been estimated from depen-
dence of extrapolated mobility u(E = 0) on 1/77 (a
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Fig. 5. Dependences of 1(0) of various composition samples with
OPET on 1/(kT)2.
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Fig. 6. Dependences of § of various composition samples on
1/(kT)2.
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Fig. 7. Dependences of parameters o and X on composition of sam-
ples.

typical dependence is shown in Fig. 5), and the spatial
disorder parameter of localized states > has been esti-
mated from the slope coefficient 5 ~ 1/ T? (see Fig. 6).

The obtained results (Fig. 7) indicate that the spa-
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Fig. 8. Quantum efficiency dependences on electric field for differ-
ent binding materials.

tial disorder parameter X grows faster than the energy
state distribution parameter, when HTM concentration
is decreased. This causes the decrease of mobility with
increasing electric field strength at high temperatures.
Values of ¥ are similar to reported values for the ma-
jority of doped polymers [4,5]. A similar growth of
3. with decreasing concentration of HTM (PTS) was
found in [4], although o did not depend on composition.
However, a change of TPD concentration [5] causes a
change of X that is similar to the change of density of
CT complexes, and the maximum of X has been ob-
served when concentrations of donor TPD and accep-
tor PTS are equal to each other. Positional disorder is
attributed to packing constraints.

The results of investigation of photogeneration ef-
ficiency are shown in Fig. 8. The values of quantum
yield 7 are smaller than 1, and dependence on electric
field strength shows that there is no reduction of gem-
ini recombination. It has been determined also that n
does not depend on ETM and HTM concentration, but
strongly depends on the binding polymer, indicating the
role of the latter in separating a photogenerated pair of
charge carriers.

4. Conclusions

In blends of hole and electron transporting materi-
als bounded with different polymers the mobility of
holes and electrons depends on the distance between the
transporting molecules exponentially. The binding ma-
terial and electron transporting material only weakly in-
fluence the mobility. Interpretation of hole mobility de-
pendences on electric field and temperature by the dis-
order formalism demonstrates that in blend layers with
decreasing density of HTM the parameter of energetic
disorder of states increases very slightly, while the pa-

rameter of positional disorder significantly increases,
causing the flattening of In « ~ +/F dependence. The
quantum efficiency very slightly depends on the con-
centration of transport materials, but depends on bind-
ing materials.
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BIPOLINE KRUVININKU PERNASA ORGANINIU MEDZIAGU MISINIUOSE

G. Juska, E. Montrimas, J. Sidaravic¢ius, G. Sliauzys

Vilniaus universitetas, Vilnius, Lietuva

Santrauka skyliy judriy priklausomybés nuo elektrinio lauko stiprio, tempera-
taros ir sudéties. Remiantis krtivininky pernasos netvarkiuose or-
ganiniy medZiagy dariniuose apraSymu, jvertinti biseny energinés
ir erdvinés netvarkos parametrai.

Lékio trukmés metodu buvo tiriama skyliy ir elektrony pernasa
miSiniuose i§ donoriniy ir akceptoriniy organiniy molekuliy, suristy
skirtingomis polimerinémis medZiagomis. ISmatuotos elektrony ir



