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Carrier transport and trapping effects, as they are influenced by molecular chain
orientation, were investigated by Thermally Stimulated Currents (TSC) and
Current-Voltage (IV) characteristics in the samples of poly(9-vinylcarbazole)
(PVK) doped with 30% wt 4-dibutylamino-4'-nitrostilbene (DBANS). The orien-
tation of DBANS, diode-like molecules, was performed by electric field above the
glass transition temperature. We demonstrate that the orientation of polar mole-
cules causes significant changes both in IV dependencies and the TSC spectra.
Changes of the TSCs induced by orientation were expressed best in the tempera-
ture range of 280-290K. They could be attributed to the thermally activated
process with activation energy of about 0.38¢V.
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INTRODUCTION

Organic electronics is one of the promising and fast developing fields.
Particularly, organic-based photovoltaics (PV) can give unique advan-
tages over the traditional silicon based approach from the point of view
of production simplicity and convenience. The components used for
organic PV devices are potentially cheap, non-toxic, widely available
and can be tailored to suit specific needs (e.g., for selective light har-
vesting). Manufacturing of organic PV devices is straightforward since
low temperature fabrication steps can be used such as screen-printing,
ink-jet printing and solution spraying. As compared to present (inor-
ganic) PV technologies, the energy and equipment requirements for
producing organic PV devices are thus only minor. Furthermore, such
deposition routes are compatible with non-heat resistant substrates
such as plastics, allowing high throughput reel-to-reel manufacturing
of flexible and lightweight PV modules by integrating well-known
thermoplastic processing technologies. Organic photovoltaics could
thus become a major technology for sustainable electricity generation
in the long term.

Organic solar cells might promise a strong cost reduction if fast
improvements of the power efficiency and the lifetime can be achieved.
To build up efficient photovoltaic cells, a rectifying junction is neces-
sary to effectively spatially separate the photogenerated carriers.
One approach to realize such a junction extended over the whole
device thickness may be the use of molecular rectification in an
oriented amorphous polymer layer incorporating polar molecules. In
such layer an internal electric field is introduced and stored and there-
fore the structure behaves as a distributed homojunction within a sin-
gle polymer thin-film [1,2]. This new principle enables one to avoid the
necessity of the deposition of several layers, as in the cases of the
Schottky or p-n junctions. Moreover bulk of the device could be used
more effectively as charge separation occurs in the whole layer. The
principle relies on the intrinsic polar nature of organic molecules,
and therefore it cannot be readily applied to inorganic semiconductors
which are built from spherical atoms, polarity being a crystal-cell pro-
perty. Oriented diode-like molecules — the so-called push-pull mole-
cules used in second-order nonlinear optics [3] — are contained inside
a polymer binder. They induce a rectifying effect behaving as a distrib-
uted homojunction within a single polymer thin-film [1]. Orientation
of dopant molecules can be achieved by application of a static electric
field through the polymer film, while heating near the glass transition
temperature. Molecular orientation is characterized by an order
parameter (cos () [4]. Experimentally it was demonstrated that the
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current-voltage characteristics of oriented Disperse Red 1 (DR1) (4-(N-
(2-hydroxyethyl)-N-ethyl)-amino-4’-nitroazobenzene) films attached
onto poly(methyl methacrylate) (PMMA) become strongly asymmetric
[5]. Moreover, molecular order can be controlled using second har-
monic generation (SHG). A new method — voltage-dependent SHG —
was proposed to probe the internal field induced in the structure. It
was called SEFISHG (Solid Electric Field Induced Second Harmonic
Generation) [6] and was demonstrated to be related to the induced rec-
tification behavior [7].

On the other hand, device efficiency also depends on carrier trans-
port properties, which are given by carrier mobility and trapping.
Engineering of macroscopic devices is necessarily based not only on
the technological advances and skills, but, in the same amount, on
the purposeful control of carrier flows, which in their turn are given
by microscopic material properties. Both carrier mobility and trapping
effects can be foreknown to depend in different manner on molecular
chain type and structure and on their orientation too. Usually in con-
jugated polymers charges are severely trapped by defect states. This
results in reduced electron or hole mobility and imbalance of electron
and hole flows, the equality of which is of primary importance for
many modern applications of polymer materials, e.g., light-emitting
and harvesting devices. Increase of the carrier mobility after the orien-
tation of diode-like molecules was evidenced by the Time of Flight
(TOF) method [1]. In this article we will analyze effect of molecular
orientation on charge carrier transport and trapping in the samples
of poly(9-vinylcarbazole) (PVK) doped with 30% wt 4-dibutylamino-
4’-nitrostilbene (DBANS).

SAMPLES AND EXPERIMENT

Effect of the molecular chain orientation on thermally stimulated
carrier transport was investigated by Thermally Stimulated Currents
(TSC) and Current-Voltage (IV) characteristics in the samples of PVK
(poly(9-vinylcarbazole)) blended with 30% wt DBANS (4-dibutylamino-
4’-nitrostilbene). The choice of the DBANS molecule was motivated by
the facts that it possesses, as DR1, a large ground state dipole moment,
which is necessary for the efficient DC-field orientation, and is less sen-
sible to disorientation under light illumination than azobenzene dyes.
PVK was used because of its high glass transition temperature
(T,=200°C) which enables more stable orientation as compared to poly-
mers like poly(3-alkylthiophenes) (P3AT) or poly (phenylen vinylen)s
(PPVs), used in photovoltaic cells. On the other hand PVK is more
conductive than poly(methyl methacrylate) (PMMA).
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FIGURE 1 Molecular structures of the blend constituents: a) PVK (poly
(9-vinylcarbazole)), b) DBANS (4-dibutylamino-4’-nitrostilbene).

The polymer structures are presented in Figure 1. Samples were
prepared by the spin coating and were 1.3 um thick. The blend was
deposited on an ITO-coated glass substrate. The samples were
provided with evaporated Al contacts on the top. The molecular chain
orientation was performed at 394K by applying 105V voltage. The
reverse bias was applied to create polarization field oriented in the for-
ward direction and vice versa. The bias was maintained while cooling
the samples down to the room temperature. The TSCs and the dark
currents were measured after the white-light excitation and without
excitation at liquid nitrogen temperature, respectively. During the
heating a constant heating rate of 10 K/min was maintained. After
each measurement cycle the chain orientation procedure was repeated.

METHODICAL BACKGROUND

To quantitatively analyze the trap parameters by fitting the experi-
mental curves we used a TSC model proposed in [8], as it is described
in detail in [9,10]. The kinetics of carrier density at the traps may be
described as [8]:

dn;  fing <_ Et) ()

ar =~ “*\"ar)

here n; is carrier density at traps with an activation energy E;, T is
temperature, f is a heating rate, £ is Boltzmann constant, f; is a
carrier attempt-to-escape frequency. Assuming that f; is temperature
independent and the initial condition is n(T,) = n,y, an approximate
solution of Eq. (1) can be obtained, that can further be used to calcu-
late the current caused by thermally generated carriers [8]:

1 B, fkT? E,
e EeLAftnto exp _kT_ Wexp (— kT):| ) (2)
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here e is elementary charge, L is a layer thickness, A is a sample area.
Equation (2) can be used to model the single T'SC peaks, by choosing
the fitting parameters E; , n;o, and f;.

Unfortunately, by interpreting experimental results usually the
problem arises that no theory adequately explains various transport
phenomena in polymers, particularly the electric field and tempera-
ture dependencies of drift mobility [11-16]. The most frequently used
approaches refer to hopping transport character in disordered organic
solids and are based either on a modified Poole-Frenkel (PF) model
[12] or a Gaussian disorder model (GDM) [17]. The latter was later
extended to include correlation effects [18—20]. In the Poole-Frenkel
model the mobility can be described as a field and temperature
assisted detrapping process of a carrier from the Coulomb potential
of a charged trap. The mobility is given by [12]:

Eqy — O(F1/2:|
It = Ho €Xp [— — (3)
0 kT o
with
1/Tey = 1/T —1/Tk, (4)

where F' is an electric field strength, E, is an activation energy of the
carrier transport at zero electric field, and Tg is the empirical refer-
ence temperature at which mobility is supposed to be known.

In the GDM model charge transport in disordered organic conduc-
tors is supposed to proceed by means of hopping in a Gaussian
site-energy distribution. This density of states (DOS) reflects the ener-
getic spread in the charge transporting levels of chain segments due to
fluctuation in conjugation lengths and structural disorder. Within the
Gaussian disorder model the mobility is given by [17]:

wF,T) = u, exp —(%)2 exp{C[(kiT)z_zz} \/F} (5)

This equation was derived from Monte-Carlo simulations of the hop-
ping processes of charge carriers in a material with energetic (¢) and
positional disorder (X) described by Gaussian distribution functions.
U 1s the high temperature limit of the mobility and C is a specific
parameter that is obtained from the simulations as C =2.9 x 10*
(cm/V)V/2,

Behavior approximated by both these empirical equations has been
observed in many materials. Experimentally, the main difference
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between both models is the temperature dependence. A consequence
of hopping in a Gaussian DOS is the non-Arrhenius behavior of
the mobility [17]. Nevertheless within the limited temperature range
it is practically impossible to discriminate between both dependencies.
Furthermore, the simulations of the GDM reproduced the In(x) ~ VF
dependence only in a narrow field range at high fields (10°V/m) [16].
Apart from that, both models require many parameters that can be
used to fit the experimental data, depending on the preferred model.
This causes that actually both approaches can be applied to fit experi-
mental results, basing on the chosen physical mechanism, that in
many cases is not known a priori [21]. Therefore there are rare
examples where a clear distinction between the two models has been
possible [22].

Moreover, in hopping systems the thermally activated mobility
behavior can cause appearance of the thermally stimulated current
maxima [23]. Therefore in general it is difficult to make a final
decision if the results are caused by the change of carrier concen-
tration or their mobility. On the other hand in the latter case TSC
maxima should demonstrate an expressed dependence on the heating
rate and applied electric field [23].

RESULTS AND DISCUSSION

First of all the effect of molecular orientation was tested by investi-
gating the Current-Voltage (IV) characteristics. To avoid a clearly
expressed long living sample polarization by high applied electric
fields (as it was also observed in, e.g., MEH-PPV and reported in more
detail in [10,24]), measurements were always started from zero fields,
and voltage was increased in small steps of 10mV allowing sufficient
relaxation time between the steps. Under such conditions we did not
observe any influence of the molecular orientation at 300 K tempera-
ture. On the other hand at lower temperatures below about 250K an
expressed effect of the molecular orientation was identified, as it is
demonstrated in Figure 2. It is clearly seen that if molecules were
oriented in forward direction, i.e., their dipole field to be of the same
direction as an external electrical field, creating forward current, a
built-in electric field was created in the sample. This field caused
the current flow in an opposite direction at low values of the applied
reverse bias up to about —3.3V. Similarly, upon reverse orientation,
the built-in field could be compensated by applying about 3.5V for-
ward bias. Characteristically the observed behavior can be attributed
primarily to the ohmic conduction of the layer volume itself. Mean-
while, e.g., contact effects make only minor influence. It is evidenced
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FIGURE 2 Current-voltage characteristics, measured at 200 K, depending on
the molecular orientation of the sample. Note that here and further the absol-

ute current values are plotted.
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FIGURE 3 Current-voltage characteristics in linear representation, mea-

sured at 300 K.
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by Figure 3, in which IV curves are presented at 300K in linear
scaling. It can be seen that at least up to the electric field strength
of 4% 10°V/cm the sample demonstrates ohmic behavior with the
sample resistance of about (3.6 — 4.2) x 1012Q and specific resistivity
of about (1.3 — 1.7) x 10 Qem. This does not enable evaluation nor
of contact parameters, nor of carrier mobility, as it would be possible
in case of other prevailing current-limiting mechanisms, e.g., thermi-
onic emission over the contact potential barrier, Fowler-Nordheim
tunneling or space-charge-limited currents.

Clear effect of the molecular orientation could be observed also
in the Thermally Stimulated Current spectra, as is presented in
Figure 4. In all the cases marked differences are induced by the light
excitation in the thermally stimulated regime, as compared to the
unexcited dark currents. As far as PVK has an energy gap of about
6eV, and therefore can hardly be excited by the white light, the
observed excitation effects could be attributed to DBANS. The TSCs
had the effective thermal activation energies of about 0.037 eV in the
temperature region of 166—240 K. Such small values are most probably
caused not by carrier generation from traps, but rather by the ther-
mally stimulated mobility growth. This means that mobility can be
varied by light excitation. Changes of the TSCs induced by orientation

Orientation in forward direction

Current (A)

1IT (1000/K)

FIGURE 4 Thermally stimulated currents (solid lines) and dark currents
(dashed curves) depending on the molecular orientation, as indicated on Figure.
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were expressed best in the temperature range of 260-290K. In the
unoriented and oriented in reverse direction samples a clear current
dip appears in this region in contrast to the samples oriented in the
forward direction.

As can be seen from Figure 4, near the room temperature higher con-
ductivity is assured upon excitation after the orientation in forward
direction, what can offer increase of the light-harvesting device
efficiency. Therefore to analyze differences between this case and
unoriented sample, we modeled the experimental dependencies by
taking into account thermal carrier generation from the trap states
as well as their mobility changes given by the Gaussian disorder (GDM)
and Poole-Frenkel (PF) approximations according to Eqs. (2)-(5).
Results are presented in Figure 5. Nearby the curves indicating
carrier thermal generation, the trap parameters, i.e., their thermal
activation energy and initial filling are presented. Values used for
the calculation of mobility effect are as follows. Poole-Frenkel model:
o = 5.40x 107" em?/Vs, Ey = 0.152eV, Tz = 1000K, o« = 1.95 x 1074
eV(em/V)"%. Gaussian disorder model: u._ = 1.25 x 107 cm?/Vs,
¥ =496=0.039eV,C =500 x 10~* (cm/V)ﬁ%. It is necessary to note
that these values used for mobility calculations are only indicative
ones, because very similar trends of the curves could be obtained by dif-
ferent sets of parameters. As it is seen from Figure 5, the important
issue is that most fitting parameters were kept unchanged in both
cases, evidencing that orientation induces only very definite changes
in the thermally stimulated behavior. These changes relate to the vary-
ing influence of the thermally stimulated process with the effective
activation energy of about 0.38eV. This peak appears on the back-
ground of the other thermally stimulated process with even higher acti-
vation energy, therefore it could be associated not only with thermal
carrier generation from the trap state, but also with mobility change.

Notably, the reversely oriented sample exhibits in Figure 4 the
TSC and the dark current both running significantly higher than
in other cases. This indicates a noticeably increasing effect of the
thermally stimulated mobility. Unfortunately, usually orientation
in reverse direction did not give well reproducible results in contrast
to the other two cases, therefore additional investigations are neces-
sary to explain its nature. One of the reasons of the steeper mobility
increase with temperature could be the necessity for the carriers to
overcome higher potential barriers induced by the reverse orien-
tation of molecules.

Above about 310 K the current increase begins with the activation
energy of about 0.9eV. Probably it can be attributed to the carriers
thermally excited over the potential barrier at one of the contacts.
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FIGURE 5 Fit of the TSCs measured a) without orientation, b) after the
orientation in forward direction. Experimental curves are presented by solid
lines, the fitting curves are plotted by dotted lines, and influences of different
thermally activated processes are plotted by dashed lines. Nearby the curves
representing carrier thermal generation, trap parameters (thermal activation
energy and initial trap filling) are indicated.
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SUMMARY AND CONCLUSIONS

Carrier transport and trapping effects, as they are influenced by mol-
ecular chain orientation, were investigated by Thermally Stimulated
Currents and Current-Voltage characteristics in the samples of poly(9-
vinylcarbazole) (PVK) doped with 30% wt 4-dibutylamino-4’-nitrostil-
bene (DBANS). The orientation of molecules was performed by electric
field at 394 K. The reverse bias was applied to create polarization field
oriented in the forward direction and vice versa. The TSCs and the
dark currents were measured after the white-light excitation at liquid
nitrogen temperature and without excitation, respectively. We demon-
strated that the molecular chain orientation induces significant
changes both in IV dependencies below about 250K temperature
and the TSC spectra. Well expressed differences between the TSCs
and dark currents were evidenced experimentally, depending on the
direction of the orientation of polar DBANS molecules. The TSCs could
be modeled by taking into account mobility variation according to the
Gaussian disorder and Poole-Frenkel approximations as well as car-
rier thermal generation from traps. In the temperature region of
166—240 K the effective thermal activation energies of TSC curves
were about 0.037eV. Such small values are most probably caused
not by carrier generation from traps, but rather by the thermally sti-
mulated mobility growth. This means that mobility can be varied by
light excitation. Changes of the TSCs induced by orientation were
expressed best in the temperature range of 280-290 K. The numerical
fitting revealed that they could be attributed to the thermally acti-
vated process with activation energy of about 0.38eV. Above about
310K the current increase took place with an activation energy of
0.9eV, that could be caused by the carriers thermally excited over
the potential barrier at one of the contacts.
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