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The charge transport in a polyspirobifluorene derivative with copolymerized N,N,N',N'-
tetraaryldiamino biphenyl (TAD) hole transport units is investigated as a function of the TAD
content. For TAD concentrations larger than 5%, guest-to-guest transport is observed. It is
demonstrated that in this regime the charge carrier density dependent mobility can be described
consistently with the extended Gaussian disorder model, with a density of hopping sites which is
proportional to the TAD concentration and comparable to the molecular density. © 2011 American

Institute of Physics. [doi:10.1063/1.3663563]

Since their discovery, organic semiconductors have
been investigated intensively and they are today finding their
way into applications such as displays and lighting. A pre-
requisite for full-color applications is an efficient blue emit-
ter. Polyfluorenes (PF) form an attractive class of blue
emitters due to their wide band gap and high photolumines-
cence efficiency.' They are commonly used as blue emis-
sive material in organic light-emitting diodes’ (OLEDs) or
as host component for white emitting copolymers.*’ The
wide band gap, however, also complicates the charge injec-
tion; it is difficult to achieve efficient injection for both elec-
trons and holes. Especially hole injection can be problematic
in polyfluorenes due to the typical deep highest occupied
molecular orbital (HOMO) level, which leads to an injection
barrier when combined with a common anode material such
as poly(3,4-ethylenedioxythiophene)/poly(styrenesulphonic
acid) (PEDOT:PSS).° By using the high work function elec-
trode MoQOs, it has recently been possible to study the hole
transport in the PF derivative poly(9,9-dioctylfluorene) in the
space-charge limited current (SCLC) regime’ and to demon-
strate that the hole transport is described by a mobility that
depends on the electric field and the charge carrier density,
as is well known for disordered organic materials.® The elec-
tric field dependence of the mobility has, already in earlier
work, been explained in the framework of hopping in a
Gaussian density of states (DOS).”'” More recently, it was
recognized that the dependence of the mobility on the charge
carrier density had been overlooked.®'' A numerically exact
description of the mobility in a Gaussian DOS, extended to
include the dependence on the charge carrier density
(“extended Gaussian disorder model,” EGDM), has been
obtained from a master equation (ME) approach.'” In this
model, the mobility is characterized by three parameters, viz.

Y Author to whom correspondence should be addressed. Electronic mail:
H.T.Nicolai@rug.nl.

0003-6951/2011/99(20)/203303/3/$30.00

99, 203303-1

the width (standard deviation) of the Gaussian DOS ¢, the
density of hopping sites N, and the mobility in the limit of
zero field, zero carrier density, and infinite temperature, j.

Within the ME approach employed to derive the EGDM
mobility functions, the hopping is assumed to take place
between point-like sites on a cubic lattice. The question arises
what the relationship is between the site density parameter N,
and the physical density of localized molecular states between
which the hopping takes place. In this letter, we address this
question by studying the hole transport in a series of poly-
alkoxyspirobifluorene-N,N,N' ,N'-tetraaryldiamino biphenyl
(PSE-TAD) copolymers. These materials belong to a larger
class of PF derivatives within which the injection and transport
of holes is modified by the incorporation of arylamines, either
blended in the active layer or incorporated into the polymer
chain."? Triarylamines are known to be good hole conductors'*
and are commonly used as hole transport layers.”'> Hole mobi-
lities up to 3 x 1077 m?*/Vs have been measured in fluorene-
triarylamine copolymers.'® Furthermore, the hole transport can
be tuned by varying the arylamine content, under the condition
that their HOMO energy is higher than that of the host poly-
mer.'” At low concentrations the amine units act then as hole
traps and reduce the hole current, whereas above a critical con-
centration, typically ~3%,'® percolation can take place between
the amine units and the hole transport will become governed by
guest-to-guest hopping, leading to an increase of the mobility
with increasing amine concentration.'” The EGDM transport
parameters are then expected to be related to the guest DOS.
For sufficiently dilute systems, one might envisage that ¢ is in-
dependent of the amine concentration and that NV, is equal to, or
at least proportional to, the guest density. However, such rela-
tionships have so far not been established experimentally. We
have studied the guest density dependence of ¢ and N, for sys-
tems containing TAD as the hole transporting unit.

The TAD hole transport unit studied here is functional-
ized with two tert-butyl groups. Its structure is depicted in the

© 2011 American Institute of Physics
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inset of Fig. 1(a). The structure of the complete copolymer is
published elsewhere.”” The HOMO levels of PSF and the
TAD unit have been estimated at —5.6eV and —5.4¢eV,
respectively.”' > The TAD concentration was varied from 5
to 12.5 mol. %, enabling a systematic study of the influence of
the TAD concentration on the guest-to-guest hole transport.
Hole-only devices were fabricated by first spin-coating a layer
of PEDOT:PSS on a glass substrate with a patterned indium
tin oxide layer. The PSF-TAD copolymer layers were subse-
quently spin-coated from a toluene solution in a nitrogen envi-
ronment. Hole-only devices with a PSF-TAD layer thickness
equal to (approximately) 80, 120, 200, and 280 nm were stud-
ied. The top contacts were evaporated through a shadow mask
at a base pressure of approximately 10~® mbar and consisted
of a 20nm layer of palladium capped with an 80nm gold
layer. The high work function of palladium ensures that there
is no electron injection into the LUMO level of the polymer
and that the device current is determined by the hole transport.
No electroluminescence was observed, which confirms the ab-
sence of electron injection.

Fig. 1(a) shows the room temperature current-
density—voltage (/-V) characteristics of devices with an active
layer thickness of ~200nm and a TAD concentration of 5%
and 7.5%, and Fig. 1(b) shows the current density as a function
of the TAD concentration measured at 10 V. As a reference,
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FIG. 1. (a) Current-density—voltage characteristics at TAD concentrations
of 0%, 5%, and 7.5% and with a layer thickness of 207 nm, 215 nm, and
198 nm, respectively. The curves are best fits from the device model. The
inset shows the structure of the TAD hole transporting unit. The asterisks
indicate the attachment points. (b) Current density at 10V as a function of
the TAD concentration for the ~200 nm systems studied.
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also the results for the PSF host polymer are given (0% TAD
concentration). As in an earlier study for a similar type of co-
polymer, the inclusion of 5% TAD lowers the hole current by
approximately one order of magnitude compared to the hole
current in the pure polyspirobifluorene polymer.'® No data are
available for TAD concentrations below 5%. Therefore, it can-
not firmly be established whether at 5% the TAD units act still
as traps for the hole transport through the polyspirobifluorene.
However for TAD concentrations of 7.5% and above, the hole
transport increases with increasing TAD concentration, dem-
onstrating the occurrence of guest-to-guest hopping for these
concentrations. A simplified analysis of the J(V) curves, using
the well-known Mott-Gurney (MG) equation which neglects
diffusion and which assumes a constant mobility,” gives rise
to an effective mobility of approximately 8 x 10~'" m?/Vs for
the pure (0%) reference polymer, in reasonable agreement
with the result of earlier time-of-flight measurements on a sim-
ilar copolymer.”* In that study the mobility could be increased
beyond the host mobility by the inclusion of 50% TAD.

To take the effects of disorder on the carrier density de-
pendence and field dependence of the mobility and the diffu-
sion coefficient as described within the EGDM into account,
the numerical drift-diffusion model developed in Ref. 25 has
been used. We have analyzed the voltage, temperature, and
layer thickness dependence of the current density to obtain
the parameters describing the mobility function in the guest-
to-guest hopping regime (TAD concentration >5%). The
polymer with 5% TAD is included, although it is not a priori
clear whether the transport is then already well within this
regime. The PEDOT:PSS contact is assumed to be Ohmic. In
the following, Vy,; is the built-in voltage, po(T) is the mobility
at temperature 7 in the limit of zero field and zero carrier
density, and kg is the Boltzmann constant. For each polymer,
a least-squares method was first used to fit the dependence
on voltage, thickness and temperature to the EGDM equa-
tions using a common set of parameters ¢ and N, but allow-
ing uo(T) to be determined by the fitting. Different samples
were allowed to have somewhat different temperature-
independent values of V. The resulting values of 1(T) were
then fit to the expression f(T) = u;exp[—Ca?], with
6 =0/ (kgT), as expected within the EGDM. Using this
expression for p(7T), Fig. 2 shows the measured and calcu-
lated temperature dependence of the J(V) curves for a
198 nm device with a TAD concentration of 7.5%, with
Viyi=1.6 V. The inset shows the measured and calculated
1/T* dependence of 1io(T). For the systems studied, C ranged
from ~0.42 to ~0.47, with an error margin of approximately
*0.04. The values found are close to the value 0.42 given in
Ref. 12 or 4/9 in Ref. 9. At room temperature, uo(T) was
found to increase approximately 20-fold as the concentration
increased from 5% to 12.5%. Assuming constant values of ¢
(see below) and of C, u; would then be expected to show a
similar increase. However, in view of the error margin in the
C-parameter, the required high-temperature extrapolation
could not be made with sufficient accuracy. The values of
Vy; ranged from 1.45 to 1.75V for the various samples, per-
haps because of variations of the dipole layer formed at the
cathode interface. Well above Vy;, the shape of the J(V)
curves is almost independent of Vi, greatly facilitating the
accurate determination of the EGDM parameters.
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FIG. 2. Temperature dependent hole transport at 7.5% TAD and fits to the
EGDM, for a 198 nm device. The inset shows the l/T2 dependence of (7).

Fig. 3 shows the optimal values of N, and ¢ for each
polymer. The error margins indicate the range of values of
N; and ¢ for which the fit error (defined as the sum of the
squares of the logarithmic deviation) is within 3% of the
minimum fit error. The width of the Gaussian DOS needed
to fit the data is close to 0 =0.15 eV, essentially independent
of the TAD concentration, and consistent with the value
obtained earlier for the polymer with 10% TAD.?” For a
TAD concentration of 7.5% and above, the TAD concentra-
tion dependence of N, is, taking the error margins into
account, well described by the proportionality relation given
by the dashed line in Figure 3. For the concentration of 5%,
N, is slightly higher than expected, which might be due to
the possibility that at this concentration the charge transport
is in an intermediate regime where both the TAD units and
the fluorene units contribute to the transport. In this regime,
a more complicated model is required.”® We remark that for
higher concentrations the quality of the fit was less sensitive
to the value of N,, leading to a large error margin in N,.

The hopping site density, as roughly estimated by
assuming a density of 1 g/cm > for the polyspirobifluorene
copolymer and assuming two transport sites per TAD unit, is
equal to ~2 x 10%®m > for the 10% copolymer. The value of
N, obtained from the present transport study (~3.5 x 10
m ) is in reasonable agreement with this estimate. This sup-
ports the point of view that the parameters as obtained when
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FIG. 3. (Color online) Optimal values of N, and ¢ for each polymer. The ex-

perimental uncertainties are similar to the symbol sizes, or as indicated. The
dashed and dotted lines are a guide to the eye.
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describing the transport properties within the EGDM are
physically meaningful.

In conclusion, we find that the hole transport in the poly-
spirobifluorene copolymers as studied in the guest-to-guest
regime is well-described using the EGDM. The analysis sup-
ports the point of view that the parameters obtained, describ-
ing the Gaussian DOS, is physically meaningful. First, the
site density N, is found to be proportional to the TAD con-
centration and reasonably close to the actual molecular site
density. Second, the disorder parameter ¢ (~0.15eV) is
found to be essentially independent of the TAD concentra-
tion, as expected for sufficiently dilute systems. The results
open the prospect that the EGDM can also provide the appro-
priate framework for describing the guest concentration de-
pendence of the charge carrier transport in other host-guest
systems operating in the guest-to-guest regime, including
dye-doped fluorescent and phosphorescent emissive layers in
small-molecule based OLEDs at high dye-concentrations.

The authors wish to acknowledge financial support from
the European Commission under contracts IST-004607
(OLLA) and FP7-213708 (AEVIOM).
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