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Enhanced Hole Mobility in Poly-
(2-methoxy-5-(2’-ethylhexoxy)-1,4-
phenylenevinylene) by Elimination
of Nanometer-Sized Domains**

By Anto Regis Inigo, Chia Cheng Chang,
Wunshain Fann,* Jonathon David White,
Ying-Sheng Huang, U.-S. Jeng, Hwo Shuenn Sheu,
Kang-Yung Peng, and Show-An Chen

Optoelectronic devices based on conjugated polymer thin
films are attractive owing to their low cost and ease of pro-
cessing.'*! Charge-carrier mobility, directly related to the
order/disorder present in the material, currently limits many
potential applications. Methods capable of improving polymer
morphology and hence mobility are thus of considerable inter-
est not only scientifically but also technologically. One focus
of current research has been on increasing intermolecular
order. The development of ordered crystal-like films of up to
macroscopic size has been successful in improving charge-
transport characteristics (i.e., mobility) in poly(thiophene)
derivatives.*! The large mobility increase recently obtained
in ladder-type polymers (ie., from 4x10°cm*V's™? to
0.1 ecm*V's? in poly(benzobizimidobenzophenonthroline)
(BBL)) is at least partly the result of morphological changes
which provided greater intermolecular order (as proved by
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atomic force microscopy and X-ray diffraction).®”! In this
Communication, we demonstrate that mobility can also be
improved by an order of magnitude, not by increasing inter-
molecular order, but rather by eliminating nanometer-sized
crystal formation.

One of the most studied of the poly(phenylenevinylene)
(PPV)-derivative polymers is poly(2-methoxy-5-(2’-ethylhex-
oxy)-1,4-phenylenevinylene) (MEH-PPV). A soluble deriva-
tive of PPV, it has a variety of conformations depending
upon its intrinsic chemical properties and processing condi-
tions.* ') Much research has focused on understanding the
relationships between morphology and luminescence proper-
ties.[11-13 Morphology variation can lead to different kinds of
charge-carrier transport, ranging from highly dispersive to
non-dispersive.““’ls] Using different solvents (i.e., toluene
(TL) and chlorobenzene (CB)), we demonstrated that TL-cast
MEH-PPV films have a larger ordered domain size but fewer
domains than CB-cast MEH-PPV films. The mobility in TL-
cast films was found to be higher than that of CB-cast films.['"!
These results suggest that mobility might be further enhanced
by reducing the density of nanometer-sized domains in poly-
mer films.

In this work, thin films were prepared using the drop-cast-
ing method from 5 mgmL™ of MEH-PPV in CB on indium
tin oxide (ITO)-coated substrates. During the deposition pro-
cess, in one group of films, an electric field (E..s) was applied
parallel to the substrate in order to inhibit domain formation
(these are henceforth denoted “E-field-cast”). A second
group of films (henceforth denoted “as-cast”) served as a con-
trol group in which no electric field was applied during
deposition. Figure 1 shows time-of-flight (TOF) photocurrent
transients in linear scale (inset, log-log scale) recorded at
295 K for as-cast (Fig. 1a) and E-field-cast (Fig. 1b) films. The
transit times were obtained from the log(i)—log(¢) plot. The
transit time in the E-field-cast device is much shorter than for
the as-cast device. Hole mobility () in the E-field-cast device
is thus greater than in as-cast devices (u=d/E t, where E is
the bias field, #, is the transit time and d is the thickness of
polymer film).

Figure 2 gives the field-dependent mobility at room temper-
ature. The mobilities in the E-field-cast film are consistently
one order of magnitude higher than the as-cast films. While
all measured mobilities follow the Poole-Frenkel relationship,

In(u(E)ug_o) =S EY? 1)

(where E is an externally applied electric field, S is the slope
of the field-dependent mobility, and ug_¢ is the zero-field
mobility), the slopes are higher for the E-field-cast devices
than for the as-cast devices. This indicates that the positional
disorder present in the as-cast devices is larger than in the
E-field-cast devices, and that the positional disorder seems to
dominate charge-transport characteristics.!'”! The field-depen-
dent mobility for different temperatures in as-cast and E-
field-cast films was also measured at 10 K intervals as shown
in Figure 2b. For as-cast films, there is a gradual variation of
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Figure 1. TOF photocurrent transients for as-cast (a) and E-field-cast (b) thin films at 295 K for

exp (C (é) i - Q\/E) ()

a 100 kVcm™ applied electric field. The main figures display data with a linear scale while the
insets are log(i)—log(t) plots. Film thickness was 3.6 um for the E-field-cast device and 3.5 um
for the as-cast device as measured by a surface profile meter. The residual current is the result

of a direct-current (DC) component that is not subtracted from the background.

where u, is the mobility at infinite absolute
temperature and zero field, T'is the absolute
temperature (K), kg is the Boltzmann
constant, and C is an empirical constant (C
is expected to scale with the square root of

a. T=295 K ' cisf:efll?m %/Z:'ﬁm I the intermolecular distance and equals
10° 29%x10* (em V1Y) for an average inter-
Q) 107k 1z \N'?zls(*( molecular distance of 6 A). Q is defined as
= e follows: if X>1.5, Q=3 otherwise
= = 10°k { £2=225. The energy-disorder parameters
‘g’u E’i obtained by plotting In(u(E=0)) against
- 0%k asf;ﬁf]‘“@_@.—ee—@—@‘@'@-@' - 1/T* (Fig. 3a) are 86 and 71 meV for the
! . ! . ! 107 . as-cast and E-field-cast films, respectively.
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Figure 2. a) Field-dependent mobility for as-cast and E-field-cast devices at room temperature.
b) The temperature dependence of field-dependent mobility for as-cast and E-field-cast devices.

the slope as the temperature increases from 225 K to 325 K.
In contrast, for E-field-cast films, there is no significant
change of slope. This also indicates that the positional disor-
der present in the E-field-cast films is less than that in the as-

cast films.l"”]

Bissler proposed a model which he named the Gaussian
Disorder Model (GDM).!'”) In GDM, two parameters, energy
disorder (o) and positional disorder (X), are used for specify-
ing the disorder present in the materials. Energy disorder de-

scribes the distribution of energy levels as-
sociated with transport. Positional disorder

The positional disorder parameters ob-
tained by plotting the slop of the field-
dependent mobility against the square of
the normalized energy disorder (o/kT), are
3.60 and < 1.5 for the as-cast and E-field-cast
films, respectively (Fig. 3b). Compared to
as-cast films, E-field-cast films are characterized by a smaller
positional and energy disorder, which reflects a decrease in the
fluctuation of the separation and orientation of hopping sites.

In order to understand the underlying reasons for the
enhanced mobility in the E-field-cast films, we investigated
the underlying morphological differences between the two
types of films using wide-angle X-ray scattering (WAXS). In
Figures 4a,b, we show the WAXS data for free-standing films
detached from substrates.

(Electric Field)" [(V/cm)"]
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which depends not only on chemical struc- < [ 7 8 ’
ture but also on processing conditions such ?_:’1 I 1 & 0.004 |

as temperature treatment and solvent.!'”! wr accast ]

This model has been extended to 16 | L N ] 0.000 . . . .
accommodate large hopping distances and 0.008 0.010 0.012 0.014 0 5 10 15 20
long-chain polymers by introducing spatial 1000/T* [K] (/KT

correlations of energy levels of charge car-
riers.'®1) Both of these models, GDM and
correlated GDM, have been used as an aid
in understanding the nature of charge trans-
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Figure 3. lllustration of the determination of the effective energy (a) and positional disorder
(b) parameters from measured TOF data. a) The zero-field mobility is plotted against 1/T° to
determine the energy disorder parameter. b) The slope (S in Equation 1) at different tempera-
tures is plotted against normalized energy disorder to determine positional disorder.
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Figure 4. WAXS data for as-cast and E-field-cast films of MEH-PPV as
measured in the a) normal-to-plane (perpendicular) direction (charge-
carrier-transport direction) and b) in-plane direction. c). Photolumines-
cence spectra of as-cast and E-field-cast films.

The WAXS data measured both in the in-plane and perpen-
dicular directions of the films exhibit no sharp scattering
peaks, indicating a lack of crystalline structure. Nevertheless,
the substantial halos observed for the as-cast film in both di-
rections indicate the existence of ordered domains in a largely
random polymer network. This ordering gives rise to the local
density fluctuations that provide scattering contrast. In the
charge-carrier transport direction, the as-cast film shows
broadened amorphous halos peaking at Q=037 and
1.59 A™'. The corresponding Bragg-like characteristic d-spac-
ings (d=2m/Q) obtained from the peak positions are 17.0 A
and 4.1 A. The domain sizes (D) estimated from the full width
at half maximum (AQ) of the scattering peaks using
D =27/AQ are ~80 A and 16 A, respectively. The characteris-
tic spacing of 4.1 A corresponds to the benzene-ring packing
distance between neighboring polymers, whereas the charac-
teristic spacing of 17 A corresponds to a possible bilayer
structure of MEH-PPV. In the in-plane direction, the WAXS
result for the as-cast film shows an additional characteristic
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length of 6.3 A at 0 =1.0 A™. This is assigned to the character-
istic length of the monomeric repeat along the backbone of
MEH-PPV. From X-ray reflectivity and density measurements,
the volume fraction of the ordered domains is estimated as
0.52£0.13; however, a complete analysis of the as-cast film is
beyond the scope of this paper and will be published separate-
ly. In contrast, the featureless WAXS (Figs. 4a,b) for the
E-field-cast film in both in-plane and perpendicular directions
imply a completely amorphous structure with no short-range-
ordered domains. Clearly, inhomogeneity is reduced by the
applied electric field during film formation. It is likely that
the interaction between the electric field and polar parts of
MEH-PPV prevents any kind of ordered packing during the
solvent-drying process. In other words, the interactions
between the applied electric field and the polar parts of
MEH-PPV are stronger than the van der Waals interactions
between individual MEH-PPV polymers that lead to packing.

The photoluminescence (PL) spectrum sheds further light
on the nature of the thin films. Figure 4c shows the PL spectra
of the E-field-cast and as-cast films. For the PL of as-cast film,
the ratio of the relative intensity of the shoulder at 632 nm to
the main peak is ~0.77, while that for the E-field-cast film is
~0.6. The lack of a significant shoulder at 632 nm indicates
that aggregation has been reduced,!"” and thus is consistent
with the WAXS data.

From the TOF and WAXS data, the effect of positional dis-
order cannot be ignored.’”! Neglecting positional disorder,
the greater slope of the room-temperature field-dependent
mobility (Fig. 2a) of the E-field-cast relative to the as-cast
film would lead one to expect that the E-field-cast film has
higher energy disorder. The fact that the E-field-cast film
actually has a lower energy disorder indicates the importance
of positional disorder in this system. There appear to be two
different morphologically based mechanisms responsible for
the differences in charge transport between the two types of
films. While there are only amorphous-like structures in the
E-field-cast films, in the as-cast, partially ordered film, holes
are transported through both order-like as well as amorphous-
like domains."***%! These ordered nanometer-sized domains
may act as deep traps that are not in good “contact” with the
Gaussian density of states of the amorphous regions. In addi-
tion, charge mobility may be hindered by the higher fluctua-
tion of site distance and orientation (as shown the difference
in positional disorder parameters) in as-cast films relative to
the E-field-cast films. Greater spatial homogeneity is thus
beneficial to charge transport. Clearly, the present results sug-
gest that the ratio of the two types of regions dominates the
overall mobility.

Although the effective energy disorder and positional disor-
der parameter can be derived from the experimental data
within the constructs of the basic GDM, this might not be the
best starting point for a complete model of thin films of
MEH-PPV. While the homogeneous amorphous structures in
the E-field-cast film suggests that Béssler’s model should be
sufficient in this case, the clear existence of ordered domains
as well as the amorphous structures in the as-cast film suggests
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that a model that incorporates spatial inhomogeneity, such as
the extension of GDM of Rakhamanova and Conwell® or
the analytical model of Fishchuk et al.**! may be a better
starting point for a complete understanding of both films.

In conclusion, a hole mobility of ~10~° cm®V~'s™! with an
applied electrical field of 6 x10* Vecm™ has been achieved at
room temperature for MEH-PPV. This is one of the highest
recorded mobilities for any member of the PPV family. As-
suming that evaporation rates can be slowed down, this meth-
od may allow the mobility in other polymers with small or-
dered domains to be increased. It may also be applicable to
ink-jet printing. Furthermore, it would be interesting to
further investigate the behavior of such films in thin-film tran-
sistor geometry.

Experimental

Thin films of ~3.5 um thickness were prepared via the drop-casting
method from 5 mgmL™ of MEH-PPV in CB on pre-cleaned, ITO-
coated substrates. The solvent was allowed to vaporize slowly in a
solvent-rich atmosphere to get good optical-quality films. During the
deposition process, in one group of films, an electric field was applied
parallel to the substrate with the ITO being connected to the positive
electrode and the negative electrode placed at the other end of the
substrate. The schematic diagram is shown in Figure 5. The distance
between the negative electrode and the edge of the film was a few
millimeters, and the applied voltage could be as high as 5 kV. These

MEH-PPV/CB

ITO

silver glue

glass substrate

Figure 5. Schematic of the electric-field-processing apparatus.

films are denoted as E-field-cast. In the other group (denoted as as-
cast), no electric field was applied. The films were then dried for 24 h
at room temperature and the residual solvent was removed by placing
the films in a high vacuum chamber. Subsequently, 1000 A thick alu-
minum electrodes were thermally evaporated via the shadow-mask
procedure to yield the active area of 4 mm? for TOF studies. The
resulting capacitance of the device was ~30 pF. Using O =CV, a total
charge of 1200 pC was estimated at 40 V, where Q is the charge, C is
the capacitance, and V is the applied voltage. In order to ensure that
the electric field was not perturbed, the injected charge was kept be-
low ~100 pC [14-16].

Temperature-dependent mobility was measured at temperatures
ranging from 225 to 325 K. The signal-to-noise ratio and the time res-
olution of the TOF set-up determined the lowest and highest temper-
ature in this investigation respectively [15]. Both the as-cast and
E-field-cast films were prepared from the same solution batch. Ex-
periments were repeated using different polymer batches. In repeated
measurements on the same device, no deterioration in mobility of
either device was observed over a period of ~2.5 months.

For WAXS measurements, we detached the thin films from the
glass substrates. The detached films were then carefully folded into

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

layers of ~120 um thickness and ~5 mm x5 mm area. WAXS for the
freestanding films were conducted on the diffractometer beamline of
BL17A in the National Synchrotron Radiation Research Center
(NSRRC), Taiwan. The X-ray beam, monochromated to 1.326 A, was
collimated into a beam size 0.5 mm high and 3 mm wide by two sets
of slits separated by 1.1 m. A point detector located 70 cm behind the
sample scanned data in a wide Q-range in the polar direction
(Q =4msin6/A where 26 is the scattering angle and 1 the wavelength of
the radiation quanta). With sample surfaces perpendicular to the inci-
dent beam, we collected in-plane WAXS. With sample surfaces sitting
horizontally for a small incidence angle of ~0.3°, we collected WAXS
along the perpendicular direction of the films. Owing to the much
smaller beam divergence in the vertical relative to the horizontal
direction, the WAXS data collected in the Q-regions 0.1-4.5 A™! in
the z-direction were less contaminated by the direct beam profile,
compared to the WAXS data collected in the horizontal direction.
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