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The charge carrier transport in poly[2,5-dioctyloxy- 1,4-diethynyl-phenylene-alt- 2,5,-bis(2'- ethyl-
hexyloxy)-1,4-phenylene], a poly(p- phenylene ethynylene) (PPE) derivative, wasinvestigated by
time-of-flight measurements. The charge trangport characteridtics in this materid are ambipolar,
and the transport is dispersive, with high electron (2.2x10 *cn? V*s™) and hole (1.8 10°° cn?
Vs ™) mobilities a room temperature and at low fidd (3.1x10*V cm). The mobility strongly
depends on the field strength, and is observed to decrease with increasing bias. The positiond and
energetic disorder parameters were caculated from the temperature and field dependencies of the
charge mobility usng a Gaussian disorder trangport formaism. The postiond disorder was found
to be larger than the energetic disorder over the entire experimental temperature range, leading to

the observed negative field dependence of the carrier mobility.



In the past three decades, p-conjugated semiconducting polymers have datracted
ggnificant interest, snce these maerids may combine the processability and outstanding
mechanica properties of polymers with the exceptiona, readily tailored eectronic and optica
properties of functional organic molecules™ The potentid use of these materids in light-emitting
diodes (LED),? fidd-effect trandstors (FET),? photorefractive devices* and photovoltaic cdls®
have motivated the development of synthess and processing methods of conjugated polymer
maerids with unique, fidd-responsive properties® Among a variety of materids plaforms,
poly(p- phenylene ethynylene) (PPE) derivatives (Fig. 1) have atracted the attention of a number
of research groups.” While the nonlinear optical properties of PPEs have been carefully studied,®
and the photoluminescence of these materids has been exploited in sensors’ and other devices,™
the invedtigation and exploitation of the semiconducting properties of PPES have, somewhat
surprisingly, recdved rdaivdy litle atention.™**** Only recently, PPEs have been
demonstrated™ to be more useful in polymer LEDS, than the origina experiments had indicated.™
In connection with the investigation of organometdlic polymer networks based on a PPE
derivative and Pt°,'® the carrier mobilities in poly[2,5-dioctyloxy- 1,4-diethynyl- phenylene-alt-
2,5,-bis(2-ethylhexyloxy)-1,4-phenylene] (EHO-OPPE, Fig. 1),*” a soluble poly(p-phenylene
ethynylene) derivative have recently aitracted our own interest. In this letter, we present a detailed
sudy of the charge transport properties of this materid, which is representative of this family of
conjugated polymers.

The charge transport in EHO-OPPE was invedigated usng time-of-flight (TOF)
messurements on indium-tin-oxide (ITO)/polymer/gold sandwich structures.™ In this technique, a

short light pulse incident on the polymer through a semitrangparent eectrode creates athin sheet of



charge carriers and, depending on the polarity of the eectric fidld E applied between the
electrodes, dectrons or holes are driven across the sample. The absorption depth of the optica

excitation is smal compared to the sample thickness L (for the present polymer ca. 1 nm at the
waveength of interest, cf. Ref. 17) and the duration of the optica pulse is short compared to the
trandt time ty, of the charge carriers. Thus, using = L / t,; E the carrier mobility mcan be obtained
from the displacement photocurrent transents. The polymer sample used in the present sudy was
of a number-average molecular weight, M, of about 10,000 g- mol*, and was synthesized
according to standard procedures’ ITO / EHO-OPPE / gold sandwich structures were
produced by casting a toluene solution of the polymer (10 mg- mL™) onto ITO-coated glass-
dides (E.H.C. Co., Jgpan), drying the resulting films in vacuo at 40 ° for at least 12 h (L = 6.5 -
12 im) and depositing a3 x 3 mm? gold eectrode of a thickness of 60 nm by sputtering through a
shadow-mask. Dark currents were measured to be in the range of 30-60 nAﬁndicating that carrier
injection was negligible. We have shown earlier that the rgpid evaporation of the solvent leads to
amorphous films, in which the macromolecules are highly disordered [8,17]. The TOF
measurements were conducted on a conventional setup,™® using a 3.6-ns Q-switched Nd-YAG
(yttrium duminum garnet) laser, which was frequency doubled and shifted using a high pressure H,
Raman cdl. The third anti- Stokes shift (320 nm) of the 532 nm pump with an intengity of < 10
1Jpulse was used for the carrier generation. Typical photocurrent transents are shown in Fig. 2
for electrons and Fig. 3 for holes. The shape of these curves is representative for dl transents
observed here and is characteristic of dispersive transport. 1922?22 The carrier mobility mwas
determined from the inflection point in the double logarithmic plots (Figs 2B and 3B).* TOF

measurements were performed as a function of carrier type, applied fidd and film thickness (Fig.



4). As can be seen from Fig. 4, the drift mobility is independent of L, demongrating that the
photocurrents are not range-limited but indeed reflect the drift of the carrier sheet across the entire
sample. Both the Jindependence of the mohility on L, and the fact that the Sopes of the tangents
used to determine the mobility (Figures 2 and 3) do not add to -2 as predicted by the Scher-
Montroll theory, indicate that the Scher-Montroll picture of disgperdve transents does not
adequately describe the data presented here?* The dispersive nature of the trangent is due to the
high degree of disorder in the sample and its impact on carrier transport.” Although energetic
disorder described by a Gaussan dengity of states certainly contributes to the dispersive shape of
the trandents”, the independence of mwith L indicates that other types of disorder will aso
contribute?® The observed disorder likdly arises from the large degree of positiona disorder as
described below, and perhgps polaron or intrachain mechanisms in these highly conjugated
polymers.

High dectron (2.2x10 *cn?V™s ™) and hole (1.8x 102 cn?V*s™) mobilities were found
a low fidd (3.1x10* Vem™). Thisfinding is most intriguing, since these values compare favorably
with, to our knowledge, the highest values yet observed for an ambipolar conjugated polymer.?’
The data plots and fits in Fig. 5 indicate that the temperature dependence is well-described by the
Gaussan disorder model presented below. As is evident from Figs. 4A and 4B, the mohbility
srongly depends on the field strength, and decreases with increasing bias. This somewhat
exceptional behavior has been observed before, ™ particularly a low fidds, and is consistent
with a hopping transport modd that accounts for off-diagond (postional) disorder caused by
vaiations of intergte distances in addition to diagond (energetic) disorder in the transport

manifold.** * The disorder transport model considers charge transport in organic solids as time-



independent random walks within a digtribution of localized hopping states broadened by disorder
effects. The large off-diagond disorder may result in a negative field dependence of the mobility at
low fields, because a stronger gpplied eectric field favors forward hopping and inhibits more fecile
routes for carriers involving hops transverse to the gpplied dectric fidd. The negative fied
dependence was a0 predicted for quas one-dimengiond transport in the presence of defects and
barriers.®

To andyze the negdive fiedd dependence of the mobility in EHO-OPPE within the
Gaussan disorder trangport formaism and to determine the diagond (energetic) disorder
parameter s and the off-diagond (positiona) disorder parameter S, we employed the

relationship between the charge mobility m and the disorder parameters®
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where m is the prefactor mohility, E is the dectric fidd, and C is an empirica condant. The

diagond disorder parameter s is rlated to the width of the Gaussan dendty of Sates s , as
S =s /KT, wherek isthe Boltzman congtant and T is the temperature.

Equation (1) can be represented in the form

Inm=a (E)T—l2+g(E) @)
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and g(E)=Inm,- CJES? . (4)



The experimenta temperature dependence of the mobility parametric in the gpplied dectric fied

(Fig. 5) dlows for cdculating a and g for different vaues of the dectric fidd. Because a (E)

scales linearly with +/E , the value a._, can be determined by plotting a vs. vE and then
determining the intersection of the lineer fit of the datawith E=0. Knowing a._, alows usto

determine the width of dendity of dates s from the relation
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Table 1 shows the calculated \dues for the dendty of dtates a zero fidld s ., the

disorder parameters s and S, and the constant C for holes and electronsin EHO-OPPE. Fig. 6
displays the temperature dependence of the diagonal disorder parameter s . It is goparent from
the data presented in Table 1 and in Fig. 6 that the off-diagond disorder parameter S islarger
than diagonad disorder parameter over the entire experimenta temperature range. The

temperature-independent off-diagona disorder parameter Swas 3.4 and 3.6 for eectrons and



holes, respectively, while the range of the temperature-dependent diagonal disorder parameter s
was between 2.8 and 2.5 and 3.0 and 2.7 in the temperature range between 20 and 50 “C for
electrons and holes, respectively. Monte Carlo smulations of carrier hopping in the transport

manifold with energy leves with a Gaussan digtribution 23" predicted that for large S,

Tina / v/E becomes negative a low dectric fidds (E£5” 10°V/cm) and does not obey

conventiona Poole-Frenkel law Inm~+/E . At higher fids fIna / J+/E becomes positive and

gives rise to Poole-Frenke-like behavior. While we were not able to measure the mobility at
higher fidds because of the didectric breskdown of the materid, the observed negative field
dependence of the mohility in conjugated polymer EHO-OPPE with high off-diagond disorder is
congstent with the disorder transport formalism applied to a sysem with both postiona and
energetic disorders.

In summary, we have shown that the p - conjugated semiconducting polymer EHO-OPPE
exhibits high ambipolar mohbility. The postiond (off-diagond) and energetic (diagond) disorder
parameters have been calculated from the experimenta temperature and field dependences of the
hole and eectron mobilities. The observed negative field dependence of the mobility was
explained within the Gaussan disorder formaism to originate from high off-diagond disorder. The
experimentd temperature and field dependent mobilities are conastent with a Gaussian disorder

transport formalism applied to systems exhibiting both positional and energetic disorders.
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Table 1. Resultsof datafitsto the Gaussian disorder model of charge transport.

Charge carrier | S g (€V) S S e C(cm/ V)2

Holes 0.072 3.6 3.0 54x10°*

Electrons 0.068 34 2.8 5.7x10°*




Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Molecular dructure of poly[2,5-dioctyloxy-1,4-diethynyl- phenylene-alt-2,5,-

bis(2-ethylhexyloxy)-1,4-phenylenel  (EHO-OPPE), the poly(p-phenylene

ethynylene) (PPE) derivative investigated here.

Electron time-of-flight photocurrent trandents of solution-cest film of EHO-OPPE
(L=8 nm), measured at 295 K and an dectric fidd of 2.5x10°Vemi* ina (A)

linear and (B) double logarithmic plot.

Hole time-of-flight photocurrent transents of solution-cagt films of EHO-OPPE
(L=8 nm), measured at 295 K and the dectric fidd of 2.5x10° Vem* ina (A)

linear and (B) double logarithmic plot.

Electron (A) and hole (B) mohilities of EHO-OPPE-films as function of dectric
field at various film thicknesses (open triangles. L=6.5 mm, filled cirdes L=8 nm,

open squares. L=12 nm).

Temperature dependence of (A) eectron and B) hole mohilities of an EHO-
OPPE film (L=8 nm) measured at E = 2x10° (squares), 3x10° (circles) and

4x10°Vem'* (triangles).



Fig. 6.

Temperature dependence of the diagond disorder parameter s for holes
(sgquares) and dectrons (circles). Parameters have been obtained by fitting the

experimenta data (Fig. 5) to Egs. 1 and 5.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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