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We have studied the real and imaginary parts of the complex intrachain mobility of charge carriers on solid
samples of ladder-type polymers using time-resolved microwave conductivity measurements. Experiments on
samples with a different average polymer chain length show that the motion of charge carriers is limited by the
chain ends. The experimental results can be described by one-dimensional diffusive motion along the polymer
backbone. The intrachain mobility deduced for an infinitely long ladder-type polymer chain (with no barriers
to charge transport such as defects or conjugation breaks) subject to interchain interactions is 30 cm?/V s. This
value is 20 times lower than the intrachain mobility found for charges along infinitely long isolated ladder-type
polymer chains in dilute solution. Thus we find that interchain interactions in solid samples severely decrease
the intrachain charge carrier mobility. However, the intrachain mobility of 30 cm?/V s is more than four orders
of magnitude higher than mobility values obtained from time of flight measurements reported in the literature.
Hence, the performance of ladder-type polymers in optoelectronic devices can be significantly improved.
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I. INTRODUCTION

The optoelectronic properties of conjugated polymers are
of interest due to their applications in devices, such as or-
ganic light-emitting diodes, photovoltaic cells, and field-
effect transistors.'™* Using solution-processable polymers as
semiconducting compounds opens the way to flexible elec-
tronics and enables cheap and easy production of devices.>”
Moreover, the ongoing miniaturization of electronic compo-
nents rapidly approaches the fundamental limit of photoli-
thography. Therefore, it is of interest to study the ultimate
size limit for organic electronics. Single molecules are the
smallest components that are likely to be functional in inte-
grated circuits.> Conjugated polymers can be used as inter-
connecting molecular wires between molecular scale elec-
tronic components.

For the applications mentioned above, the mobility of
charge carriers is a key factor determining the performance
of the electronic devices. The mobility of charges in a one-
dimensional, ordered (crystalline) material is determined by
their effective mass m, f=2h2/ Wd?, where W is the band-
width of the conduction band and d is the length of the
repeating unit or unit cell of the material. Using the typical
length of one monomer (3.5 A) for the size of the unit cell
and a bandwidth as typically calculated for perfectly ordered
polymer chains!® (3—5 eV), an effective mass of about one-
fourth of the free electron mass is obtained for conjugated
polymers. Since this effective mass is comparable to the ef-
fective mass for charges in inorganic semiconductors, the
mobility of charge carriers along a perfectly ordered polymer
chain is expected to be in the same order of magnitude as
the mobility found for inorganic semiconductors, i.e., in
the order of 1000 cm?/V s.!! Indeed a value of 600 cm?/V s
has been found for the mobility of holes along isolated
ladder-type poly(paraphenylene) chains in dilute solution by
time-resolved microwave conductivity (TRMC) measure-
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ments.'> However, the values found for the device mobility
in conjugated polymers, range from 10~—1072 cm?/V s, for
derivatives of poly(para-phenylenvinylene), poly(thienylene-
vinylene), poly(thiophene), and ladder-type poly(para-
phenylene).*!3-15 These values are several orders of magni-
tude lower than expected on the basis of the arguments
above.

This difference in charge carrier mobility is likely to be
due to a combination of device-specific properties and intrin-
sic material properties. Contact effects are the most impor-
tant of the device-specific properties and determine the per-
formance of organic optoelectronic devices to a large
extent.'>!® Two examples of intrinsic properties of organic
materials that limit the charge carrier mobility are interchain
transport and charge transport over grain boundaries (bound-
ary junctions between different relatively ordered domains
within the sample). Both processes are expected to be sig-
nificantly slower than intrachain transport and depend
strongly on the material morphology on a supramolecular
scale. Furthermore, the intrachain charge carrier mobility can
be limited by disorder along the polymer chains. Effects that
cause such intrachain disorder include torsion of the polymer
backbone and the presence of chemical defects that can act
as barriers to charge transport.!”"! In addition, intrachain
disorder can originate from interchain interactions. Places
where the backbones of neighboring polymer chains closely
interact might act as localization sites that are energetically
favorable for charge carriers. Therefore, the potential energy
landscape encountered by a charge moving along the back-
bone of a polymer chain can be significantly altered by the
presence of neighboring polymer chains.

In this contribution we describe a time-resolved micro-
wave conductivity study of charge transport in solid samples
of ladder-type polymers. The ladder-type polymer (see Fig.
1) is a structurally well defined polymer with no torsional
disorder, since it is restricted to a planar geometry by a
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bridging carbon atom. Such a structure is optimal for charge
transport because the electronic coupling between neighbor-
ing units is maximal for a planar structure.'® The structural
conformation of the ladder-type polymer in a device setup is
expected to be similar to the conformation of the polymer in
dilute solutions, where the intrachain mobility was found to
be 600 cm?/V 5.2 Comparison of the intrachain mobility of
the ladder-type polymer in solid samples where interchain
effects can play a role to the value found for isolated poly-
mer chains, gives information about the effect of interchain
interactions on the intrachain charge transport properties.
With the TRMC technique, the motion of charge carriers is
probed by microwaves, in this way the difficulties that arise
in a device setup are circumvented.”! In contrast to dc mea-
surements, the microwave conductivity is dominated by the
most efficient charge transport process. The intrachain mo-
tion of charges in solid polymer samples is expected to be
much faster than the motion of charges from chain to chain.
Therefore the microwave conductivity will mainly be deter-
mined by the intrachain charge transport properties. TRMC
experiments on solid polymer samples provide insight into
the charge transport along polymer chains in an environment
that resembles the surroundings of the polymer chains in a
device setup.

The one-dimensional mobility of charge carriers in disor-
dered materials depends on the radial frequency of the (prob-
ing) electric field (w), as described by Kubo??

ew? fm .
=- A% (1) e “dt, 1
m(w) 2T, (e (1)

where A%(f) is the mean squared displacement of the charge
carrier as a function of time. In this expression e denotes the
elementary charge, kg is Boltzmann’s constant, and T is the
temperature. The frequency dependence of the charge carrier
mobility can be understood qualitatively by taking into ac-
count the length scales that are probed at different frequen-
cies. The mobility determined at a high probing frequency
will be sensitive to the motion of charge carriers on a rela-
tively short length scale, whereas the mobility observed at
low (or zero) frequency will be sensitive to the displacement
of the charge carriers over a longer distance. In a disordered
material the motion of charges can be hindered by barriers to
charge transport. While the charge carriers are relatively mo-
bile in between the barriers, their motion can be severely
hindered as they move over larger distances. Therefore, the
hindrance of charge carrier motion in disordered materials is
more pronounced at low probing frequencies.
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FIG. 1. Chemical structure of
the ladder-type polymers studied
and the average number of repeat
units per polymer chain ({n)) cal-
culated from the number averaged
molecular weight.

At a nonzero frequency the charge carrier mobility is a
complex quantity as can be seen from Eq. (1). We study this
complex mobility u(w)=pu,(®)+iu;,(w) of charge carriers
diffusing along polymer chains in the presence of a weak
oscillating electric field E(w)=E, cos(wt), which can be rep-
resented by E(w)=Re(E, ). Here E, denotes the amplitude
and o the (radial) frequency of the probing electric field. The
velocity of charges expressed in terms of these (complex)
quantities is given by

() = Re[ () E, e + u;,(0) E, e @+ ™)]
= u,(w)E, cos(wt) — w,(w)E, sin(wt).

The term containing the real part of the mobility corresponds
to the velocity of charge carriers in phase with the oscillating
electric field, while the term that contains the imaginary part
of the mobility represents the motion out of phase with the
electric field. The field-induced drift velocity of a charge
performing normal Gaussian diffusion along an ordered, in-
finitely long polymer chain with no barriers to charge trans-
port is completely in phase with the probing electric field. In
this case the imaginary part of the complex mobility equals
zero and the motion of charges is completely described by
the real part of the mobility. Disorder along the polymer
chain leads to a hindrance of charge carrier motion and thus
to motion out of phase with the probing field. Therefore, a
nonzero imaginary part of the complex conductivity will be
observable when the charge carrier motion is hindered by the
presence of barriers to charge transport.

From the TRMC measurements we obtain direct informa-
tion about the real and imaginary parts of the complex mo-
bility for ladder-type polymers. Systematic variation of the
polymer chain length provides information about the extent
to which the motion of charge carriers is hindered by the
chain ends. The intrachain mobility of charge carriers mov-
ing along an infinitely long polymer chain is obtained from
the TRMC measurements using an analysis that assumes
one-dimensional diffusive motion along the polymer back-
bone and infinitely high barriers to charge transport at the
chain ends. A comparison of the present results on solid
samples with results on isolated polymer chains in dilute
solutions shows that the intrachain mobility is negatively af-
fected by the disordered environment that results from inter-
chain interactions.

II. EXPERIMENT
A. Ladder type polymer

The polymers studied are the ribbonlike ladder-type
poly(p-phenylenes) shown in Fig. 1.2>-2% The polymer chains
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FIG. 2. (a) Schematic representation of the experimental setup.
The microwaves are generated by the source and directed onto the
resonant cavity depicted in gray by a microwave wave guide. The
transmitted power (P,) is detected as a function of frequency and
time after irradiation of the polymer sample with 3 MeV electrons
from the Van de Graaff electron accelerator. (b) Schematic repre-
sentation of the resonant cavity that is confined by two metal strips
that serve as irises. The ladder-type polymer (depicted in gray) is
placed in a polyethylene container (xXyXz=5 mmX2.5 mm
X 24 mm).

are restricted to a planar geometry by a bridging carbon
atom. Hence, intrachain disorder due to torsion of the poly-
mer backbone is not present for these polymers. The chain
length is distributed according to a Flory distribution, from
which chains shorter than five repeat units have been re-
moved by solvent extraction. Samples with an average chain
length of 13, 16, 35, and 54 repeat units as calculated from
the number averaged molecular weight, are studied.

B. Generation of charge carriers

The experiments described were performed on solid
samples of about 3 mg of the ladder-type polymer in
poly(ethylene) containers that were placed in a microwave
resonant cavity (see Fig. 2). Charge carriers were generated
by irradiation of the polymer with a pulse of 3 MeV elec-
trons from a Van de Graaff electron accelerator. The duration
of the electron pulse was varied between 0.5 and 50 ns. Ir-
radiation with high-energy electrons causes tracks of ioniza-
tions in the polymer sample, leading to a close to uniform
distribution of positive and negative charges in the polymer
material. The number density of charge carriers created ini-
tially by irradiation of the sample with the 3 MeV electron
pulse is given by

nip = Edep/Ep’ (2)

where E,,, is the energy deposited in the sample per unit
volume during the pulse and E), is the pair formation energy,
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i.e., the average energy deposition involved in the creation of
one electron-hole pair. The energy deposited in the sample
per unit volume can be obtained from the measured irradia-
tion dose (D;,, in Gray, 1 Gy=1 J/kg) which was determined
using thin film radiochromic dosimetry. The pair formation
energy of the polymer backbone can be approximated by the
empirical relation derived by Alig?® that relates the pair for-
mation energy (in eV) in (inorganic) semiconductors to their
band gap (E, in eV)

Ep,bb it 273Eg +0.5 (3)

This relation is found to provide reasonable estimates for the
pair formation energy for materials varying from inorganic
semiconductors with a band gap as low as 1 eV, to organic
hydrocarbon liquids for which the band gap is close to
10 eV.2027 If a reasonably accurate estimate for the band gap
is available, Eq. (3) is expected to give the pair formation
energy within 20% accuracy. The pair formation energy of
the side chains (E, ;) can be approximated by the energy
needed to create an electron-hole pair in saturated
hydrocarbons?’ (25 eV). Since the energy deposited in a ma-
terial by a (pulsed) electron beam is proportional to the elec-
tron density in that material, the pair formation energy of a
polymer can be calculated according to?®

-1
Ep=<fbb + fsc ) i (4)
Ep,bb Ep,sc

where f;, and f,. denote the fractions of electrons in the
backbone and the side chains, respectively.

C. Time-resolved microwave conductivity

The change in complex conductivity in the polymer
sample after the generation of charges was monitored on a
time scale ranging from nanoseconds up to several hundred
microseconds by time-resolved microwave conductivity
measurements.?! The change in complex conductivity due to
the generation of charge carriers is given by

Aa(w) = en[ () + pe-(w)], (5)

where n is the number density of electron hole pairs and
up+(w) and w,-(w) denote the complex mobility of holes and
electrons, respectively. Analogously the complex conductiv-
ity can be written as the sum of a real and an imaginary part:
Ao(w)=A0c,(w)+iAo;,(w). The real part of the imaginary
conductivity is due to motion of charges in phase with the
probing electric field and can be detected as an increase in
the absorption of microwave power in the polymer sample.
The motion of charges out of phase with the probing electric
field is determined by the imaginary part of the mobility. The
imaginary part of the conductivity is related to the permittiv-
ity or dielectric constant of the medium (g,¢) and the radial
frequency of the probing electric field according to o;,,(w)
=we,e(w). A change in the imaginary conductivity upon ir-
radiation with a 3 MeV electron pulse gives rise to a de-
crease in the propagation velocity of the electromagnetic
waves through the sample.
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FIG. 3. (a) Measured transmitted microwave power relative to
the power directed onto the cell (P) around a resonant frequency for
Phe-LPPP with an average chain length of 35 repeat units. (b) Rela-
tive change in transmitted microwave power for Phe-LPPP with an
average chain length of 35 repeat units. The dots are measured data
points recorded 100 ns after irradiation with a 10 ns pulse of
3 MeV electrons, the line is a calculated curve with the real and
imaginary conductivity as fit parameters.

D. Microwave resonant cavity

The use of a microwave resonant cavity enables detection
of both the change in real and the change in imaginary con-
ductivity of the sample upon irradiation.”” In a resonant
transmission cavity setup [see Fig. 2(a)] the electromagnetic
waves generated by the microwave source are directed onto
the resonant cavity by microwave guides. The polymer
sample is placed in a polyethylene container that completely
fills the resonant cavity [see Fig. 2(b)]. When the wavelength
matches the dimensions of the cavity, resonance occurs and
the electromagnetic wave propagates back and forth through
the medium in the cavity. The power transmitted by the cav-
ity is detected as a function of frequency [see Fig. 3(a)]. The
transmitted power is nonzero around the resonant frequen-
cies of the cavity. The resonant frequencies (f,,,) of the cav-
ity are determined by the cross section (x X y) and length (z)
of the cavity and the propagation velocity of the electromag-
netic waves through the sample (v=c/ Ve, where ¢ is the
velocity of light in vacuum and « is the relative magnetic
permeability of the sample) according to f,.(k,I,m)
=v/2\(k/x)*+(I/y)*+(m/z)?, where k, I, and m denote the
mode of the electromagnetic wave with resonant frequency
Fros(k,1,m).3° The dimensions of the rectangular wave guide
(x=2y) are relatively small as compared to the wavelength of
the microwaves generated by the source (f=26—38 GHz).
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As a consequence, only the lowest mode of the microwaves
can propagate through the wave guide (k=1, [=0), i.e., half
the wavelength of the electromagnetic wave in the x direc-
tion equals the size of the wave guide in this direction. The
resonance curve in Fig. 3(a) is the result for the ladder-type
polymer with an average chain length of 35 repeat units
(e=2.7, k=1) in our resonant cavity (xXyXz=5 mm
X 2.5 mmX24 mm), and corresponds to m=7, i.., the
standing wave in the resonant cavity contains seven half
wavelengths in the z direction.

The decrease in transmitted microwave power after irra-
diation of the sample with a 3 MeV electron pulse is a mea-
sure for the change in real conductivity. The change in reso-
nant frequency of the cavity upon irradiation is determined
by the change in propagation velocity of the electromagnetic
waves induced by the change in dielectric constant, and is a
measure for the change in imaginary conductivity. Thus,
when the charge carriers (generated in a material upon irra-
diation) exhibit a complex mobility, both a decrease in trans-
mitted power and a shift to lower frequency of the resonance
peak is observed. The relative change in the power transmit-
ted by the resonant cavity upon irradiation of the ladder-type
polymer with an average chain length of 35 repeat units is
shown in Fig. 3(b). From the shape of this curve, qualitative
information about the complex conductivity can be deduced.
At frequencies slightly lower than the resonant frequency the
transmitted power is seen to increase upon the generation of
charges, at frequencies slightly higher than the resonance the
transmitted power decreases upon irradiation. This indicates
a shift of the resonance (to lower frequency). The asymmetry
of the change in transmitted microwave power is indicative
of an absorption of microwaves upon irradiation in addition
to the shift in resonant frequency. Thus, the complex conduc-
tivity for the ladder-type polymer with 35 repeat units con-
sists of both an imaginary and a real part. The absolute val-
ues of the real and imaginary parts of the complex
conductivity can be determined by a fitting procedure which
involves a quantitative description of the microwave propa-
gation through the polymer sample.”” The result of this
analysis is shown by the line in Fig. 3(b).

E. Determination of the complex mobility

The number density of charge carriers estimated using
Egs. (2)—(4) is the initial charge carrier density; i.e., the total
density of charge carriers in the sample created during the
3 MeV electron pulse. The concentration of charges that is of
interest for the calculation of the complex mobility [Eq. (5)]
is the density of charge carriers that contributes to the com-
plex conductivity signal. The concentration of contributing
charges is lower than the initial charge carrier concentration
due to the recombination of charges during the electron pulse
(i.e., the survival fraction is smaller than 100%). Therefore
we will use the initial charge carrier density as an estimate
for the upper limit to the contributing charge carrier density.

The (complex) conductivity measured with TRMC con-
tains contributions of both positive and negative charges
(holes and electrons) created during the irradiation of the
sample. It is not possible to discriminate between the contri-
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FIG. 4. Dose-normalized change in real conductivity after a
3 MeV electron pulse for an irradiation dose (D;,,) of 4—200 Gy.
(a) Phe ladder polymer with an average chain length of 35 repeat
units. (b) Me-ladder polymer with an average chain length of 54
repeat units.

bution of holes and electrons to the complex conductivity
from the outcome of our experiments. Therefore, the com-
plex mobility that is calculated from the complex conductiv-
ity using Eq. (5) is the sum of the mobility of the hole and
the electron.

Thus using the experimentally obtained complex conduc-
tivity and the initial charge carrier concentration calculated
using Egs. (2)—(4) in Eq. (5), we derive a lower limit to the
sum of the complex mobility for holes and electrons. The
mobility obtained is the isotropic mobility (x'*°). The value
of interest is the one-dimensional (1D) intrachain mobility
(u'P) i.e., the mobility of the charge moving along the di-
rection of a polymer chain. Taking into account the random
orientation of the polymer chains and the linear polarization
of the microwave field, these two quantities are related by
MID=3MISO-12

The real and imaginary parts of the lower limit to the sum
of the intrachain hole and electron mobility are denoted by
St e and St o respectively.

III. RESULTS AND DISCUSSION

A. Dose dependence of the real part
of the complex conductivity

In Fig. 4 the change in complex conductivity for the
ladder-type polymer is shown as a function of time after
irradiation with a 3 MeV electron pulse with a duration rang-

PHYSICAL REVIEW B 73, 045204 (2006)

ing from 1-50 ns. The curves in Fig. 4 were recorded at the
resonant frequency of the cavity (see Fig. 3). For small
changes in the complex conductivity the signal at resonance
is not sensitive to the imaginary conductivity,’' consequently
these curves show the change in real conductivity. The real
conductivity increases as charge carriers are created in the
polymer sample during irradiation with a 3 MeV electron
pulse and decreases after the pulse due to charge carrier re-
combination or trapping. The signal decays to zero on a time
scale of a few microseconds. The maximum conductivity at
the end of the pulse is dose dependent, which is indicative of
a second order recombination of charges during the pulse
and leads to a lower dose-normalized conductivity for higher
charge carrier concentrations.

A clear difference is observed in the decay of the conduc-
tivity signal after the pulse for the Phe- and Me-ladder-type
polymers displayed in Fig. 1. For the Phe-LPPP with an av-
erage length of 35 repeat units the decay of the conductivity
at longer times (#>50 ns) is almost independent of the irra-
diation dose [see Fig. 4(a)], or equivalently, of the concen-
tration of charge carriers. The change in conductivity for
Me-LPPP with an average chain length of 54 repeat units is
shown in Fig. 4(b). In this case, at high charge carrier density
(doses larger than 20 Gy, i.e., initial charge carrier concen-
tration larger than 15 uM) the conductivity is dose-
dependent. The larger contribution of second order processes
in Me-LPPP leads to a faster decay of the conductivity for
Me-LPPP as compared to Phe-LPPP, as can be seen from
comparison of Figs. 4(a) and 4(b).

Since both ladder-type polymers in Fig. 1 have the same
ribbonlike planar backbone, the difference in decay of the
conductivity described above must be attributed to a side-
chain effect. The side chains attached to the bridging carbon
atom are located relatively far away from the polymer back-
bone and the R, substituents (see Fig. 1) consist of linear
alkyl chains. Therefore, side-chain effects such as geometri-
cal differences of the polymer backbone due to steric hin-
drance or differences in electron affinity of the side chains
that affect the charge distribution on the backbone, are very
unlikely. When interchain interactions affect charge trans-
port, their effect is expected to be more pronounced in Me-
LPPP than in Phe-LPPP, since the latter polymer has more
bulky side chains that are likely to isolate the polymer back-
bones from neighboring polymer chains. The idea that the
conjugated backbones of adjacent Me-LPPP chains are in
closer contact than the backbones of Phe-LPPP is consistent
with the faster decay observed for Me-LPPP.

B. Time dependence of the complex conductivity

The change in real and imaginary conductivity after irra-
diation with a 3 MeV electron pulse is shown in Fig. 5 for
the Phe-LPPP with an average chain length of 35 repeat
units. The change in real and imaginary conductivity as a
function of time after the creation of charges displayed here
is obtained from the (time dependent) frequency dependence
of the power transmitted by the resonant cavity (see Fig. 3).
As described above (see the experiment section) the fre-
quency dependence of the change in microwave power trans-
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FIG. 5. Real and imaginary dose-normalized conductivity after
the creation of charges with a 3 MeV electron pulse for a Phe-
ladder polymer with an average chain length of 35 repeat units at an
irradiation dose (D;,,) of 40 Gy.

mitted by the resonant cavity upon irradiation contains infor-
mation about the complex conductivity of the sample. As can
be seen in Fig. 5, the imaginary part of the complex conduc-
tivity is larger than the real part of the complex conductivity
for the ladder-type polymer. Any nonzero imaginary part of
the complex conductivity is indicative of hindrance of charge
transport, as mentioned above. Therefore, the results in Fig.
5 where the imaginary part exceeds the real part of the con-
ductivity show that barriers to charge transport determine the
charge transport properties in the ladder-type polymer to a
large extent.

C. Lower limit to the complex mobility

In order to obtain the complex mobility from the complex
conductivity for the ladder-type polymer, the initial charge
carrier density was estimated using Egs. (2)—(4). The band
gap of the polymer (2.7 eV) was derived from the onset of
optical absorption.?? The estimates for the lower limits to the
sum of the mobility for holes and electrons obtained with
Eq. (5) for the ladder-type polymers are listed in Table I.
Both the real and the imaginary parts of the complex mobil-

TABLE 1. Lower limit to the real and imaginary parts of the sum
of the complex intrachain electron and hole mobility (% /'Lrln[i)n,re and
E/Lfn]i)n!im) for ladder-type polymers with an average chain length of
(n) repeat units, as calculated from the change in complex conduc-
tivity using Egs. (2)—(5). Note that the survival fraction of charges
that contributes to the conductivity signal can be different for Me-
LPPP and Phe-LPPP; therefore, the absolute values of the lower

limits to the mobility cannot be compared directly.

E/'Lrlnli)n,re zlu’rln]i)n,im E/Lrln[i)n,im

LPPP (n) (cm2/V's) (cm?/V s) s Mrln]i)n,re
Phe 13 0.014 0.056 4.0
16 0.021 0.080 3.8
35 0.058 0.14 2.4
Me 54 0.045 0.10 2.2
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ity are found to increase significantly for Phe-LPPP as the
average chain length increases from 13-35 repeat units.
These results clearly show that limitations in the chain length
determine the charge transport properties to a large extent.
The chain-length dependence for the lower limit to the real
mobility for Phe-LPPP with average chain lengths of 13, 16,
and 35 repeat units found here is the same as the dependence
derived earlier for the same ladder-type polymers in dilute
solutions.”” In a dilute solution the polymer chains are
isolated from each other by the solvent. Therefore, the
intrachain mobility of charges along isolated polymer chains
is monitored in TRMC measurements on dilute
solutions.'>!173334 Since the chain-length dependence for the
real mobility observed for the ladder-type polymer in solid
samples is the same as the chain-length dependence observed
for isolated ladder-type polymer chains, we conclude that the
intrachain motion of charges is monitored in the experiments
on solid samples described here.

The lower limit to the complex mobility for the Me-LPPP
with an average length of 54 repeat units is lower than ex-
pected from the trend of increasing real and imaginary mo-
bility with the chain length found for Phe-LPPP. This is most
likely due to the (over)estimation of the density of charge
carriers by taking the initial charge carrier density derived
from Egs. (2)—(4). The observed decay of the conductivity
for Me-LPPP is faster than the decay for Phe-LPPP, as dis-
cussed above (see Fig. 4). The second order effects during
the electron pulse are expected to be more pronounced for
Me-LPPP. Therefore, the fraction of the charges initially cre-
ated during the pulse that contributes to the conductivity sig-
nal is smaller for Me-LPPP than for Phe-LPPP. Due to this
difference, the lower limits to the complex mobility in the
two polymers cannot be compared directly.

The lower limit to the real part of the sum of the electron
and hole mobility for the ladder-type polymer with an
average chain length of 13 repeat units is already an order of
magnitude higher than the device (hole) mobility of
1073 cm?/V s determined by time of flight (TOF) measure-
ments.'* This difference can be explained qualitatively by the
different measurement techniques used. The high-frequency
intrachain mobility deduced from the TRMC measurements
cannot be compared directly to the device mobility as deter-
mined by space charge limited current (SCLC), in a field-
effect transistor (FET) or with TOF measurements. In a de-
vice set-up, the charges not only have to overcome the
injection barriers at the contacts, but the charges also have to
migrate over the entire thickness of the sample (which is
often in the order of 100 nm) to contribute to the mobility
signal. Therefore, the mobility of charges determined using a
device set-up is sensitive to interchain disorder and limited
by charge transport from chain to chain, transport over grain
boundaries and over electrode-polymer interfaces. In con-
trast, in our microwave conductivity measurements we probe
the motion of mobile charges along polymer chains and the
(complex) conductivity observed is dominated by the most
mobile electrons or holes present in the sample.

D. Absolute value for the ratio of the imaginary and real parts
of the complex mobility

Although absolute values for the complex mobility cannot
be derived by the measurement of the complex conductivity
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on solid samples using the TRMC technique, the absolute
value for the ratio of the imaginary and the real parts of the
complex mobility Z;Lrln]i)njm/ E/VLfnli)me can be determined. The
ratio decreases with increasing chain length, as can be seen
in Table I. This chain-length dependence is observed for both
ladder-type polymers irrespective of the side chains, as ex-
pected since the ratio is independent of the survival fraction
of charge carriers. The chain-length dependence of the ratio
directly shows that the out of phase motion of the charge
carriers becomes more pronounced as the chain length de-
creases, i.e., the charge carrier motion is more hindered on
shorter chains. This is consistent with the idea that charges
moving along a polymer backbone are hindered in their dif-
fusive motion by the ends of the polymer chain.

A clear decrease in the ratio of the imaginary and real
mobility is still observed as the average polymer chain length
increases from 16 to 35 repeat units. This shows that the
charge must diffuse over the entire length of the polymer
chain of (at least) 16 repeat units, and encounter a chain end
on a time scale in the order of one oscillation period of the
microwave field. For one-dimensional diffusion (in the ab-
sence of barriers to charge transport), the mean-squared dis-
placement as a function of time is given by (x*(f))=2Drt,
where the diffusion constant D is related to the intrachain
mobility of the particle performing diffusive motion (fipga)
and temperature according to the Einstein relation D
= WinwakpT /€. Using a displacement equal to a chain length
of 16 repeat units (14 nm), and a migration time equal to one
period of the microwave field (30 ps), a value of
1.3 cm?/V s can be deduced as a lower limit to the intra-
chain mobility on ladder-type polymers.

IV. DETERMINATION OF THE MOBILITY ALONG
INFINITELY LONG LADDER-TYPE POLYMER CHAINS

In order to obtain the absolute value for the intrachain
mobility we describe the motion of charges along the poly-
mer chain by one-dimensional diffusive motion between in-
finitely high reflecting barriers. In this model, the complex
high-frequency intrachain mobility of the charge carriers de-
pends on the radial frequency, the length of the polymer
chain (L), and the intrachain mobility (or equivalently the
diffusion constant), according to (see the Appendix)

-2
IL'L(lC(w) = SDLE L

ksTico _D_ [ ] +1
iL’w k

1
= 27T(k+ 5)

The chain-length distribution of each of the four ladder-type
polymers is known to be a Flory distribution, where the
probability of a chain consisting of » monomer units is given
by P(n)=(1-p)p"~!, where p=({n)—1)/{n) denotes the
probability of bond formation between adjacent monomer
units during the synthesis of the polymer. Chains shorter than

, (6)

where
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five repeat units have been removed by solvent extraction
and the presence of chains longer than 75 repeat units is
unlikely due to the method of synthesis.?>?* To compare the
calculated results with the measured data the calculated com-
plex, high-frequency mobility must be averaged over a trun-
cated Flory distribution with 5<n=<75. The calculated real
and imaginary parts of the complex mobility at 30 GHz for
the different average chain lengths are shown in Figs. 6(a)
and 6(b).

For low intrachain mobility (<0.1 cm?/V s), the complex
high-frequency mobility is a real quantity and equal to the
intrachain mobility; the charge carrier velocity is completely
in phase with the oscillating electric field and the motion of
the charges is not significantly hindered by the chain ends
during the microwave oscillation period. As the intrachain
mobility exceeds a few tenths of cm?/V s, the imaginary part
of the high-frequency mobility is no longer zero and the real
part of the high-frequency mobility starts to deviate from the
intrachain mobility. These effects arise since the charge car-
rier starts to encounter the ends of the polymer chain during
the microwave period. As the intrachain mobility increases
further to tens of cm?/V s, the chain ends strongly affect the
high-frequency mobility. This results in a decrease of the real
part of the high-frequency mobility with increasing intra-
chain mobility and a further increase of the imaginary part of
the high-frequency mobility. At high intrachain mobility
(>1000 cm?/V s) the complex high-frequency mobility is
completely imaginary: The charge carrier velocity is com-
pletely out of phase with the oscillating electric field, as a
result to frequent hindrance of the charge carrier motion at
the polymer chain ends.

The value of the intrachain mobility can be obtained by
comparison of the calculated ratio of the imaginary and the
real parts of the complex high frequency mobility
Meac.im! Mace With the experimental results. The calculated
curves for the ratio w,. /e e for the four average chain
lengths in Fig. 6(c) show that the experimentally determined
ratios (denoted by the dots) are reproduced by an intrachain
mobility close to 30 cm?/V s. This agrees with the estimate
made above, that the intrachain mobility must exceed
1.5 cm?/V s in order to explain the chain-length dependence
of the experimental results.

Comparison of the experimentally determined lower limit
to the real and imaginary parts of the sum of the intrachain
mobility for electrons and holes at high frequency as denoted
in Table I, with the calculated values for the real and imagi-
nary parts of the complex high-frequency mobility [Eq. (6)]
at a intrachain mobility of 30 cm?/V s gives the percentage
of the initially created charges that contribute to the TRMC
conductivity signal. Survival fractions of 3.7% and 1.3% are
found for Phe-LPPP and Me-LPPP, respectively. The real and
imaginary parts of the high-frequency charge carrier mobility
calculated for these survival fractions are denoted by dots in
Figs. 6(a) and 6(b). The larger charge carrier yield found for
Phe-LPPP with respect to Me-LPPP is consistent with the
different decay kinetics for these two polymers, as discussed
above.

The value of 30 cm?/V s found for the intrachain mobil-
ity is several orders of magnitude higher than the device
(hole) mobility of 107 cm?/V's determined by TOF
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FIG. 6. (a) Real () and (b) imaginary (g, ;,) parts of the
complex high-frequency mobility as a function of intrachain mobil-
ity calculated with Eq. (6) at 30 GHz, for ladder-type polymers with
an average number of repeat units of 13, 16, 35, and 54, from
bottom to top. (c) Ratio of the imaginary and the real high-
frequency mobility gty i/ thac.re calculated with Eq. (6) for 30 GHz,
for ladder-type polymers with an average number of repeat units of
13, 16, 35, and 54, from top to bottom. The experimentally deter-
mined ratios shown in Table I, represented by dots, must be repro-
duced by a single intrachain mobility for the four chain lengths. The
experimental values for the ratio E/L,In]i)nyim/ 2 ,u,ln?n’re are reproduced
by taking a intrachain mobility near 30 cm?/V s (indicated with the
vertical line). The dots in (a) and (b) indicate the real and imaginary
parts of the complex mobility for the four chain lengths calculated
from the complex conductivity with a survival fraction of 3.7% for
Phe-LPPP and 1.3% for Me-LPPP.

measurements.'* This difference can be explained by the
device-specific properties and intrinsic material properties
that limit the device mobility, as mentioned above.

We can now compare the intrachain mobility for charge
carriers on ladder-type polymer chains in solid samples
found in the present work with the intrachain mobility deter-
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mined previously for isolated ladder-type polymer chains in
dilute solutions.”® Because of the rigid structure of the
ladder-type polymer the conformation of the polymer back-
bone is expected to be identical in these two experiments.
The comparison of charge transport on isolated ladder-type
polymer chains to the intrachain charge transport for the
same polymer in an environment where interchain effects
can play a role, gives information about the effect of inter-
molecular interactions on the intrachain charge transport
properties. The value for the intrachain mobility for (posi-
tive) charges on isolated chains of the ladder-type polymer in
a dilute solution was found to be 600 cm2/V 5,20 i.e., a factor
of 20 higher than the value found for solid samples. This
difference in intrachain mobility shows that the disorder in-
duced by the presence of neighboring polymer chains re-
duces the charge carrier motion significantly. Interchain in-
teractions cause energy variations along a polymer backbone.
Thus a mobile charge carrier encounters a disordered energy
landscape which leads to a lower intrachain mobility.

V. SUMMARY AND CONCLUSIONS

We have shown that the ratio between the real and imagi-
nary parts of the complex high-frequency mobility found for
ladder-type polymers strongly depends on the length of the
polymer chain. Therefore, it can be concluded that the mea-
surement of the complex charge carrier mobility gives a
unique insight into the effect of the conjugation length on the
intrachain mobility of charge carriers along semiconducting
polymers.

The experimental results can be described by one-
dimensional diffusive motion along the polymer backbone.
The intrachain mobility found for ladder-type polymer
chains subject to interchain interactions is 30 cm?/V's,
which is 20 times lower than the mobility for charges along
isolated ladder-type polymer chains found earlier. Thus inter-
chain interactions are found to severely decrease the intra-
chain charge carrier mobility. However, the intrachain mobil-
ity found in the present work is more than four orders of
magnitude higher than mobility values obtained earlier from
time of flight measurements. Hence, ladder-type polymers
are very promising materials for optoelectronic applications
provided that interchain effects on the charge carrier mobility
can be minimized.
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APPENDIX: ONE-DIMENSIONAL DIFFUSIVE MOTION
BETWEEN INFINITELY HIGH REFLECTING
BARRIERS

The one-dimensional diffusive motion of a charge carrier
on a polymer chain can be described by the partial differen-

045204-8



EFFECT OF INTERMOLECULAR DISORDER ON THE...

tial equation that gives the dependence of charge density (C)
as a function of time (¢) and place (x)

dC(x,1) FPC(x,1)
=D 3
ot ox

: (A1)

where D is the one-dimensional diffusion constant of a
charge on the polymer chain. To derive the charge density as
a function of time and place we solve Eq. (A1) while taking
into account the following boundary conditions.

(1) The chain ends located at x=0 and x=L act as infi-
nitely high reflecting barriers to charge transport

dC(x,t

I
ox x=0

dC(x,t

ﬁ =0. (AZ)
ax x=L

(2) The charge is initially localized at a position g along
the polymer chain.

C(x,0)=8(x-q). (A3)

The charge density as a function of time and place is then
given by

wkx Tk
cos X os T (L)
L L

Clot) = % (A4)

k=—0

This can easily be verified by substituting this solution in the
differential equation in Eq. (A1), and by confirming that the
boundary conditions [Egs. (A2) and (A3)] are fulfilled.

The mean-squared displacement of the charge as a func-
tion of time and the initial site of the charge carrier is now
given by
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L
(x=9)) Ef dx(x = ¢)*C(x,1)

0

12 (L)
=——Lq+q2+4z (—)
3 k=1 Tk

X(cos W—kq) (1 _ 2>(_ 1)+ 94 (ki)
L L L

(AS)

To obtain the mean-squared displacement of the charge as a
function of time we assume that the initial position of the
charge carrier is uniformly distributed along the polymer
chain, thus we average Eq. (A5) over all initial sites, i.e., ¢
e[0,L]

L
(x-q)*) = L‘lf dq{(x=q)*)
0

(A6)

2 . 2 4—( L)2Dt
=L 3 e PaC

1
6 o \Ck

where ck=27r(k+%).

The (complex) frequency dependent diffusion coefficient
D, (o) that describes the motion of charge carriers along a
polymer chain with infinitely high barriers to charge trans-
port at the chain ends can now be derived according to
Kubo’s formula:??

wz - 2\ ,—iwt x 622
Dyw)=-—| ((x—g)Pe“dr=8D>, —*5—.
2 Jo k=0 ciD
1+——
iowL

(A7)

The complex frequency dependent intrachain mobility of the
charge carriers given in Eq. (6) in the main text follows from
this expression by taking into account the Einstein relation
that relates the diffusion coefficient to the charge carrier mo-
bility:

Dac =7 Mac: (A8)
e
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