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Comparative study of hole transport in poly„p-phenylene vinylene… derivatives
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The dc mobility of holes in four poly(p-phenylene vinylene! ~PPV! derivatives~three fully conjugated
polymers with different side chains and one partially conjugated PPV! is examined as a function of temperature
T and applied electrical fieldE. In all cases the mobilitym follows the empiricalm}expgAE law. The specific
temperature and electrical field dependence of the mobility is fitted within a~correlated! Gaussian disorder
model. From the fits the energetic disorder, localization length, and average transport-site separation are
determined. In the case of the fully conjugated polymers the differentT and E dependencies ofm are com-
pletely determined by the energetic disorder. The relation between the obtained microscopic transport param-
eters and the specific chemical composition of the polymer material is discussed.
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I. INTRODUCTION

The attractive optoelectronic properties of conjuga
polymers arise from the extendedp-electron system along
the polymer backbone. For instance, poly(p-phenylene vi-
nylene!, PPV, is considered a suitable candidate for flexi
large-area display technologies based on polymer lig
emitting diodes~PLED’s!.1,2 A lot of effort has been put in
the understanding of the device operation; Ref. 3 gives
overview of the current scientific and technological know
edge of PPV based LED’s. Recent experiments have dem
strated that charge transport in PLED’s is bulk space-cha
limited4 and not injection limited,5 implying that current flow
is directly governed by the charge-carrier mobility. In ord
to generate light, recombination of electrons and holes in
active layer is required. The capture of oppositely charg
carriers in PPV has been shown to be of the Langevin ty
meaning that the recombination efficiency is diffusi
limited.6 As both transport and recombination of charg
carriers in PLED’s are governed by the mobility, clearly co
trol of this parameter is important for optimizing device pe
formance.

Chemical modification of PPV provides a tool to contr
the conjugated backbone and~nonconjugated! side chains of
the polymer. Different side chains attached to the polym
may influence interchain distance and packing and hence
affect the charge transfer between polymer chains. Furt
more, also on-chain electronic properties may be sensitiv
the chemical nature of side groups. On the other hand,
loring the conjugated backbone naturally has strong imp
on the conductive properties as it directly involves modific
tion of the charge transporting fraction of the polymer itse
Therefore, as the molecular structure of the polymer chain
expected to strongly affect the charge-carrier mobility,
order to further optimize PLED performance a handle on
interplay between chemical structure, mobility and devi
PRB 610163-1829/2000/61~11!/7489~5!/$15.00
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efficiency ~photon/charge-carrier! is needed. This paper fo
cuses on charge-carrier transport properties of PPV der
tives. Among the most widely used PPV derivatives a
MEH-PPV ~Ref. 7! and OC1C10-PPV;8 here we compare the
charge transport properties of OC1C10-PPV and several of its
derivatives. By performing current density–voltage measu
ments the charge-carrier mobilitym as a function of tempera
ture T and electrical fieldE has been obtained. The obtaine
T andE dependencies ofm for the different PPV derivatives
are analyzed within a Gaussian disorder model, yielding
sight in the interplay between chemical structure and mic
scopic charge transport parameters in these materials.
obtained that energetic disorder predominantly gove
m(T,E) of the fully conjugated materials, while both stru
tural changes~increasing hopping distance! and energetic
disorder determine the conductive properties when decr
ing the conjugated fraction.

II. EXPERIMENT

The chemical structures of the~alkoxy-substituted! PPV
derivatives studied here are shown in Fig. 1. In the followi
the materials are namedA, B, C, and D as in Fig. 1, the
mobility of the different polymers will be indicated accord
ingly (mA , etc.!. Polymer A is ‘‘standard’’ OC1C10-PPV, a
PPV derivative often used in PLED’s.8 PolymerB is a co-
polymer synthesized from~conjugated! phenylene-vinylene
units and~nonconjugated! phenylene-ethylidene units.9 The
intentionally broken conjugation is expected to strong
hamper charge transport due to the decrease of charge t
porting sites in the material. In polymer C the short OC3
group of OC1C10-PPV is replaced with a second OC10H21
group, for convenience this material will also be indicated
OC10C10-PPV. The application of longer side chains cou
increase the distance between the conjugated region
neighboring chains and thereby lower the mobility. Polym
7489 ©2000 The American Physical Society
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D is a derivative of polymerC with 25% of the OC10C10-PV
monomers substituted by a monomer with shorter side ch
(OC5H11/OCH3) where the above mentioned effect mig
be partly undone. However, as chemical modifications of
polymer can influence both its electronic and morpholo
properties in a complicated way, it is hard to predict befo
hand the conductive properties of the material.

The fully conjugated materials were prepared by dehyd
halogenation polymerization of the corresponding mo
mer~s! with potassium tertiary-butoxide in dioxane at 80 °
and purified by precipitation in water and in methanol twic
For the partially conjugated material, the nonconjuga
units are introduced by a controlled Cl/OCH3 exchange on
the chloro-precursor polymer, prior to elimination. The fra
tion of conjugation defects~ethylidene concentration! x in
the polymers was determined by means of1H-NMR charac-
terization. For the ‘‘fully conjugated’’ polymersA, C, andD
x'2%, while in polymerB x'10%9 was obtained due to
the intentional decrease of conjugation. The soluble po
mers are spin-coated on top of a glass substrate with a
terned ITO contact serving as the anode. Hole-only dev
are obtained by applying gold as a top electrode. The typ
thickness of the devices studied isd;100–300 nm, with an
active areaA;10 mm2. Current density–voltage (J–V) ex-
periments on the devices were performed with a HP414
semiconductor parameter analyzer. Both the fabrication p
cedure and the charge transport experiments were perfor
in a nitrogen atmosphere.

III. RESULTS AND DISCUSSION

Figure 2 displays a typical example of the temperatu
dependent current-density–voltage characteristics of a P
hole-only device~polymerA). The current density depend
strongly on both the applied bias voltage and the temp
ture. Recently, it has been shown that theJ–V dependencies
of PPV devices can be fitted accurately within a spa
charge limited current~SCLC! model10 taking into account a
stretched exponential field dependence of the mobility:

m~E!5m0 exp~gAE! ~1!

FIG. 1. Chemical structure of the polymers studied:~A! Fully
conjugated OC1C10-PPV. ~B! Partially conjugated OC1C10-PPV
with n:m59:1. ~C! Dialkoxy-PPV with two C10H21 sidegroups
(OC10C10-PPV). ~D! Fully conjugated PPV copolymer synthesize
of OC10C10-PV and OC1C5-PV units in the ration:m53:1.
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with m0 the zero-field mobility andg describing the ‘‘field
activation’’ of the mobility. This empirical dependence o
the mobility on the applied electrical field appears gene
for a large class of disordered organic semiconductors s
as molecularly doped polymers, pendant group polym
conjugated polymers and organic glasses, see, e.g., Refs
15. Theoretical models reproducing the stretched expone
E dependence ofm are discussed below. The solid lines
Fig. 2, representing the predictions of the SCLC model,
in excellent agreement with the experimental data. For
PPV derivatives studied here, the current was bulk spa
charge limited and the mobility was found to be well d
scribed by Eq.~1!. The values ofm0 andg obtained from the
fitting of theJ–V curves of all samples studied are plotted
a function of temperature in Fig. 3 and Fig. 4 respectivel

It is directly obtained from Fig. 3 that chemical modifica
tion of PPV changes the mobility by orders of magnitud
The ~zero-field! mobility of the ‘‘fully conjugated’’
OC1C10-PPV ~A! is one order of magnitude higher than th
of the partially conjugated OC1C10-PPV (B). The effect of
different side chains attached to the PV monomer is a
considerable. The mobility of polymersC andD, similar toA
but with different side chains attached, lies more than o
order of magnitude abovemA . Radiolysis microwave~30
GHz! conductivity experiments on fully and partially conju
gated OC1C10-PPV and fully conjugated OC10C10-PPV re-

FIG. 2. Temperature dependentJ(V) characteristics of a
OC1C10-PPV ~polymerA) hole-only device, thickness 275 nm an
active area 10.9 mm2. The drawn lines represent the predictions
a space charge limited current model incorporating the stretc
exponential field dependence of the mobility, Eq.~1!.

FIG. 3. Temperature dependence of the zero-field mobility
the four PPV derivatives studied. The data are fitted with
ln(m0);T22 law for hopping transport in a Gaussian DOS. T
parameters derived for the different compounds are listed in Ta
I.
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vealed a similar trend~i.e.,mB,mA,mC) ~Ref. 16! although
the reported differences were much smaller. This lik
stems from the fact that generally in a disordered system
high frequency mobility is less sensitive to disorder pres
than the dc mobility.17 Likewise, the field dependence of th
mobility, described byg, shows much variation with the
chemical modifications, see Fig. 4. Comparing for the diff
ent polymers the absolute value and temperature depend
of m0 with the absolute value and temperature dependenc
g ~Figs. 3 and 4!, a specific trend is observed. A low an
strongly activatedm0 apparently correlates with a high an
strongly temperature dependentg. Qualitatively, this behav-
ior is easily understood. In the case of strong energetic
order, the barriers for a carrier to overcome in the transp
process are high, leading to both a stronger activation
lower absolute value of the mobility. On the other hand,
strongly disordered systems the typical length scaleRt above
which the conductive path appears homogeneous incre
with growing disorder.18 Application of an electrical field
will be of importance when the potential drop over th
length scale,eERt , becomes comparable tokBT.19 Conse-
quently, the field dependence ofm will be stronger in the
case of more disorder.

PPV falls in the large class of disordered organic cond
tors. In these materials the electrical field dependence of
mobility can be described by the empirical relation Eq.~1!,
which was first observed for poly~N-vinyl carbazole! ~Refs.
11 and 12! almost three decades ago. Gill demonstrated
g5B@1/(kBT)21/(kBT0)# and m05m` exp@2D/(kBT)# can
give a good description of the experimental data.12 Numer-
ous experiments ~time-of-flight,11–14 J–V10 and
impedance15! have confirmed this functional dependence
E and T with typically D'0.4 eV, B'331025

eV(m/V)1/2 and T0'600 K. Unfortunately, the empirica
Gill formula lacks theoretical justification.

It has been proposed by Ba¨ssler that charge transport i
disordered organic conductors proceeds by means of hop
in a Gaussian site-energy (e) distribution, g(e)
5(2ps2)21/2exp@2e2/(2s2)#, with s the width of this dis-
tribution. This density of states~DOS! reflects the energetic
spread in the charge transporting levels of chain segm
due to the fluctuation in conjugation lengths and structu
disorder. Based on Monte-Carlo simulations of transpor

FIG. 4. The coefficientg ~describing the field dependence ofm)
againstT22 andT21.5 respectively. The solid lines in~a! represent
fits to the GDM, Eq.~2!, while the solid lines in~b! are fits accord-
ing to the CDM, Eq.~2!.
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carriers injected in an array of sites exhibiting a Gauss
DOS, the following functional dependence ofm was
proposed:20

mGDM5m` expH 2S 2s

3kBTD 2

1CF S s

kBTD 2

22.25GAEJ
~2!

with m` the mobility in the limit T→` and E→0, s the
width of the Gaussian DOS andC a constant~depending a.o.
on the lattice constant!. A consequence of carriers hopping
a Gaussian DOS is the non-Arrhenius behavior of the mo
ity. Since the DOS is highest ate50, in general a carrier
must be activated toe'0 in order to diffuse through the
system. It can be readily calculated that the equilibrat
energy eeq of a carrier in a Gaussian DOS iseeq5
2s2/kBT.20 Combining these two finding leads to ln(m0)}
2(T0 /T)2 dependence. The stretched exponentialE depen-
dence ofm depicted by Eq.~2! stems from the reduction o
barriers for charge transport in the field direction by the a
plied electrostatic potential.

Within the temperature range studied, the zero-field m
bility of the samples examined is in good agreement with
predictions of the Gaussian disorder model~GDM!, see the
solid lines in Fig. 3. The values obtained form` ands are
listed in Table I for the different polymers„listed are the
slightly higher s values according tomCDM , see Eq.~3!
below…. Note that within the temperature range studied it
not possible to discriminate between a ln(m0)}2(T0 /T)2 de-
pendence and Arrhenius behavior, ln(m0)}2(D/kBT) ~fitting
to an Arrhenius law yieldsD'0.48, 0.52, 0.30, and 0.33 eV
for samplesA–D, respectively!.

According to the GDM the field dependence ofm is con-
trolled by the energetic disorder and a scaling factorC, see
Eq. ~2!. The fits ofg to the GDM formula are shown in Fig
4~a!. The obtainedC values are listed in Table I. The fit
cannot be performed with one value ofC, nor is there a
specific trend observable in the obtained values. A drawb
of this analysis is that the derived value ofC is not clearly
linked to a physical parameter of the system. Furthermo
the simulations of the GDM reproduced the ln(m)}AE law
only in a narrow field range, at relatively high values ofE
;108 V/m,20 whereas experiments indicate this univers
behavior occurs over a much wider range of fiel
(106–108 V/m).10–15 Recent calculations and simulation
demonstrated that the presence of long-range energy cor

TABLE I. Parametersm` ~mobility prefactor!, s ~energetic dis-
order bandwidth! and a ~site-spacing! describing the temperatur
dependence of zero-field mobilitym0 and ‘‘field activation’’ factor
g according to the CDM for the different polymers studied. T
value ofC gives the field dependence ofm in terms of the GDM.
The localization lengthL is derived from the values ofa, s, and
m` , see text.

Sample m` @m2/Vs# s @meV# C @(m/V)1/2# a @nm# L @nm#

A 5.131029 112 4.031025 1.2 0.3
B 4.0310210 121 4.331025 1.7 0.3
C 1.631027 93 3.831025 1.1 0.5
D 1.531027 99 4.031025 1.2 0.5
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tion gives rise to ln(m)}AE behavior over a much broade
field range.21,22Such long-range energy correlation could f
instance arise from charge-dipole interactions in the mate
Based on simulations of transport in a correlated Gaus
disorder model~CDM! the following empirical relationship
was derived:22

mCDM5m` expH 2S 3s

5kBTD 2

10.78F S s

kBTD 3/2

22GAeaE

s J
~3!

with a the intersite spacing. The main difference with Eq.~2!
is the predicted temperature dependence ofg. Within the
CDM the field dependence ofm is related to the energeti
disorder and the site spacinga, which provides a natura
measure for the length scale involved in the charge trans
process.

Armed with the obtained values for the energetic disor
s, we fit the temperature dependence ofg to the CDM pre-
diction to extract the average site separationa. In Fig. 4~b!
the fits of g(T) to Eq. ~3! are shown. For the fully conju
gated polymers A and Da'1.260.1 nm while for polymer
C we find a'1.160.1 nm, see Table I. For the partiall
conjugated polymer~B! a larger inter-site distance is ob
tained,a'1.760.1 nm. Surprisingly, the average transpo
site separation in the fully conjugated polymers (A, C, and
D) is the same within the error bar, despite the different s
chains attached to the PV monomer. It is important to rea
the implication of this result: the different electrical field an
temperature dependencies of the mobility of the fully con
gated polymers are solely governed by the energetic di
der. On the other hand, the strong electrical field depende
of the mobility of the partially conjugated material~B! stems
from both the large energetic disorder and large site sep
tion.

Finally, let us try to analyze the absolute value of t
mobility (}m`), which must be linked to the amount o
electronic overlap between adjacent chain segments. In
limit T→` charge transfer rates are only limited by t
wave function overlap between neighboring sites. Since
nearest-neighbor hopping the charge-carrier displacem
per jump isa and the attempt frequency for such a hopn
5nphexp(22a/L), with L the localization length andnph
;1012 s21 a typical ~phonon! attempt frequency for hop
ping, the diffusion constantD of the charge carriers is give
by D5a2nphexp(22a/L). Using the Einstein relationm
5(eD/n)]n/]mec , with mec the electrochemical potentia
and realizing that forn carriers in a band of widths in the
limit kBT@s we have]n/]mec'n/s, the T→` mobility
becomes

m`5
ea2nph

s
exp~22a/L !. ~4!

Using the derived values ofm` , s and a, the localization
lengthL can now be estimated. We obtain for the fully co
jugated and partially conjugated OC1C10-PPV ~samplesA
and B) L'3 Å while for samplesC and D a localization
length L'5 Å is derived, see Table I. The analysis of t
mobility in terms of the microscopic transport parameterss,
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a andL allows us to relate the specific chemical compositi
of a PPV derivative to its charge transport properties, a
discussed in the following.

Side chains– Contrary to our expectations the presen
of the two bulky OC10H21 side chains (OC10C10-PPV) re-
sults in a large increase of the absolute value, and a decr
of the activation ofm as compared to OC1C10-PPV, see Fig.
3. The lower activation ofm shows that the energetic diso
der in OC10C10-PPV is significantly less than in
OC1C10-PPV, see Table I. This difference can be understo
in view of the possible couplings between monomer units
the two polymers. The asymmetric substitution of t
OC1C10-monomer during synthesis allows three possi
dimer configurations in OC1C10-PPV, whereas in the case o
the OC10C10 polymer every coupling of two monomers re
sults in the same dimer (OC10C10-PPV is a regioregular and
stereoregular polymer!. In comparison with OC10C10-PPV,
the increased configurational freedom of the OC1C10 poly-
mer will give rise to a larger energetic spread between
electronic levels of individual chain segments. A second
fect of the regularity of OC10C10-PPV is the decreased con
formational freedom of individual chains, see Fig. 5, whi
likely also decreases energetic disorder. Furthermore, it
be expected that a high degree of regularity enhances
ordering in the solid state. Since charge transfer betw
neighboring conjugated chains depends on parameters
as mutual orientation and potential energy barriers, this w
favor charge delocalization as is indeed reflected in the la
localization lengthL of the OC10C10-PPV. Finally, let us
comparemC with the charge transport properties of samp
D, where 25% of the OC10C10 monomers are replaced b
‘‘OC1C5’’-monomers. The addition of the asymmetric
OC1C5-PV monomers decreases the regularity of the po
mer chain, resulting in the observed increase of the on-ch
energetic disorder. Still, the absolute value ofmD is only
slightly belowmC and the other transport parameters deriv
for this polymer are almost identical to those
OC10C10-PPV. Apparently, with the majority of the PV
monomers still symmetrical, the electronic and morpholo
properties of the polymer material are not strongly altere

Conjugation – As expected, the intentional decrease
conjugation strongly hampers charge transport. The stron
limitation for charge transport appears to be the increa
inter-site distancea, reflecting the effective dilution of the
charge transporting fraction of the material upon break
the conjugation. Furthermore, also the on-chain energ

FIG. 5. Schematic representation of OC1C10-PPV ~polymerA)
and OC10C10-PPV ~polymerC) respectively. The conjugated back
bone is indicated by the black area. The symmetric OC10C10-PPV
promotes alignment of the conjugated backbone, which decre
the on-chain energetic disorder. Furthermore, the high degre
regularity of polymerC is expected to lead to less structural diso
der in the solid state as compared to polymerA.



th
ly

gy
rt

ra

e
y

th
e
ic
la
o
he
he

of
port
gu-
e-
in

ing
mi-
ncy

-
his
teel

oek

PRB 61 7493COMPARATIVE STUDY OF HOLE TRANSPORT IN . . .
disorder increases with decreasing conjugation due to
additional vinylene-ethylidene units inserted into the po
mer backbone. The localization lengthL of the carriers is
similar to that in ‘‘fully conjugated’’ OC1C10-PPV. As the
value of L is determined by mutual orientation and ener
barriers between transport sites, apparently these prope
are not very sensitive to the decrease of conjugation.

In summary, we have studied the hole mobility in seve
PPV derivatives by means ofJ–V experiments. By chemi-
cally modifying the PPV material, the dc mobility can b
changed by orders of magnitude. In all cases the mobilit
well described by the empirical ln(m)}AE law. The specific
E and T dependence of the data can be fitted within
~correlated! Gaussian disorder model. From the fitting proc
dure microscopic transport parameters are derived, wh
give a consistent picture of the influence of the molecu
structure of the polymer on the charge transport. Broken c
jugation naturally limits charge transport, mainly due to t
effective dilution of the charge-transporting fraction of t
K.
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material. For the fully conjugated materials the amount
energetic disorder appears to govern the charge trans
properties. The use of a polymer with a high degree of re
larity can significantly increase the mobility, due to the d
crease of energetic disorder and likely the better ordering
the solid state, which favors charge delocalization. Ongo
research includes an investigation of the influence of the
croscopic transport parameters on the device efficie
~photon/carrier!.
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