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Comparative study of hole transport in poly(p-phenylene vinyleng derivatives
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The dc mobility of holes in four polyg-phenylene vinylene(PPV) derivatives(three fully conjugated
polymers with different side chains and one partially conjugated)?®&xamined as a function of temperature
T and applied electrical fiele. In all cases the mobility. follows the empiricaju=expyyE law. The specific
temperature and electrical field dependence of the mobility is fitted witHizpaelated 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 difféfeartd E dependencies gft 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.

[. INTRODUCTION efficiency (photon/charge-carrigiis needed. This paper fo-
cuses on charge-carrier transport properties of PPV deriva-
The attractive optoelectronic properties of conjugatedives. Among the most widely used PPV derivatives are
polymers arise from the extendetrelectron system along MEH-PPV (Ref. 7) and OGC,y-PPV;® here we compare the
the polymer backbone. For instance, pgiythenylene vi- charge transport properties of @C,-PPV and several of its
nyleng, PPV, is considered a suitable candidate for flexiblederivatives. By performing current density—voltage measure-
large-area display technologies based on polymer lightMments the charge-carrier mobility as a function of tempera-
emitting diodePLED’s).>2 A lot of effort has been put in ture T and electrical fieldE has been obtained. The obtained
the understanding of the device operation; Ref. 3 gives ar andE dependencies gi for the different PPV derivatives
overview of the current scientific and technological knowl-are analyzed within a Gaussian disorder model, yielding in-
edge of PPV based LED’s. Recent experiments have demoight in the interplay between chemical structure and micro-
strated that charge transport in PLED's is bulk space-chargcOpic charge transport parameters in these materials. It is
limited* and not injection limited,implying that current flow ~obtained that energetic disorder predominantly governs
is directly governed by the charge-carrier mobility. In order«(T,E) of the fully conjugated materials, while both struc-
to generate light, recombination of electrons and holes in thélral changes(increasing hopping distanceind energetic
active layer is required. The capture of oppositely Chargediisorder de_termine the _conductive properties when decreas-
carriers in PPV has been shown to be of the Langevin typdnd the conjugated fraction.
meaning that the recombination efficiency is diffusion
Iimit_ed.ﬁ_As both transport and recombinqt_ion of charge- Il. EXPERIMENT
carriers in PLED’s are governed by the mobility, clearly con-
trol of this parameter is important for optimizing device per- The chemical structures of th@lkoxy-substitutepl PPV
formance. derivatives studied here are shown in Fig. 1. In the following
Chemical modification of PPV provides a tool to control the materials are name#i, B, C, andD as in Fig. 1, the
the conjugated backbone afrtbnconjugatedside chains of mobility of the different polymers will be indicated accord-
the polymer. Different side chains attached to the polymeingly (za, €tc). Polymer A is “standard” OGC,y PPV, a
may influence interchain distance and packing and hence c&PV derivative often used in PLED®sPolymerB is a co-
affect the charge transfer between polymer chains. Furthepolymer synthesized froniconjugatedl phenylene-vinylene
more, also on-chain electronic properties may be sensitive tonits and(nonconjugatedphenylene-ethylidene unitsThe
the chemical nature of side groups. On the other hand, taintentionally broken conjugation is expected to strongly
loring the conjugated backbone naturally has strong impadtamper charge transport due to the decrease of charge trans-
on the conductive properties as it directly involves modifica-porting sites in the material. In polymer C the short OCH
tion of the charge transporting fraction of the polymer itself.group of OGC,-PPV is replaced with a second @€,
Therefore, as the molecular structure of the polymer chains igroup, for convenience this material will also be indicated as
expected to strongly affect the charge-carrier mobility, inOC,,C,o-PPV. The application of longer side chains could
order to further optimize PLED performance a handle on thancrease the distance between the conjugated regions of
interplay between chemical structure, mobility and device-neighboring chains and thereby lower the mobility. Polymer
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FIG. 2. Temperature dependeriV) characteristics of a
OC,C,¢PPV (polymerA) hole-only device, thickness 275 nm and
active area 10.9 mfn The drawn lines represent the predictions of
a space charge limited current model incorporating the stretched
exponential field dependence of the mobility, Ew).

FIG. 1. Chemical structure of the polymers studiedll Fully
conjugated OGQC,y-PPV. (B) Partially conjugated O(CZ,,PPV
with n:m=9:1. (C) Dialkoxy-PPV with two GgH,; sidegroups
(OC,C1o-PPV). (D) Fully conjugated PPV copolymer synthesized With ¢ the zero-field mobility andy describing the “field
of OC,Cyo-PV and OGCx-PV units in the ration:m=3:1. activation” of the mobility. This empirical dependence of

the mobility on the applied electrical field appears generic
D is a derivative of polyme€ with 25% of the OG,C,-PV  for a large class of disordered organic semiconductors such
monomers substituted by a monomer with shorter side chaings molecularly doped polymers, pendant group polymers,
(OCGsH411/0CH;g) where the above mentioned effect might conjugated polymers and organic glasses, see, e.g., Refs. 11—
be partly undone. However, as chemical modifications of the15. Theoretical models reproducing the stretched exponential
polymer can influence both its electronic and morphologicE dependence of. are discussed below. The solid lines in
properties in a complicated way, it is hard to predict beforeFig. 2, representing the predictions of the SCLC model, are
hand the conductive properties of the material. in excellent agreement with the experimental data. For all

The fully conjugated materials were prepared by dehydroPpPV derivatives studied here, the current was bulk space-
halogenation polymerization of the corresponding monocharge limited and the mobility was found to be well de-
mer(s) with potassium tertiary-butoxide in dioxane at 80 °C, scribed by Eq(1). The values ofu, andy obtained from the
and purified by precipitation in water and in methanol twice.fitting of the J-V curves of all samples studied are plotted as
For the partially conjugated material, the nonconjugatedh function of temperature in Fig. 3 and Fig. 4 respectively.
units are introduced by a controlled Cl/Oglgxchange on It is directly obtained from Fig. 3 that chemical modifica-
the chloro-precursor polymer, prior to elimination. The frac-tion of PPV changes the mobility by orders of magnitude.
tion of conjugation defectgethylidene concentrationx in The (zero-field mobility of the “fully conjugated”
the polymers was determined by means'st NMR charac- OC,C,PPV (A) is one order of magnitude higher than that
terization. For the “fully conjugated” polymers, C, andD  of the partially conjugated OL,,PPV (B). The effect of
x~2%, while in polymerB x~10%’ was obtained due to different side chains attached to the PV monomer is also
the intentional decrease of conjugation. The soluble polyconsiderable. The mobility of polyme@andD, similar toA
mers are spin-coated on top of a glass substrate with a pasut with different side chains attached, lies more than one
terned ITO contact serving as the anode. Hole-only devicegrder of magnitude abovg,. Radiolysis microwave30
are obtained by applying gold as a top electrode. The typicaHz) conductivity experiments on fully and partially conju-
thickness of the devices studiedds- 100-300 nm, with an  gated OGC,-PPV and fully conjugated O@GC,,PPV re-
active areaA~ 10 mn?. Current density—voltagelV) ex-
periments on the devices were performed with a HP4145A

. . . 10

semiconductor parameter analyzer. Both the fabrication pro- P > i

cedure and the charge transport experiments were performed 10 °: !

in a nitrogen atmosphere. 1074 ]

Ng 10"k 1

Ill. RESULTS AND DISCUSSION £ E i

f 10-‘sr olymer 1

Figure 2 displays a typical example of the temperature- o g ‘Soiimerg i

dependent current-density—voltage characteristics of a PPV 0 5 e !
hole-only device(polymerA). The current density depends 10 —— — — .
1x10 2x10 3x10 4x10

strongly on both the applied bias voltage and the tempera-
ture. Recently, it has been shown that fhe/ dependencies

of PPV devices can be fitted accurately within a space- FIG. 3. Temperature dependence of the zero-field mobility of
charge limited currentSCLC) modef® taking into account a the four PPV derivatives studied. The data are fitted with the

stretched exponential field dependence of the mobility: In(u)~T 2 law for hopping transport in a Gaussian DOS. The
parameters derived for the different compounds are listed in Table

w(E)= o exp y\E) ®

T?K?
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2.0 2.0 TABLE I. Parameterg:., (mobility prefactoy, o (energetic dis-
order bandwidth and a (site-spaciny describing the temperature
dependence of zero-field mobilify, and “field activation” factor

_1'5 I - 157 y according to the CDM for the different polymers studied. The
= S value of C gives the field dependence pf in terms of the GDM.
E 1.0 il 3 10l The localization length. is derived from the values d, o, and
= S = S K, See text.
> Vv polymer A Vv polymer Al
05} o paymerc] 05 o poymerd  Sample w. [MVS] o [meV] CL(MV)“2 afnm] L [nm]
2. povnet? ) = poynerd A 5.1x10°° 112 40<10°° 1.2 0.3
" " " " . . . .
2'0’(13.2 [K.2]4'°X1° 2A0T L2y B 40x10® 121  43%10° 17 03
C 1.6x10°7 93 3.8x10°% 1.1 0.5
FIG. 4. The coefficieny (describing the field dependence©f D 1.5x1077 99 4.0<10°° 1.2 0.5
againstT 2 and T~ respectively. The solid lines ifa) represent
fits to the GDM, Eq(2), while the solid lines inb) are fits accord-
ing to the CDM, Eq.(2). carriers injected in an array of sites exhibiting a Gaussian
DOS, the following functional dependence qf was
proposed?

vealed a similar trend.e., ug<ua<uc) (Ref. 16 although
the reported differences were much smaller. This likely 20 o \2
stems from the fact that generally in a disordered system the ugpy= e exp{ — (m ﬁ) — 2.25} \/E]
high frequency mobility is less sensitive to disorder present B B @)
than the dc mobility’ Likewise, the field dependence of the
mobility, described byy, shows much variation with the with w., the mobility in the limitT—«~ and E—0, o the
chemical modifications, see Fig. 4. Comparing for the differ-width of the Gaussian DOS ar@la constan{depending a.o.
ent polymers the absolute value and temperature dependengg the lattice constantA consequence of carriers hopping in
of uo with the absolute value and temperature dependence @ Gaussian DOS is the non-Arrhenius behavior of the mobil-
y (Figs. 3 and % a specific trend is observed. A low and ity. Since the DOS is highest at=0, in general a carrier
strongly activatedu, apparently correlates with a high and must be activated te~0 in order to diffuse through the
strongly temperature dependent Qualitatively, this behav- system. It can be readily calculated that the equilibration
ior is easily understood. In the case of strong energetic diseNergy €eg of a carrier in a Gaussian DOS igeq=
order, the barriers for a carrier to overcome in the transport- o*/kgT.*® Combining these two finding leads to >
process are high, leading to both a stronger activation and (To/T)? dependence. The stretched exponeriffiaiepen-
lower absolute value of the mobility. On the other hand, indence ofu depicted by Eq(2) stems from the reduction of
strongly disordered systems the typical length sealabove  barriers for charge transport in the field direction by the ap-
which the conductive path appears homogeneous increaspked electrostatic potential.
with growing disorder® Application of an electrical field ~ Within the temperature range studied, the zero-field mo-
will be of importance when the potential drop over this bility of the samples examined is in good agreement with the
length scaleeER, becomes comparable t%'r,l9 Conse- predictions of the Gaussian disorder mod®DM), see the
quently, the field dependence pf will be stronger in the solid lines in Fig. 3. The values obtained far, and o are
case of more disorder. listed in Table | for the different polymerfisted are the
PPV falls in the large class of disordered organic conducslightly higher o values according tqucpum, see EQ.(3)
tors. In these materials the electrical field dependence of theelow). Note that within the temperature range studied it is
mobility can be described by the empirical relation Y,  hot possible to discriminate between ag)c—(To/T)? de-
which was first observed for pal-vinyl carbazol¢ (Refs.  pendence and Arrhenius behavior, dglec—(A/kgT) (fitting
11 and 12 almost three decades ago. Gill demonstrated thato an Arrhenius law yieldd~0.48, 0.52, 0.30, and 0.33 eV
y=B[1/(kgT) —1/(kgTo)] and mo= .. exd —A/(kgT)] can  for samplesA-D, respectively.
give a good description of the experimental d&t&lumer- According to the GDM the field dependencewfis con-
ous experiments (time-of-flight!*=** J—v® and trolled by the energetic disorder and a scaling fa@psee
impedanc®) have confirmed this functional dependence onEg. (2). The fits of y to the GDM formula are shown in Fig.
E and T with typically A~0.4eV, B=3x10° 4(a. The obtainedC values are listed in Table I. The fits
eV(m/V)¥? and T,~600 K. Unfortunately, the empirical cannot be performed with one value Gf nor is there a
Gill formula lacks theoretical justification. specific trend observable in the obtained values. A drawback
It has been proposed by 8sler that charge transport in of this analysis is that the derived value ©fis not clearly
disordered organic conductors proceeds by means of hoppirigiked to a physical parameter of the system. Furthermore,
in a Gaussian site-energy €)( distribution, g(e) the simulations of the GDM reproduced the ¢ E law
=(2mo?) " Y2exd —/(20%)], with o the width of this dis- only in a narrow field range, at relatively high valuesmf
tribution. This density of stateO9) reflects the energetic ~10° V/m,?® whereas experiments indicate this universal
spread in the charge transporting levels of chain segmentsehavior occurs over a much wider range of fields
due to the fluctuation in conjugation lengths and structura(10°—10° V/m).1°~1° Recent calculations and simulations
disorder. Based on Monte-Carlo simulations of transport oflemonstrated that the presence of long-range energy correla-

2
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tion gives rise to Ing)<\E behavior over a much broader 2}'
field range?>?? Such long-range energy correlation could for } ; }
instance arise from charge-dipole interactions in the material s

Based on simulations of transport in a correlated Gaussiar

disorder modelCDM) the following empirical relationship } i f % _i
was derived? ,{ E '/{
polymer A polymer C
3 bone is indicated by the black area. The symmetric,{0G- PPV

30 |2 o |32
=poeXp —|=—=| +0.78|—=| -2
oom=H ep{ (SkBT) ° %(kBT)
promotes alignment of the conjugated backbone, which decreases

with a the intersite spacing. The main difference with E2).  the on-chain energetic disorder. Furthermore, the high degree of
is the predicted temperature dependenceyofWithin the  regularity of polymerC is expected to lead to less structural disor-
CDM the field dependence qf is related to the energetic der in the solid state as compared to polyrer

disorder and the site spaciregy which provides a natural
measure for the length scale involved in the charge transpo
process.

Armed with the obtained values for the energetic disorde
o, we fit the temperature dependenceyotfo the CDM pre-
diction to extract the average site separat@ornn Fig. 4(b)
the fits of y(T) to Eq. (3) are shown. For the fully conju-
gated polymers A and @~1.2+0.1 nm while for polymer

jeak FIG. 5. Schematic representation of (iz-PPV (polymer A)
(o and OG.C,y PPV (polymerC) respectively. The conjugated back-

ﬁandL allows us to relate the specific chemical composition
of a PPV derivative to its charge transport properties, as is
piscussed in the following.

Side chains- Contrary to our expectations the presence
of the two bulky OGgH,; side chains (OgC;,y-PPV) re-
sults in a large increase of the absolute value, and a decrease
of the activation ofw as compared to OC,, PPV, see Fig.
. - . 3. The lower activation of. shows that the energetic disor-
C we find a=1.1+0.1 nm, see Table |. For the partially der in OGC,wPPV is significantly less than in

conjugated polymeKB) a larger inter-site distance is ob- oo
tained,a~1.7+0.1 nm. Surprisingly, the average transport- .OClClO'PPV’ see Table |. This difference can be understood

site separation in the fully conjugated polymess, C, and in view of the possible couplings between monomer units of

D) is the same within the error bar, despite the different sidetoha éw ?mgﬁg%n:rrsauzze ssr):tnk:?siestnglls\l;szttILurtelgn 8;3;[2@
chains attached to the PV monomer. It is important to realize 10 9 sy P

the implication of this result: the different electrical field and dimer configurations in O, PPV, whereas in the case of

temperature dependencies of the mobility of the fully conju-the 0GCyo polymer every coupling of two monomers re-

. _sults in the same dimer (QgC,o-PPV is a regioregular and
gated polymers are solely governed by the energetic disoR . .
der. On the other hand, the strong electrical field dependencfée“?oregu"”‘zj poly;_nterlnt_ corrllp])carlsgn W'tr thog’glo'PPlV’
of the mobility of the partially conjugated materi@) stems € increased configurational freedom of the ;G poly-

from both the large energetic disorder and large site separgjer W|Il_g|ve rise to allqrger energetic spread between the
tion. electronic levels of individual chain segments. A second ef-

Finally, let us try to analyze the absolute value of thefect of the regularity of OGCyo-PPV is the decreased con-

mobility (o ..), which must be linked to the amount of fprmational freedom of individual chains, see Fig. 5, which

electronic overlap between adjacent chain segments. In t gely also decreases gnergetic disorder. Fu.rthermore, it can
limit T—c charge transfer rates are only limited by the e expected that a high degree of regularity enhances the

wave function overlap between neighboring sites. Since foprderlng in the solid state. Since charge transfer between

nearest-neighbor hopping the charge-carrier displacemeﬁ'teighbtorilng _corljutgated ((j:hair:s E[i_elpends onbpa_rame;[ﬁ_rs S.LfICh
per jump isa and the attempt frequency for such a hop ?s mu ﬁa onsnla I0|I:1 atr) poten 'Iad enéargill a;rrtlje.rs,th IIS Wi
=vpnexp(—2a/L), with L the localization length and,, Iavolr.c tf_‘:lrgel e?ﬁf'z? ;ﬁn aé |sg1 eF()eP\;e IS.C e” ml te arger
~10"2s ! a typical (phonon attempt frequency for hop- oca!zation e'rtlr? th Oh € tclo 10° Core 'nt‘.”‘ Y: fe us |
ping, the diffusion constarid of the charge carriers is given comparéuc wi € charge transport properties ot sample
) - . : : : D, where 25% of the OC,, monomers are replaced by

by D=a“vp,exp(=2a/l). Using the Einstein relationu “OC. O The addii t th trical
=(eD/n)dn/duec, With uec the electrochemical potential, 15 -Monomers. - the addition of the asymmetrica

and realizing that fon carriers in a band of widtla in the OClCEFI'P.V monlci_mer_s ?ﬁcreé\ses tge_ regularltyf ?ri the p(;]ly_-
limit keT> o we havedn/duec~nlc, the T—so mobility mer chain, resulting in the observed increase of the on-chain

energetic disorder. Still, the absolute value @f is only

becomes slightly below wc and the other transport parameters derived
) for this polymer are almost identical to those of
Mm:ea Vphexp(—Za/L). (4) OCiCiPPV. Apparently, with the majority of the PV
o monomers still symmetrical, the electronic and morphologic
properties of the polymer material are not strongly altered.
Using the derived values qk.., o and a, the localization Conjugation— As expected, the intentional decrease of

lengthL can now be estimated. We obtain for the fully con- conjugation strongly hampers charge transport. The strongest
jugated and partially conjugated @C,o-PPV (samplesA  limitation for charge transport appears to be the increased
andB) L~3 A while for samplesC and D a localization inter-site distance, reflecting the effective dilution of the
lengthL~5 A is derived, see Table I. The analysis of the charge transporting fraction of the material upon breaking
mobility in terms of the microscopic transport parameters the conjugation. Furthermore, also the on-chain energetic



PRB 61 COMPARATIVE STUDY OF HOLE TRANSPORT IN. .. 7493

disorder increases with decreasing conjugation due to thmaterial. For the fully conjugated materials the amount of
additional vinylene-ethylidene units inserted into the poly-energetic disorder appears to govern the charge transport
mer backbone. The localization lengthof the carriers is properties. The use of a polymer with a high degree of regu-
similar to that in “fully conjugated” OGC,-PPV. As the Ilarity can significantly increase the mobility, due to the de-
value ofL is determined by mutual orientation and energycrease of energetic disorder and likely the better ordering in
barriers between transport sites, apparently these propertigge solid state, which favors charge delocalization. Ongoing
are not very sensitive to the decrease of conjugation. research includes an investigation of the influence of the mi-

In summary, we have studied the hole mobility in severalgoscopic transport parameters on the device efficiency
PPV derivatives by means G-V experiments. By chemi- photon/carrier.

cally modifying the PPV material, the dc mobility can be

changed by orders of magnitude. In\aFII cases the mobility is

well described by the empirical lpjo+E law. The specific
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