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Shallow and deep traps in conjugated polymers of high intrachain order
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We present measurements of thermally stimulated currents and photoinduced abd@#tjom a pla-
narized form of polypara-phenylene Due to the high intrachain order of the samples and their narrow
distribution of effective conjugation lengths the density of states shows a very steep onset at the band gap
energy. This is the prerequisite for detecting distinct trap levels and to determine their concentration and depth.
We show that charges trapped at depths of 0.1 and 0.4 eV govern the observed charge transport and change in
the absorption upon photoexcitation and in particular that the temperature dependence of the PIA intensity in
the millisecond range reflects thermal effects on transport procd $&63-18206)05435-3

I. INTRODUCTION high intrachain order of these polymers seems to be respon-
sible for effects like the lack of competition between photo-

Recently it was shown that the wide gap semiconductoinduced absorption and stimulated emis&forhich makes

poly(para-phenyleng PPB can be used as the active layer in the ladder polymers promising candidates for optoelectronic
blue-light emitting device§LED].>? The electronic proper- devices:' The defined conjugation length implies a steep
ties of conjugated polymers depend strongly on their strucenset of the density of states at the band edges, which is seen
tural regularity. The motivation for the synthesis of in the optical absorptiol*® This steep onset is the prereg-
poly(para-phenylene ladder polymers (LPPP’S with a  uisite to observe well-defined trap levels by thermal release
chemical structure shown in Fig. 1 was the better overlap obf trapped charges since the broad distribution of conjuga-
the = electrons achieved by a planarization of the polymertion lengths in other conjugated polymers leads to a spatial
backboné. At the same time the synthesis via a polymer-dependence of the energy gap or highest occupied molecular
analogous ring closure reaction of a substituted polymeprbital, lowest unoccupied molecular orbitaHOMO
backboné results in a polymer structure with a very narrow LUMO) distance often obscuring the analysis of
conjugation length distribution. In conventional routes toexperiments?
PPP’s defects like branched chains and large torsion angles Also, a very small Stokes shift is observed between ab-
of neighboring rings are known to occur. These defects act agorption spectra and photoluminescence emission spectra.
electron and/or hole shallow or deep trapsvhich limit the  This is the result of the suppression of geometrical relaxation
mobility of charge carrier§.The synthetic route towards the of the backbone upon electronic excitation. In ordinary PPP
PPP-type ladder polymers prevents the described defects. however, the coplanaquinoid) structure exists only in the

These properties lead to an excellent performance of thexcited state due to rotational degrees of freedom between
LPPP’s in LED's®® The well-defined conjugation length and neighboring rings.

The photoinduced spectra of the LPPP’s in the near and
mid infrared are known to originate from vibronic modes and
electronic transitions of charged specté3herefore we will
compare the results of the thermally stimulated currents
(TSC’s experiments, which are sensitive to mobile ther-
mally released charges, trapped after photoexcitation, to the
temperature dependence of the PIA signal, which is also due
to charged states.

Il. THERMALLY STIMULATED CURRENTS

For the characterization of the trap levels we applied the
thermally stimulated current technique following the initial
rise method,” which was successfully applied to other con-
jugated polymers® The device consisted of a sapphire sub-
strate with an interdigital gold electrode structure on top of
which a 200-nm-thick polymer film was drop cast. The gold

FIG. 1. Chemical structure of LPPPR=C;H,;, electrodes have an overall length of 87.5 cm and a gap of 20
R'=CgH;3, n=20. pum. The substrate was mounted in a cryostat and cooled
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TABLE I. Trap depth and density in LPPH,, temperature at
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) The schematic band diagram in Fig. 3 illustrates the trap
10007T (K1) distribution in the band gap. The assumption of a trap distri-

FIG. 2. Thermally stimulated current wittA] and without @) ~ Pution mainly centered around two energetic levels is backed
prior illumination. by the results obtained upon varying the heating rate, which
gives only a corresponding change of the current intensity

down to 90 K. After illumination of the active area of the Put no changes in the peak shape and the position of the
device at 454 nm for 2 min a voltage was turned on yieldingMaximum of the TSQcurve A) depicted in Fig. 2; in par-

an electrical field of #10* V cm™T across the electrodes. ticular no additional features appear in the peak.

Variation of the voltage between 40 and 80 V across the gap

did not result in any qualitative changes of the observed ll. PHOTOINDUCED ABSORPTION

TSC's. Any increase of the duration of illumination above 2

min does not result in a greater TSC—therefore 2 min of( The PIA investigations were done under dynamic vacuum

r]Sp<10*5 mbap and at 77 K with films cast from teo*lgg(ge
- . olution onto KBr substrates. For the dispersive m
(filling of all available rapk As the temperaturd of the the globar, the KBr-prism premonochromator and the grating

dgwce yvas_mcreased we observed the_ stimulated current d'ren'onochromator of a Perkin Elmer 125 ir-spectrometer were
picted in Fig. 2. Trapped charge carriers are thermally re-

leased and create an electric current. As the linear heati used in the spectral range of 0.25 to 1.24 eV. The pump
rates were varied between 0.06 K!sand 0.25 K §?! the am was chopped mechanically using the chopper fre-

; . guency as the reference for an EG&G Princeton Applied
maximum current always appeared at 167 K. This can b%eesearch lock-in amplifier 124. The probe beam was
attributed to a monomolecular kinetics with nonretrappingChoploed at a different frequency./ which was used as the

trapst’ Without prior illumination no significant current s e .

change is detectable during the heating cy€lig. 2(b)]. fgg{;ﬂcg Jg; :r Cshefnoc? dde|I0502I§l|c|)1 amplifiEG&G Princeton
The electrical current of a coplanar interdigital gold soli- The obtained PIA spectra show an electronic transition

dﬁs LPPP goldtdewri‘e |s|.spzc_e-(t;rr]1arge I&mél’t%(‘edh@p-mps peaking at 0.26 eV accompanied by infrared active vibra-

charge carrer traps localized In the ban phis can be gonal modes which reveal the charged nature of the observed

inferred from the field dependence of the dark current af; .. 4621 7pe dependence of the PIA intensity on tempera-
room temperature. The thermally stimulated current spec;

trum exhibits two peaks corresponding to two distinct trap ure is depicted in Fig. 4. To interpret the magnitude of the
; . PIA signal [ h ion for the pho-
levelsE} and E? which can be calculated from the rise of signal we want to discuss the rate equation for the pho

the current below the peak temperature togeneration of states. It describes the change of the number
u w P perature. of states with respect to time depending on the generation
E rate kp (k=const,p excitation density and the decay rate
Inl=— —- +const. (1)  In*(l inverse lifetime,u order of kinetic and can be writ-
kgT ten as follows:

By the integration of current over time for each peak we
determine the number of charge carriers which equals the
number of trapN; under the condition that all traps were
occupied at the starting temperature:

EVAC

J ldt=eN;, )
p

eak

wheree denotes the elementary charge. In Table | the results
for the trap depth and the trap concentratigrare summa- Au LPPP Au

rized. For a typical LPPP film a density of 0.6 g cis

observed. Via the molecular weight of the monomer unit of  F|G. 3. Band diagram of LPPP with hole traps and gold elec-
around 800 g mol* and the density of the polymer films the trodes withEy . vacuum levelEcg conduction bancE,g valence
trap density per monomer unit can be calculated. The valuesand,Ex Fermi level,E, band-gap energy{ andE? trap depths,
are 0.0002 and 0.00003 traps per monomer unit, respeex(E) trap distribution,y electron affinity,®,, work function of the
tively. gold electrodes.
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FIG. 4. PIA at 0.26 eV versus temperatil#). Full lines rep-
resent the model results obtained via E8). (lower curve for two
activation energies, higher curve for gn&he dotted lines repre-
sent the decay rates for the 0.12 &Y and 0.37 eV(b) activated

process; the dash-dotted horizontal line represents the temperat

independent pai.

—=Kkp—In*,

T )

The number of photoexcited states in dynamic equilibriu
(ngg is obtained for the decay rate equal to the creation rate

[dn/dt=0];

kp i
e[ e

In a steady-state experiment, the PIA sig¥ias proportional

(4)

m
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A satisfactory description of our experimental results is ob-
tained for an.(T) of the following form:

-W,
neq(T):A ex +B ex kB_T

Here, kg is Boltzmann’s constanf\ represents a normaliza-
tion factor,W,; andW, are the activation energies for a ther-
mally enhanced decay of the photoinduced statess the
temperature-independent part of the decay fatt@nd fi-
nally B represents the relative weight of the,-activated
process.

The exponent 1/ in Eq. (5) was found to be 0.65 for our
sampleg® With this value we tried to model the experimen-
tal curve in Fig. 4 by Eq(6). We obtained 0.12 and 0.37 eV
for the energie®V, andW,, respectively. The parametdss
andE are 1.1 10° and 3.9<10 . These numbers mean
that the 0.12 eV process reaches the magnitude of the
temperature-independent decay rdfg at 170 K, while the
0.37-eV process reaches this level at 200 K and becomes the
dominant decay channel above 220(Kig. 4). We checked
the quality of the obtained parameters by setthgqual to
zero(i.e., using only one activation enengyrhis results in

W,
kT

-1
+ E) . (6

L@g activation energy of 0.17 eV, an increase of the error sum

y about 30% and a mediocre description of the observed
curve at temperatures above 240(Kig. 4). This effect is
due to neglecting the deeper trap at about 0.37 eV which
dominates the recombination rate at temperatures above 220
K. A variation of the activation energies by more than 3% of
the quoted values resulted in increasing the error sum signifi-
cantly.

IV. DISCUSSION

First, we want to address the question of how sample
quality influences the observed results. Synthesis and sample
treatment influence the electronic properties of these materi-
als in a defined way® We have already showt??* that the

to neq. Measuring the PIA with a lock-in amplifier means to shape and intensity of photoinduced absorption spectra in
excite the sample with a periodic time-dependent pump phodifferent representatives of the LPPP’s may vary, indicating
ton flux. The latter can be approximated by a square wavgt |east different trap densities but also different electronic
that switches between a constant flux and zero photons Witbroperties of these traps, depending on the Synthesis and sub-
a frequencyf=1/7. As shown in Refs. 22 and 23 the PIA sequent treatment of the polymers. However the electronic

signal measured with a lock-in amplifiety), shows the
same functional dependence prasngq in Eq. (4). For the
unimolecular(u=1) and bimolecular(u=2) case the influ-

properties for this class of polymers can be understood in
terms of effective conjugation length®%?“charge transfer
by photoexcitation or redox reactidis® and photo-

ence ofr depends ony, the lifetime of the observed states as oxidation upon intense visible irradiation under the influence

follows:

=const, 7<7T

x7 T>T.

of oxygen®® Therefore by optical spectroscoggbsorption,
photoluminescence, photoinduced absorptiore can very
well assess the quality of a sample.

For the LPPP’s studied in this work, we have shown by
comparing optical and transport properties, that both ther-

Upon varying the chopper period between 6 and 94 ms Wena|ly induced transport and photoinduced absorption are
see a continuous increase of the signal with increasing choyoverned by the same traps. Concerning the nature of elec-

per period(~7"®9. SinceY is not linear inr at 100 ms,7;
has to be of the order of 100 ms.

tronic traps in this class of ladder polymers we want to recall
the experimental facts: When comparing the LPPP results to

Assumingl to be the only temperature-dependent factor.experiments on polpara-phenylene vinylengPPV) (Ref.

which represents a decay rate varying withchanges Eq.

(4) to
kp hm 1 i
”e‘*”:(u—n) (u—n) | ®

25) we have to stress that the appearance of the maximum
current at 167 K for heating rates between 0.06 K and
0.25 Ks! can be attributed to a monomolecular kinetics
with nonretrapping trap¥. In PPV the density of trap states

is evaluated on the base of a multiple trapping motel
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leading to a trap density which is comparable to the densitypination center for the nonradiative decay of excitons. There-
of monomer units and very low mobilities of THcn?/V's.  fore the luminescence efficiency as well as charge carrier
These values for PPV have to be compared to trap densitiggansport in LED’s are influenced by traps. Both factors de-
of 0.0002 and 0.00003 traps per monomer unit in the LPPRermine the quantum efficiency of LED's.

In accordance with the low trap densities one also obtains The excellent agreement between TSC and PIA results
high mobility values of 0.1 cAiV s for the LPPP’$® has two implications. First, since the TSC method probes the
The photoinduced absorption and the electrical characteproduct of mobility and carrier density while the PIA probes
istics of the conjugated LPPP show that the optoelectricabnly the carrier density there seems to be no dominant influ-
properties are strongly dependent on charge carrier traps ience of the temperature dependence of the carrier mobility.

the band gap. From aromatic molecular crystals it is knownThis was also found in other conjugated polymers like
that impurities and structural imperfections form localizedtrangpolyacetylene:?° Second, photoconductivitiobserved
states’’ LPPP forms homogeneous and dense films with avia the thermal release of photoexcited and trapped carriers
mean interchain distance of about 20 A and negligible longand photoinduced absorption probe the same charged
range order. We propose that the 0.1-eV trap level is a resuéntity 2°-3!

of local variations of the electronic band structure due to the In conclusion, we have determined the concentration of
influence of neighboring moleculegggregates or small traps located at 0.1 and 0.4 eV in a conjugated ladder poly-
crystallite3. The 0.4-eV level occurs in a much lower con- mer. The deeper traps occur at a concentration ok 108°
centration and results from chemical defects in the polymeem™3, about a factor of 6 lower than the shallow traps. Com-
backbone or impurities which break the conjugation of thepared to other conjugated polymers the observed trap densi-
polymer. ties are lower by orders of magnitude. These traps govern

An alternative interpretation for the activated behavior ofboth charge transport and the optical absorption and are
the photocurrent and the PIA decrease with temperature wakerefore important in the operation of optoelectronic de-
put forward by Townsendt al?® They assigned their experi- vices.
mental results obtained on Durhamanspolyacetylene to a
thermally activatednterchain-hoppingmechanism for bipo-
laronlike charged soliton pairs.

In electroluminescence devicgdED’s) ionized traps The financial support by the Austrian Fonds zur
form space charges, which govern the charge carrier injed=orderung der wissenschaftlichen Forschung, projects No. P
tion from metal electrodes into the active matefialhe 9091 CHE and P 9300 TEC, which is a part of the BRITE/
same states that trap charge carriers may also act as recoElJRAM project HICOPOL, is gratefully acknowledged.
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