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Electric-field-induced luminescence quenching in an electroluminescent organic semiconductor

S. Tasch, G. Kranzelbinder, and G. Leising
Institut fir Festkaperphysik, Technische Universit&raz, Petersgasse 16, A-8010 Graz, Austria

U. Scherf
Max-Planck-Institut fu Polymerforschung, Ackermannweg 10, D-55128 Mainz, Germany
(Received 31 July 1996

We report on the effect of a static electric field on the photoluminesc@tigeof laddertype polyparaphe-
nylene (m-LPPB in devices of polymer-light-emitting diodes. External electric fields of 4.5 MV/cm reduce
the integral PL intensity down to 24% of the zero-field value and alter the shape of the PL spectra. The
field-induced PL quenching in th@-LPPP polymer is ascribed to field dissociation of the emitting species.
Time-resolved spectroscopy showed that the emission is composed of contributions from the radiative recom-
bination of free singlet excitons and of a second emitting species, which we describe as self-trapped excitons.
The observed field-induced changes of the shape of the PL emission can be attributed to the different field
response of these two emitting species. Thus the PL emission color can be changed with the electric field in the
blue-green spectral range. The magnitude of the binding energy of free singulet excitons is discussed.
[S0163-182607)11907-5

[. INTRODUCTION its high intrachain order—a PL quantum efficiency with val-
ues up to 100% in solutions and higher than 30% in thin
After the application of conjugated polymers as organicm-LPPP films!* The EL devices produced witim-LPPP as
semiconductors  in  light-emitting  devices  was the active layer show high EL quantum efficiencies to
demonstrated? poly(paraphenylene (PPB was the first 4%) and comparably high cw operation lifetimes in air up to
simple conjugated polymer to produce visible blue light170 hi* It has been observed that the EL efficiency of the
emission when used as an active lajedithough PPP ob- M-LPPP polymer-light-emitting diode¢PLED’s) saturates
tained from precursor routes shows appreciable disorder ar@f €ven decreases, when the devices are operated with elec-
high impurity concentrations, remarkably high EL efficien- Iric fields high above the threshold field. A better under-
cies up to 0.05% were achiev@d substantial improvement Standing of the radiatively relaxing species and the mecha-
of the performance of the polymer in electroluminescencdiSms of quenching in the device is therefore crucial for
(EL) devices was expected by tying the PPP backbone into @Ptimizing the overall quantum efficiency of the PLED’s.
planar, rigid ribbon structurésee e.g., Fig. )} so that a de- T he electric-field-induced quenching of the emitting species
fined conformation is obtained. The ladder-type REPPP ~ Of the EL corresponds to that of the PL. This fact is not
(for details of synthesis, see Ref), 4s a soluble and easily SUrprising since it is assumed that the EL and PL originate
processable polymer showing a photoluminescetiek) fr(_)m the same exmted_specﬂeﬁ'he m-LPPP is _also a prom-
quantum efficiency higher than 70% in solutfihe optical ~ 1SiNg material for optically and also.electrlcally .pu.mped
and electronic properties of the LPPP are already welpolid-state poly.merllas.ersz because st|ml_JIated emission does
characterize671° The LPPP polymer was also successfully "0t compete with d'SS'Patéve processes in the polyttike
used in EL devices but an improvement of the EL efficiencyPhotoinduced absorptipn® For the application of the
and lifetime compared to PPP, which was expected espe-
cially due to the high intrachain order, was not obtaifretf.
The EL and the PL spectra of the LPPP are dominated by a
yellowish component due to the presence of aggregates in
the ground state or in the excited stdexcimers.>'° The
creation of the aggregates is enhanced by temperdtanel
to a lesser extent by degradation processes of the polymer.
The degradation of the LPPP is the limiting factor for the
cw-operation lifetimes of EL devices based on LPPP and
mainly occurs via a photo-oxidation of the hydrogen atain
substitutent’s positiorY, see Fig. 1 induced by the combi-
nation of oxygen and UV light.
To improve the environmental stability, a LPPP polymer
was synthesized with a methylene group at the position of R10
the substitutenty. This so-calledm-LPPP has the highest
and most uniform effective conjugation length in the family  FIG. 1. Chemical structure of m-LPPP: Rg:-CgH13;
of the LPPP’s up to now and exhibits—as a consequence &#;,:-C;gH,;; Y:-CHs.
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PLEXC/\/H

m-LPPP in polymer lasers, it is also important to know by
which means the high local electric fields influence the ra-
diative recombination of the emitting species.

The field dependence of the PL was extensively investi-
gated for another conjugated polymer—a soluble
poly(phenylphenylene-vinylene-in  polystyrene blends
(PPV/PS by Bassleret al*~1° Femtosecond time-resolved

(syun-que) psjoa1od 13 8 1d

Absorbance & PLexc (arb.units)

PL measurements revealed that the field-induced lumines- -l
cence quenching is not an instantaneous proedhis Abs / \/1f
shows that the formation of singlet excitons is hardly ef- ‘
fected by the field, whereas their radiative decay strongly /s
depends on the external field. Thus the magnitude of absorp- -

tion in the range of the excitation energy of the singlet exci-
tons only slightly changes with the applied electric fi#ldn
contrast, the lifetime of the singlet excitons is drastically Wavelength (nm)
reduced by the electric field, i.e., by opening nonradiative

decay pathways within the first picoseconds after excitation FIG. i Absolr_Ze}_nce spe_ctrp(xﬂaﬂ%dl-dottidl_Iir)e_PL_ excita-
resulting in a strong quenching under electric fiefis. ion spectrum(solid line) (emission a nin PL emission spec-

trum (dashed-dot-dotted lingexcitation at 420 niand EL spec-
We report on the dependence of the steady state PL of tt}éum ((squares (ITO/m-LPPDPeiAI) of a m-LPPP Ia?/qer(d%go rrl)rﬁ

m-LPPP homopolymer on static electric fields. A maximum :
PL quenching F:)f y76% is obtained for a magnitude of the(PL and EL are corrected for self-absorpfion
applied field of 4.5 MV/cm. When the electric field exceedsthe detection was accomplished by a streak camera
a magnitude of 2 MV/cm the dominant peak in the PL spec{Hamamatsu synchroscaim combination with a spectrom-
trum, located at 461 nm, is less efficiently quenched than theter.

two other peaks at 491 nm and 530 nm. Therefore the colour

of the PL emission can be controlled by the external field in lll. RESULTS AND DISCUSSION

the blue-green spectral range.

300 350 400 450 500 550 600

The absorption and the excitation spectra of the conju-

gated polymem-LPPP are characterized by a steep onset at
Il EXPERIMENT 2.69. eV due to am-7* transition and by well-resolved
maxima (see Fig. 2 The PL and also the EL spectra are

The m-LPPP (the polymer synthesis is described homologous to the absorption spectrum and their dominant
elsewheré"?3 was dissolved in oxygen-free toluene by stir- maximum is very slightly Stokes shifted to the absorption
ring at 60 °C for several hours under inert conditions. Themaximum. Due to the strong overlap between absorption and
EL devices were produced by spin coating thd.PPP so- PL spectra, the relative intensity and the location of the
lution onto indium-tin-oxide(ITO) -coated glass substrates dominant PL and EL peakh\=461 nm) is strongly influ-
(Baltracon Z20 in an argon glove box. The ITO, which was enced by self-absorption effects. The self-absorption was
thoroughly cleaned and heat treated before, is used as thaken into account via a correction of the PL spectrum con-
transparent conducting bottom electrode. After thé PPP  sidering the geometry of the experiment and the optical den-
layer has been annealed in high vacuum at 80 °C for severaity of the sample. After applying this correction a value for
days, high-purity Al was evaporatételow 10 ® mbay for  the Stokes shift of 0.036 eV is obtained, which is in the same
the top electrode onto the polymer. The thickness of theorder of magnitude as the thermal energy kT at room tem-
m-LPPP layer was determined via Tolansky’s interferometperature.
ric method and absorption measuremetsth a Perkin To investigate the electric-field effect on the PL intensity,
Elmer\9 spectrophotometerThe PL spectra were recorded the PL was recorded from a devid€TO/m-LPPP/A) on
with high-resolution equipmentlobin Yvon HR640 mono- which a bias voltage was applied. In th@ward direction
chromator, cooled Hamamatsu photomultiplier R943-02 (ITO as anodg the onset of the current and also the EL
The samples were excited with a 1000-W Xe lamp in com-emission occurs, when the electric field exceeds a threshold
bination with a Jobin Yvon double monochromator H10 Dfield [usually between 0.5 and 1.5 MV/citRef. 14]. In
UV. To obtain the field-dependent PL spectra, the excitatiororder to avoid that EL emission overlaps the PL emission,
(~60 uW/cn?) and detection were performed through thethe PL measurements were performed by applyiexgrse
ITO side of a free standing devi¢elfO/m-LPPP/A) in air at  bias voltages or small forward bias voltages0.5 MV/cm).
room temperature. The leakage current, which passesloreover, it was always verified that no EL emission was
through the device due to the high applied electric fieldsdetectable, before the field-dependent PL measurements
causes Joule heating of the sample during the experiment. ere performed. Then-LPPP polymer layer is not charge
determine the field-induced change of the PL spectrum andepleted by applying reverse fields up to 3 MV/€m con-
avoiding temperature effects—relatively short bias pulses trast to the case when forward electric fields are applieh
=0.5 9 and long pause&=15 9 between each step of the Therefore space charge regions, which would drastically af-
scan for the PL measurement were introduced. fect the internal electric fields, do not have to be taken into

The temporal decay and the spectral evolution of the Placcount. The internal electric field slightly deviates from the
have been studied by picosecond spectroscopy. The excitaxternal field due to a built-in electric field, which results
tion pulses were provided by a Ti:sapphire laser setup anftom the difference of the work functions of the electrodes.
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FIG. 3. PL(excited at 420 nidepending on the applied field of FIG. 4. Integrated PL, intensity of the peak at 461 nm, 491 nm,
am-LPPP layer(d~90 nm at room temperaturécurve 1 0 MV/ an4d 530 nm as a function of the external electric figiset: the
cm; curve 2 1.5 Mv/em;curve 3 1.8 MV/cm;curve 4 2.0 MV/iem;  gissociation efficiency of the excitor® (triangles, which is de-
curve § 2.2 MV/em; curve 6 2.4 MV/cm; curve 7 2.9 MV/em;  yived from Eq.(2) using the experimental data of the PL intensity in
curve § 3.3 Mv/cm, curve 9 4.4 MV/cm) (inset: spectra normal-  gependence of the applied field. The solid-line models the slope of
ized to the intensity of the peak at 461 hm the transition region between 1.1 and 3.0 MV/cm. The intersection

between the solid line and the axis marks the onset for the PL

For the ITOM-LPPP/AI device configurations the built-in quenching}
voltage is determined to be around 0.7 V, which corresponds

to a built-in field of 0.07 MV/cm for an active layer with a Th le t t theref . d th |
thickness of 100 nm. e sample temperature therefore increases an erma

The dependence of the PL spectrum on the applied requenching i§ enhanced .by. collisional quenching mechan?sms
verse external electric fiel& is shown in Fig. 3. The PL ©F DY opening nonradiative decay paths for the excited
intensity (I 5,) and hence the PL quantum efficiency stronegSpeC'eg- (iii) The kinetics of the emitting species are
decrease for an increasing applied field, whereas the locatidi!anged, so that they might be swept to the electrodes by the
of the PL peaks remains unchanged. The relative change @Pplied field?® The probability for nonradiative recombina-
the PL intensity associated with the applied electric field istion of the emitting species at quenching sites, which are

spectrally dependent. The PL quenchii@p,), which is de-  Preferentially located near the electrodes, is therefore en-
hanced. (iv) The quenching due to a field-induced annihi-

fined as
lation of the emitting species.
Ipi(0)—1p(E) _Current induced quenching was assumed to be respon-
QPL(E)zﬁ (1) sible for PL quenching effects observed in organic field-
p(0) effect transistofFET) devices?>*°However, in this case it is

(where | p,(0) is the intensity of the zero-field BLof the not possible to explain the PL quenching solely with current

integrated PL and of the PL peak components as a functioffduced quenching mechanisms as the magnitude of the PL
of the external electric fiel& is shown in Fig. 4. The decay duenching, we obtained at low leakage currents of around 10

of the PL can be divided into three sections: the PL intensity
slowly decreases for increasing external electric fields up to
around 1.5 MV/cm, then the integrated PL emission de-
creases rapidly down to 33%f its zero-field valug when

the fields are increased up to 3.1 MV/cm. When the applied
field is further increased, the quenching of the PL starts to
saturate(24% at 4.45 MV/cnr—as it was also observed for
inorganic semiconductofs.

100

—
[=)
[

Current (A/lcm?)
3

The intensity of the peak at 461 nm is less efficiently 10°¢
guenched than the intensity of the other peaks in the spec- 10
trum. A correlation between the excitation wavelen@@80—

440 nm and the field dependent PL has not been observed. 1010

Several mechanisms associated with the application of an

electric field may contribute to the PL quenchirfield- Applied Field (MV/cm)

induced quenchingin the device: (i) the leakage current

(polarons (see Fig. % can act as effective quenching sites  FIG. 5. Dark current vs electric field characteristics of the ITO/
for singlet excitong® (i) The applied voltage and the leak- m-LPPP/Al[inset: PL-quenchingsquaresand the current depend-
age current cause electrical power dissipation in the sampléng on the applied electric fieletircles].
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wAlcm?, is much higher than the PL quenching observed infree charge carriers depending on the applied electric field,
FET devices, which was around 5%. Particularly the plateaandl ., is the building rate of the excitons. Except the disso-
at low applied fields(<1.2 MV/cm), and the saturation of ciation efficiency(}, all parameters in Eq2) are field inde-
the PL quenching at high fields>3.5 MV/cm), cannot be pendent. This also includes the nonradiative decay kate
satisfactorily described with current-induced quenching, asvhich only is field dependent in nonpolar organic materials
the quenching should follow the charge density in the sampléor electric field strength above 1®/cm3* The qualitative
but the quenching/field dependence does not coincide witfield dependence of), derived from Eq.(3) using the ex-
the current/field characteristisee Fig. 5. Furthermore, re- perimental data of the field-dependent decay of the PL inten-
cent results show that the PL quenching for forward electricsity of them-LPPP, is depicted in Fig. 4. In organic photo-
fields above 1 MV/cm is even lower than the PL quenchingconductors often a slightly different dependencégfon the
for reverse fields of the same magnitude, although the curelectric field is observed which is attributed to a dissociation
rent in forward direction is several magnitudes of orderof the excitons into bound electron-hole pairs, which may
higher than in the reverse direction. subsequently return to the primary excited state or be disso-
The emitting species in the-LPPP polymer are neutral, ciated into free carriers from this stat®dn semiconductors
so that they are not supposed to move under the applietthe Poole-Frenkel effect, which describes the field-assisted
electric field. A field-induced sweeping of the emitting spe-thermal dissociation of excitons, is often successfully applied
cies towards the electrodes, which would increase quenching describe the observed PL quenching.
effects, is therefore very unprobable. The effect of tempera- In the case ofm-LPPP the PL quenching can be well
ture quenching on the shape of the PL is rather contrary tdescribed using the Onsager model for field induced disso-
what we observe in Fig. 3 as it will be described later inciation of SE external electric fields up to 2 MV/cm. For
more detail. electric fields above 2 MV/cm the stronger bound STE are
Therefore we propose that the field-induced annihilatioralso dissociated, therefore the PL intensity resulting from the
of the emitting species is the most dominant process fospontaneous decay of the SE decreases less pronounced than
guenching, which also allows to explain the spectrally nonthe broad emission peak, which stems from the radiative de-
uniform PL quenching, which is observed above a magnitudeay of the STE at approximately 530 nisee Figs. 3 and)4
of 2 MV/cm of the applied electric fielgsee Figs. 3 and)4  The nature of the plateau of the PL quenching at high electric
The intensity of the dominant PL peak at 461 ifamd the fields is not fully understood but might be explained by de-
area under the peaklecreases less pronounced than the inviations of the internal electric field from the external field
tensity of the peak at 491 nm and the broad emission peak alue to the developing of space charge zones at such high
approximately 530 nm. To interpret this phenomenon byapplied electric fields.
field-induced annihilation, we will discuss the evolution of A crude estimation of magnitude of the excitonic binding
the PL emission process in time-LPPP polymer. The time- energy in then-LPPP can be obtained from the observed PL
resolved PL spectroscopy is a powerful method for studyingjuenching by assuming the following scenario.
the nature and dynamics of emission processes. Streak cam- The electric potential changes the Coulomb potential in
era measurements on tme-LPPP polymer(for details see which the excitons are confined. The effective potential con-
Ref. 3] reveal that two excited species with different life- sists of a superposition of the Coulomb potential with the
times contribute to the PL emissida behavior which is also electric potential. In the asymmetric effective potential a
observed in Ref. 15 The fast component=25 p9 is at- maximum comes into existence which is loweredAw:
tributed to the radiative decay of quasifree intrachain singlet
excitons(SE). The emission peaks located at 461, 491, and
530 nm result from this spontaneous emission into the vi- AW=2e /e_E &)
bronic sidebands of the SE stafésThe long living compo- ggg
nent (7800 p3g can be discussed in terms g the radiative
;efgt'::g;n;té%% O; ;S;}gﬁpgsgkeégggggi Sz)ap p:(ca)ii?‘:ﬂi%etlc))/ 54) heree is the dielectric constapntompared to the free ion-
nm. In the time-integrated PL, the broad emission masks thI ation energy. By applying an external electrical fiséldne

X : o . . MExcitons will effectively dissociate wheAW is approxi-
vibronic peak at 530 nm, while it contributes as an mtenswqmlt(_}Iy equal to the binding energy of the excig. When

gack_ground t(l)< the46p1eak at ?:91 nm and negligible to the, o 1516 4 value for the electric field of 1 MV/cm, which is
ominant peak at nigsee Fig. 2 obtained by subtracting the value for the built-in electric field

When electric fields are applied usually competitive pro-p,n the value of the electric field at the onset of effectively
cesses to the radiative decay of the excitons, as their fiel L quenching(see inset, Fig. ¥ and use the anisotropic

induced dissociation occur. The Onsager theory is often useﬁﬂtrachain dielectric constant of then-LPPP polymer

to describe the field-deper_lde.nt decay of the PL intenSIt:stppp%spppzlo(Ref- 35], Eq. (3) yields a value of around
(Ip) due to charge separation: 0.8 eV forEg. In this simple model some effects contribut-
ing to the observed PL quenchigs tunneling, temperature,

or trapping of the dissociated excitonsvere neglected,
therefore this value gives an upper limit feg of free exci-
tons. From electroabsorption measurements we obtain a
wherek, andk, are the rate constant for radiative and non-value of Eg~0.5 eV?°

radiative decaygp, is the PL quantum efficiency)(E) is As the m-LPPP polymer is a low-dimensional system,
the probability for the dissociation of electron-hole pairs intosome aspects, as an additionally quantized exciton energy

r

lou(B)= 1 [1= 7L 2(E) Tl @
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(due to an increased overlap between the electron and thaf the integrated PL emission. For electric fields up to 3.1
hole building up the exciton have to be taken into consid- MV/cm the PL emission decreases rapidly down to 33% and
eration. tends to saturate for high applied fiel@4% at 4.45 MV/

The sample temperature also influences the shape of tren). The field-dependent PL quenching is attributed to a
PL spectrum. In case of temperature quenching the shorfield annihilation of the emitting species in the-LPPP
wavelength part is more effectively quenched than the longpolymer. The field induced change of the shape of the PL
wavelength partjust opposite to the electric field quench- and hence of the emission colour above 2 MV/cm, is attrib-
ing). This change in the shape of the PL spectrum isuted to the different field dependence of free singlet excitons
accompanied by a decrease of the integral PL intensity dueompared to the self-trapped excitons, both representing the
to overall thermal quenching. emitting species in then-LPPP. This effect can be used to

control the emission color of suitably structured PLED’s.
IV. CONCLUSION
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