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1. INTRODUCTION

The possibility to use onjugated polymers as an active layer in large aea light
emitting diodes and photovoltaic cdls™® has stimulated numerous investigations of
microscopic  processes responsible for excitation, recombination and transport
mechanisms in these systems™®. One of the most promising and investigated polymers is
poly-(para-phenylene-vinylene) (PPV), showing good processhility and efficiency in
optoeledronic devices based on it. In earlier studies it was established that by
introduction of solubilizing phenyl substituents in PPV , its electronic properties could
be modified due to broadening band gap up to 2.9eV'°. This opened the possibility for
the wlour tuning of LED's. Due to their favourable processing properties, phenyi-
substituted- PPV 's are the subjed of many chemical and physical investigations'®*%. One
of such phenyl-substituted- PPV is the soluble polymer poly-(2-phenyl- 1,4-phenylene-
vinylene) (PRPV) with Eq~2.6eV*2. PRPV films of good optica quaity with low
crystallinity can be prepared by spin coating. It was $iown that by usng PPPV as an
active layer placed between two conducting eledrodes in configuration Al/PFRPV/ITO,
the dectroluminescence (EL) could be dso observed™.

The problem still making the technical application of the polymer devices difficult
is the insufficient long-time stability and the comparatively low quantum yield of the light
produced, being less than one percent for single layered diodes. One of the reason for the
latter is a low efficiency of the minority carrier injection (electrons) necessary for
radiative recombination. On the other hand, the amisson quenching processes after
carrier injection into the polymer layer are dso not very well understood. Investigations
in this area meet inevitably a problem about the nature of states intermediate between
free charge carriers and molecular electronic excited states. It is generally accepted for
molecular crystals and for polymers with conjugated double bonds with nondegenerated
ground gtate of the dain that primary photoexcited states are intra-chain excitations.
Afterwards they may relax producing light emitting excitons or spend their energy on
charge @rrier production'. The low mobility of charge carriers in polymers prevents
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them escaping from rmutual Coulomb attraction making charge crriers of opposite sign
to thermalize in the vicinity of each other. Low mobility (below 10°cm?/Vs a room
temperature for PPV) is connected with hopping o electrons between conjugated
segments of a polymer chain. Their mobility within the @njugation length, as one
believes, is much higher. Inter-charge distance in thermalized pairsisinitially shorter than
Onsager radius estimated from Eq.(1):

Tons = T (1)

At e=6 and T=300K rons=90A. Those thermalized peirs either recombine geminately or
dissociate into free dharge crriers. The latter are known as polarons in polymers. The
dissociation of polaron pairs is induced by interaction with phonons and becomes faster
in high eectric fields.

There exists, however, another point of view™', which is based on the
assumption that Coulomb interaction is aufficiently well screened, and that free @arriers
are aqeated upon photoexcitation. The authors clam that "the singlet exciton is not a
stable excited state, and the singlet exciton binding energy with respect to the single
particle @ntinuum is less than kgT”*°. The results obtained in our work interfere with
such an assumption.

The existence of the polaron pairs between free dharge crriers and intra-chain
excitons would make the yield of free darge carriers (when exciting the
photoconductivity) and the dficiency of the EL (while injecting charge arriers into the
LED type samples) dependent on the properties of such pairs. That is why studying them
is of importance

Hypothesis about "exotic species, such as polaron pairs'™® in conjugated
polymers was suggested firstly on the bass of observation of Magnetic Field Effect
(MFE) on the photoconductivity of polydiacetylene™ and poly(arylenevinylene)s® by
Frankevich and co-authors. The authors concluded that polaron pairs can be of two
types, one & inter-chain charge transfer excitons, and second, as distant polaron pairs
bound by Coulomb attraction. Coulomb attraction was assumed to be not decisive for
the geminate dharacter of the recombination process in singe aystals of polydiacetylene
due to quasi-1D character of charge crrier motion. Gailberger and Bésder® considered
a role of such states in the photoconductivity of PPV adso. In the works®® a
photoinduced absorption caused by polaron peirs was observed. A delayed fluorescence
of PPV in the time domain of 50rs has been foundin®, and was speculated as being due
to electron badk transfer in polaron pairs. The energy levels of polaron pairs were
calculated in®*® being in acoordance with transient absorption measurements.

The eistence of polaron pairs as was mentioned above gives rise to MFE based
on the spin dependent recombination processes. A change of recombination rate by an
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external d.c.-magnetic field or by resonant microwave magnetic field can be revealed as
modulation of any parameters connected kinetically with the pairs. Luminescence

intensity, photoconductivity, induced absorption are usudly used to monitor the
changes™*"**,

Polaron pairs must be taken into account when calculating the dficiency of EL,
feL. A smple minded point of view based on the spin gatistics of free @arriers and on
assumption that light emitting excitons are formed directly in the charge recombination
process gives the first estimate of g per one pair of recombining polarons:

1
fEL:ZfPL )

Here fp_ is the quantum yield of the photoluminescence (PL). Formula (2) does
not seem to be true & far as the singlet exciton, which is supposed to emit the light, is
created via the intermediate polaron par state and is subjected to a spin evolution of

such apair. Vaue of fg_isthus expected to depend on kinetic parameters of the pairs.

In this chapter we describe the results of the magnetic resonance experiments
combined with electrical transport and luminescence studies on the operating device
sructures as well as on free standing films made from PPV and PHRPV. The purpose of
electron spin resonance investigations on films and eledronic devices made from
conjugated polymers is the identification of the excitations participating in both
recombination and transport to extract the correlation between luminescent properties
and conductivity. While ESR is best suited for large volume samples, it is often not
sensitive and selective enough for the goplication in thin layered samples and, especialy,
in active devices. Conventional detection of eledron spin resonance via microwave
absorption yields no signal in our PPV*® due to the low concentration of paramagnetic
defects. The only conventional ESR experiments on PPV were performed by Kuroda &
a. on gtretched pdymer films® (contained about 10 spins per CgHg unit, as estimated
by the authors), and by Brendel et a. on doped PPV oligomers”’.

Meanwhile, optical detection of the ESR is well established as a powerful
spectroscopic todl in studying the recombination properties in semiconductors (for
review se€®). It is based on the fact that the recombinational transitions are subjedted to
spin selection rules, i.e. they depend on the relative spin orientation of the darge
carriers. If an eledron and a hole form a triplet exciton (both spins paralel), spin
seledion rules reduce the probability of radiative recombination relative to the singlet
state (antiparale spins). In other words, this technique is based on the modulation of the
spin state of polaron pairs by resonant microwave transitions between Zeeman sublevels
of polarons that have aspin polarisation. Hence, if optical detection is used, it is possible
to dbtain magnetic resonance spectra from excited states by monitoring the change of the
intensity of the emitted light caused by changes of the spin polarisation. This method was
introduced earlier as Reaction Yield Detected Magretic Resonance (RYDMR)?"*. The
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parameter used for monitoring the change of the reaction rate is very often the
luminescence intensity, so the term Optically Detected Magnetic Resonance (ODMR)
can also be used.

Similar experimental approach to study electronic processes in PPV has been
done in papers of Swanson et a.?**°, Vardeny et a.*'. Experimental results described in
our works®** do not contradict to those reported in”®'. However, addtiona data
presented in**** permitted us to come to conclusions that much differ from those made in
the previous works, and will be discussed in the present chapter.

Studies of photoconductivity in dlicon, amorphous slicon, and in molecular
semiconductors sowed™* that the detedtion of magnetic resonance via photovoltage or
photocurrent can be aso very sendtive and informative to investigate recombination
processes in semiconducting structures. For example, in inorganic semiconductors it was
found that the spin-dependent recombination of charge carriers or spin dependent
tunneling in semiconductor device structures usually occurs via paramagnetic
recombination centres. This means that the ESR induced changes in the conductivity can
be observed in the @se of a singy injected current, where the arriers of one sign
dominate in the cnductivity.

The polymer semiconductors are known to support mainly the arrent with
carriers of one type, usualy the holes. This leads to the question whether the charge
carrier recmmbination there takes place via trapping centres, thereby limiting the light
emisson yield. It is dso not clea, in which part of the device the recombination of
photo- or eectrically generated excess charge arriers occurs and what are the dynamic
properties of recombining centres. These axd ather questions will be dso treated in the
chapter. As it will be shown, the electricaly detected magnetic resonance (EDMR)
demonstrates an advantage to investigate dectronic devices at their operation conditions
with high sengtivity.

2. EXPERIMENTAL

21  SamplePreparation

PPV is an urmeltable and insoluble polymer and can be processed via precursor
route®™. Thin films are cat from a methanol solution of the prepolymer by a doctor blade
machine. A glass plate of 1 mm thickness and an area of 4 amnt was used as a
substrate. The prepolymer films on the substrates were thermally converted in an oil
bath. The use of the oil bath ensures constant temperature cnditions over a long time
range. The short time temperature variations are of the order 0.1°C. Usually, the glass
container with the substrate was filled with Ar gas under dlight overpressure. The
platelets were put into a glass tube which was placed in an oil bath. The oil bath was
heated to temperatures between 120°C and 190°C. After the heat-up phase of about
30min duration the temperature was kept constant for 2h. In the last few minutes of
cooling dwn the tube was flooded with ntrogen. After film preparation this
mechanicdly structured pate was broken in parts of appropriate size, so that for each of
the different converson temperatures we had a prepolymer coated patelet which
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contained severa samples of 4 amnt area Through this procedure it is ensured that all

samples investigated are from the same polymer film. Optical absorption, PL and EL
spectrain PPV are shown in the Figure 1.

Fig. 1. Optica absorption, photoluminescence and eectroluminescence of the PPV a
room temperature

Fig. 2: Absorption spedra of PPPV (solid line) and PPV (dashed ling). T =295K, dppy=
30nm, dpppy= 20Nm.

PPPV, in contrast to PPV, is a soluble, easily processable polymer, thin films of
good optica quality of which can be produced by spin-coating. PL and magnetic
resonance measurements were performed on films of about 20rm thickness. Figure 2
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shows the @sorption spectrum of a 20nm thick film of PFPV (solid line), as well as the
absorption spedrum of a PPV film (dashed line) of approximately the same thickness

(30mM). The edge of the absorption band is about 350meV shifted towards higher

energies which corresponds to the larger Eg for PPPV (DE gP PPV »2.6eV). The PL in

PPPV (as well asin PPV) did not depend on the excitation wavelength within the range
from 514nm to 457rm. The PL of PPR/ is 30meV blue-shifted relative to that of the
PPV. Photodiodes investigated have been prepared in a typical sandwich configuration
Al/Polymer/ITO with an active aea of 1mn?, and were placed in the centre of the
microwave Gvity.

2.2  Experimental Set-up

All experiments presented here were @rried out in a home made spectrometer®.
The samples were placed in the g/lindrical (TEg11) cavity with unloaded Q of about 10*
in a helium bath cryostat inside the magnet of a mwmmercial X-Band ESR spectrometer.
By using a travelling wave tube oscillator (Varian) a40 dB gain of the microwave power
can be adieved. The microwave power was modulated with a p-i-n modulator at
frequencies between 10Hz and 100kHz. The klystron frequency was locked (AFC) on an
additiona cylinder cavity. For PL measurements a PPV film was excited with the light of
an Ar' -laser transmitted to the sample by a light-guide, and the emitted light was
detected with a photomultiplier positioned behind the single grating monochromeator (see
Figure 3).

Fig. 3: Scheme of the Opticdly Detected Magnetic Resonance experiment.

In ESR detected via photovoltaic efect the device was illuminated by a halogen
or xenon lamp. The synchronous changes of the PL (Fig. 3) or photocurrent (Fig. 4) on
sguare-wave modulated microwaves (or sine modulated static magnetic field) have been
detected by a lock-in amplifier. By tuning the cavity a minimal influence of microwave
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electrical field on the diode photocurrent (so cdled non-resonant background) can be
achieved.

The sign of the measured signa was deduced from the change of the phase agle
when sweeping through the resonance To exclude the atefads in the lineshape due to
the passage dfects, the magnetic field could be sweeped from high to low values also.
During measurements at 1.6K samples were immersed in pumped liquid helium in a bath
cryostat; at 120K sample were in a cooled nitrogen gas, whereby the temperature was
direaly measured by thermocouple mounted near the sample.

Fig. 4: Scheme of the Electrically Detected Magnetic Resonance experiment.

A second detedion channel with a multimeter alowed to measure the ODMR
spectrum and the PL intensity smultaneously. Both channels were built-up symmetricaly
to assured that both are measured under exactly the same conditions. The intensity of the
excitation light was changed by varying the current and monitored by the intensity of the
PL. The latter was checked to be proportiond to the light intensity. The dsolute value
of the intensity was measured by a power meter placed at the same postion as the
sample. The maximum intensity used was about 2’ 10%° quantum/cmzs an illuminated

area was 1mnt. The dsorption coefficient a=10°cm ™ is used for estimation of the light
absorption rate.

2.3  Frequency Resolved ODMR

In order to study the kinetics of radiative recombination the frequency resolved
spectroscopy method hes been applied®. In conventional form frequency resolved
spectroscopy is the technique of phase shift spectroscopy in which the phase shift
between pulsed microwave power and the resonant change of PL is measured to deduce
the time @ngants of processes contributing to the recombination. By varying the
modulation frequency of the microwave power the in-phase and out-of-phase
(quadrature) output signals of the lock-in detector were measured. Considering a sine-
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shaped modulation of the excitation, V(t)=Vp: sin(ut), the time dependent response of
the systemis

I(t,t)= _ét-lexpg_ t-t ugvo mn(m)duzlsg;;ﬁ)z[sin(m)- wt xcos(ut)| (3)

Generdly, the lock-in output can be written as

w 2%/
St)=5, O (1) R(t)du @

In case of in-phase detection R(t)=sin(ut), and the integration yields

B 1
S(W)_VO 1+(V|/t)2 (5)

for the real part of the signal. For the imaginary part, R(t)=- cog(wt) , the lock-in signdl is

wt

S(w) =V,
(W) =V, Xm (6)
The maximum of the imaginary part is reached when wi=1. Therefore, a
measurement of the frequency dependence of the out-of-phase signal yields the response
time of the system by evaluating the maximum position. Note that because of its high

quality factor (Qunioad £1O4), the X-band microwave cavity becomes the most inertia
element in the measuring circuit for values of t£2- 107s

3. RESULTS
3.1  Studies on the Recombination and Transport in the Polymer Devices via
M easurements of the Photoinduced Current and the Electroluminescence

3.1.1 ESR Detected via Photoinduced Current

In order to investigate the photocurrent or photovoltage, the PPV (PPR/) diode
was illuminated with a halogen lamp (IR has been filtered). The dfect of the resonant
microwaves on the photovoltage is expected, since the recombination of the polarons,
responsible for conduwcting properties of polymers, is spin dependent, and will
smultaneoudy limit transport properties of the sample. If the magnetic resonance
increases the dectron-hole recombination rate (or decreases the overall pair lifetime) via
triplet-singlet conversion, a decrease in photocurrent may occur. The photoinduced
current throughthe device was monitored as the magnetic field was swept. We observed

adecreasein Isc (aswel asVoc ), asshown in Figure 5.
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Fig. 5: ESR-induced decrease of the short-circuit photocurrent lgc a  293K.
Puw=160mw.

The signal is a single line with g=2.001, DBy/> =1.2mT. At T=293K the relative

change of lgc reaches the vaue of 10 102, and, as we shall see later, exceeds the
ODMR signal by two orders of magnitude. (The signal is found to be temperature
independent.) The nearly symmetrica line originates from microwave induced transitions
within the distant weakly-bound pdaron pairs.

By applying an additional d.c.-voltage on the photodiode the microwave induced
change in the photocurrent Dlgc varies its intensity. Figure 6 displays the resonant

changes of Disc as a function of the applied bias. The resulting curve is "I-V
characterigtics' of the photodiode probed by ESR. It intercepts the V-axis between +1.5
and +1.7V, whereas the sign of the resonant change remains the same. ESR decreases
the total photocurrent by the factor Dlsc in awhole voltage range. The inset to Figure 6
shows the |-V characteristics of the diode measured at 77K under illumination. We yield
Voc of about 0.5V and low I s of 8.2 10°A dueto a highresistance of the device.
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Fig. 6: Resonant changes Disc of the photocurrent as a function of the gplied bias.
T=77K; Bo =0.328T; fu, =9152.56MHz. liqaq decreases in resonance in

accordance with  liota=ldark+lphoto-Dlsc. Inset: |-V-characteristics of PPV-
photodiode measured under illumination at 77K.

Fig. 7: Spedra dependencies of |s (dashed line) and ESR detected via ls¢ (solid line).
T=77K; Bg = 0.328T. | 5¢ reaches its maximum, |gc=6" 10'1OA, at | gxc=515m.

As extenson of our magnetic resonance scheme, excitation spedroscopy
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measurements have been carried ou. The dependence of the photocurrent on the
excitation wavelength is siown on Figure 7 (dashed line). The signd differs from the
absorption spectrum and the excitation spectrum of the PL. It is seen that by illuminating
throughthe ITO-electrode, only the light in a narrow spectral range near the band edge,
generating polaronic pairs near the duminium electrode, contributes to the photocurrent
most effectively™.

The question arises, in which part of the device the influence of the ESR on I g
takes plae. By setting the magnetic field into resonance position and varying the
waveength of incident light an excitation spectrum of the ESR signa can be obtained
(Figure 7, solid line). It is seen that both curves exhibit a maximum at the same
wavedength. This indicates the region where the photocurrent-limiting-recombination
takes place - in the depletion region.

3.1.2 Magnetic Field Effect on the Photocurrent

The dependence of the short-circuit photocurrent on the spin polarisation makes
it possible to detect the magnetic resonance in the polymer photodiode. Therefore, it is
also reasonable to expect a direct influence of magnetic field on the d.c.-photocurrent.
An increase of Isc with magnetic field was actually observed in our diodes (see
Figure 8). This observation is consistent with those reported by Frankevich et a.%, on
planar structures and confirms the basc concept of spin dependence of the
photocurrent,- the recombination time of charge carriers depends on the relative spin
orientation of the recombining centres and, as a mnsequence, the photocurrent increases
with the magnetisation of the system.

Fig. 8: The effed of static magnetic field on the photocurrent in Al/PPV/ITO diode
measured at T=77 K. Upjas=+10V. 15c(0)=0.3%" 10°°A at By=0T.
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3.1.3 ESR Detected via Electroluminescence | ntensity
Figure 9 shows that in the ESR conditions the intensty of the EL decreases by

the factor of 10°. Signd contains the single line with nearly the same parameters as that
of in ESR deteded via photocurrent. Measurements were arried out at constant current
conditions. It isinteresting to note, that whereas at room temperature the measurements
time was limited by the device short lifetime, at 120K the device demondtrated very
stable light emission a congtant current conditions (1=50uA =const., at voltage U=26V )
during several weeks.

Fig. 9: ESR-induced deaease of the dectroluminescence Dig/lg of the Al/PPV/ITO
LED at 120K. Upias=+26V. 1=50pA (const.). fu, =9.2GHz.

3.2  Photoluminescence Studies on Films of PPV and PPPV
3.2.1 Changes of the Photoluminescence Intensity under Conditions of ESR

Figure 10 shows the ESR spectrum of a PPV film (d=300nm) measured via PL
intensity at 1.6K. The PL increases in resonance by the factor of 9° 10", Full width at the
half maximum of the signal is about 1.7mT. This signal is due to the microwave induced
transtion within the pair of negaive (p) and pcsitive (p*) polarons. It is
inhomogeneously broadened, dightly asymmetric, and did not demonstrate any
saturation effects at the microwave power used in experiment (160mw). In Figure 11 the
dependence of the Dl /Iy on the gplied microwave power Py is displayed. It is sen

that the signal can ot be saturated, and itsintensity is proportional to B; -field inside the
microwave Gvity.
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Fig. 10 ODMR spectrum of PPV (narrow line, g=2.0 with a full width a a haf
maximum 1.7mT). T =1.6K; | gc=488nm; | ge= 568nm.

Fig. 11. Relative changes of the PL intensity Diy/l, (solid circles) as a function of
microwave power. Py =160mW. T =77K. Solid line: D/l pY2
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Fig. 12: Triplet ODMR dgnd at a half resonant field, corresponding to Dmg=+2
trangtions. T =1.6K; | = 488nm; light intensty 1019quantum/cmzs
| get=568m.

Fig. 13 Triplet powder pattern at g =2.0. T =1.6K; | gx= 488nm; | 4et=568rm.

The ODMR spectrum from PPV (part of which is displayed in the Figure 10)
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contains additiond features. Figure 12 shows the PL enhancement by factor of 8 10”in

afield corresponding to Dms=%2 transition in a triplet exciton. The Dms=+2 triplet ESR
can be observed in assembly of randomly oriented molecules, even if the high frequency
field is no longer pardld to the static magnretic field. The presence of the triplet powder
pattern due to Dms=%1 transition is expected, too.

Figure 13 shows a broad asymmetric ODMR signal originating from the Dmg=+1
trangtion in the triplet exciton. It corresponds to an enhancement of the tota PL by
fador of 1.5 10, and was measured by accumulating severa records. Similar features
were previously observed in PPV and other conjugated pdymers®® .

3.2.2 Dependence of the ODMR on the Excitation I ntensity and the Temperature
All sgnas we found are strongly dependent on the temperature of the samples
and the intengty of exciting light. By varying the ecitation intensity the rate of the
polaronic pair generation can be varied. Figure 14 dsplays the relative changes of the PL
intensity DIp/Ip as a function of the excitation intensity G (normalised to the value of

Go=2" 10%cm>s?) for the narrow signal at 1.6K and 120K, and Dme=+2 signal at 1.6K.

Fig. 14: Dependencies of magnitude of resonant signals on the intengity of the exciting
light. Go=2" 102 L/cm’s. Solid lines are the fit by Egs(11) and (13), as
explained in the text. Only one point is $xown for the room temperature.

The vaue of Dly/ly for the narrow signal at room temperature is also shown.
Due to the small amplitude it was not possible to study the excitation dependence on the
narrow line & room temperature and on the triplet powder pattern. It is seen that when
increasing the light excitation, the intensities of both sgnds, narrow (squares are
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measurements a 1.6K, circles are those a 120K) and Dmg=+2 (down triangles),
increase. Similar dependence for narrow line in soluble polymer PAPV was aso observed
in® and interpreted as the polaron pair lifetime dfect. It is sen that at higher excitation
intensity the Dmg=+2 signal starts to saturate, whereas the narrow signal keeps growing.
To check this difference, we caried out the comparative measurements of both signals at
the same experimental conditions in the same magnretic field sweep. The results are
shown in the inset to Figure 15. Shown is the ratio of intensities of narrow and Dmg=%2
sgnds.

Fig. 15: Demondration of different dependencies on the light intensity of magnitudes of
the narrow signa at g =2 and the signal with Dms=+2. Solid line is the fit by the
function Dlp/lg=a(l+(1+ BG/Go)ll 2) with a=1.65 , B=0.9. See Discussion for
explanation

3.2.3 Spedral Dependenceof ODMR

Setting the monochromator to a wavelength | o in ODMR experiments, one
detects only the recombining pairs which contribute to the light of this wavelength (or
pairs with fixed separation). Figure 16 shows the spectral dependencies of the ODMR
sgnd (solid line), and PL spectrum (dashed line) in PPV a 120K and 16K. ODMR
intensity follows the PL spectrum in general, indicating that there is mainly one spin-
dependent radiative recombination process contributing to the total PL.

The difference of these two curves $iows that the spin-dependent recombination
of polarons contributes mainly to the low-energy part of the total PL. The same dfect
was observed in PPPV aso®.
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Fig. 16: PL intensity (dashed line) and spectral dependence of the ODMR in a PPV film
(solid line) at 120K(upper curve) and 1.6K (lower curve). | gc=488rm,

fluw =9144.43MHz.

3.3  Studiesof Recombination Kinetics by Frequency Resolved ODMR

To study the recombination kinetics of the polaron pairs the deay time of the
ODMR signa after switching-off the resonant microwaves would be of interest.
However, a direct time-resolved ODMR measurement was not possible because of
sensitivity reason.

We gplied quedrature detected frequency resolved measurements of ODMR™*.,
Setting the magnetic field onto the resonant position and varying the modulation
frequency of microwaves one can measure the response time of the processes involved.

If the microwave induced change of the PL has some delay, there gppearsan 90° out-of-
phase component of the signa of the lock-in detector.

Figure 17 displays the imaginary part (out-of-phase output of the lock-in) of the
narrow (filled circles) and Dmg=+2 (open circles) ODMR signals in the frequency range
from 60 to 6 10°rad/s. Both curves siow maxima which can be used to determine the
time constants of the processes contributing to the PL.
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Fig. 17: Dependence of the resonant signals on the frequency of modulation of the
microwave power. Dotted line is a smulation by EQ.(6). From the fit:

t1=1.25ms.

3.4  Thelnfluence of the Thermal Conversion of PPV on the ODMR Intensity

PL, narrow and triplet ODMR signds, spectral dependence of ODMR were
measured as a function of the temperature of the thermal conversion of the PPV
prepolymer on a glass substrate™. PL spectra recorded in the set of films converted at
different temperatures are shown in Figure 18. The spectra show partiadly resolved
phonon structure due to the aupling of vibronic states to the excitonic transition. The
intensities of all spectra ae normalised to heights at the second peak. Up to a conversion
temperature of 140°C the spectra ae shifted to the shorter wavelengths due to the low
degreeof conjugation in the polymer. For higher conversion temperatures the position of
the spectra remains nearly constant.

Our studies reveded the region of converson temperatures where the most
changesin all ODMR signals occaurred. Figure 19 displays the dependence of the ODMR
amplitudes on the conversion temperature (degreeof eimination). The narrow resonance
was investigated at 120K and 16K. The half-field resonance was deteded only at 1.6K.
All ODMR signals reach their maxima in the temperature range between 150 and 160°C.
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Fig. 18: PL measurements on PPV films converted at different temperatures. The
intensities of spectra ae normalised to heights at the second pe&k. d=300rm.
T=120K.

Fig. 19: Dependence of the ODMR amplitudes for narrow signa at 120K (filled
diamonds) and 1.6K (open squares) and haf-field resonance & 1.6K (filled
sguares) on the prepolymer conversion temperature. | gxc=488rm.

The relative shift between PL and spectral dependence of the ODMR is shown in
the Figure 20. This sift can be interpreted as due to electronic energy relaxation of the
optically excited polaron pairs. The dfect of "later recombining peirs' was observed in
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the kinetics of radiative pair recombination in inorganic semiconductors', conjugated
polymers’, and, we suppose, is responsible for the relative shift of PL and spectra
dependence of ODMR in PPV and PPPV®,

Fig. 20: Spedral shift between I, and Dl as a function of prepolymer conversion
temperature in PPV. Solid line: guide for the gye. T=1.6K. d=300rm.

4, DISCUSS ON

4.1 On the Nature of the States Participating in Photocurrent Deteded

M agnetic Resonance

The detection of the ESR via photocurrent in inorganic and organic
semicondwctors implies the presence of a spin dependent recombination channel,
whereby the recombining partners are weakly coulombicaly coupled. The overlap of the
wave functionsis © small that the charge arriers can be influenced by ESR individually,
but sufficient for recombination of anti-parallel states to occur. Earlier we propcsed the
gudlitative modd for the aeation of inequilibrium megnetisation in the spin system in
magnetic field under cw light excitation, which is detected in photocurrent detected
ESR*. The essentia feature of this model is the difference in generation and emission
rates of polaron pairsin the singlet and triplet spin state, as well as the "distant” character
of the pairs. Whereas the PL is the result of the radiative recombination of polaron
exciton, the photovoltaic efect isthe result of its dissociation. No dark-current ESR was
observed in our polymer diodes. As 0n as the photodiode was illuminated, strong ESR
signd appeaed (see Figure 5). It isdue to the fact that the spin-dependent recombination

detected in EDMR isthat in adistant p* - p’ pair, rather than to a paramagnetic trapping
centre, and reflects the singly-injected character of the arrent trangport in the polymer.

The recombination of charge arriers with paramagnetic traps is often the ase in
inorganic semiconductors, e.g. in aSi:H , where the dangling bonds are predominant
recombination partners. The incorporation of the trapping centres into the polymer may
serve & a "storage" of the dharge cariers, which increase their effective lifetimes and
improve the recombination efficiency by this”’. The role of such activator centre in
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polymers can play, for example, a metastable triplet state created after singet-singlet
photoexcitation. Evidences indicating that the formation of a triplet state was an
intermediate step in the aeation and transfer of charges in the photoconductivity in
organic aystals were presented by Rosenberg™®. The interaction of atriplet exciton with
atrapped charge cariers released the charge into conduction band, and was responsible
for magnetic field effect on the photoconductivity of b-carotene single crystals, as
observed by Triebel et a.*. Triplet-triplet annihilation process can also contribute to the
creation of the singlet exciton in excited state, which can further dissociate into free
charge carriers and contribute to the aurrent through the device

The possihility to change the Is¢c by indwcing the ESR transitions is illustrated
schematicaly in the Figure 21. The generation of charge cariers (photocurrent) is a
result of dissociation of the photogenerated pdaron pairs with the rate Rp, which is
independent on multiplicity. In magnetic field the singlet state of the weakly-bound
polaron pair is degenerated with ms=0 state of the pair in atriplet state. In non-geminate
case dl four spin configurations are populated statistically (this is illustrated by bold
arrows). In ESR conditions the short-lived states will be populated at the expense of the
long-lived states , and, if the recombination rates ki,ks>> Rp, the dissociation will be
reduced. From the negative sign of the EDMR signd it is not possible to determine
which level has a higher population. The effect of ESR on photocurrent will aways
reducethe latter.

Fig. 21: Energy scheme of distant polaron pairs in magnetic field. Non-geminate
character of the pairs is illustrated by random population (bold arrows) of the
states. The generation of charge arriers via pair dissociation (curved arrows) is
supposed to be independent on the multiplicity of state. Microwave transtions

hnyw are detected as a decrease in the | sc.

ESR experiment is consistent with the dfect of the static magnetic field on the
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photocurrent. In zero magnetic field there is a certain value of stealy state photocurrent.
By applying d.c. magnetic field - the degeneracy of T. triplet levels and S-To will be
lifted, hence, states with longer lifetime (lower decay rate) will be "separated” from faster
recmmbining states. That is why we observed an increase of the airrent when applying
the d.c.-magnetic field in the experiment. Resonant microwaves and d.c.-magnetic field
act in the opposite directions.

A decrease of the Isc in ESR (up to ten percent) is two orders of magnitude

gtronger than DI/l already at moderate illumination intensities. It is due to the fact
that, in contrast to PL, where only the delayed part is subjected to ESR, in EDMR the

total photoinduced I sc is gin-dependent. It is in agreement with the direct influence of
static magnetic field on the photoconductivity of PPV diode, where an increase of the
photocurrent in magnetic field upto three percent was observed (see Figure 8).

4.2  Excitations Participating in Electroluminescence Detected Magnetic

Resonance

Let us try to suggest the mode to account for the negative sgn of
electroluminescence detected ESR. Singlet and triplet substates of polaron pairs are
populated with equal rates in a double injection experiment. More distant polaron pairs
are produced as compared with the ase of the photoexcitation (see below). Their energy
levels lie higher than those of inter-chain charge transfer exciton we ae working with in
the ase of photogeneration of the darge carriers (ODMR). The excited singlet state of
the polymer molecule an be produced now from the recombination of singlet polaron
pairs. In the dsence of exchange interadion within distant pairs, S and T spin-substates
of the pairs are mixed due to hyperfine interaction in the magnetic field. Steady state
population of the mixed state decreases due to resonant transitions which ocaur in the
triplet state of the pairs between T and T4, the latter being less populated than S-Ty, as
far as decay rate of the singlet sate is less than of the triplet state. This assumption is
necessary for explanation of the negative sign of ESR deteded via EL, and conssts of
the fad that polaron pairsin +1 and -1 states are decaying faster due to the presence of
lower lying triplets, i.e. ks>k; (see Fig. 24), whereas the recombination to the singlet
ground state is forbidden. It is known that negative signal of EL becomes smaller in the
relative magnitude & higher current®®. One may speculate this is due to a positive
contribution of T-T annihilation channel into the luminescence that diminishes the total
signa by this.

4.3  Evidences for Photoinduced Inter-Chain Triplet Polaron Pairs and Their
Transformationsin PPV

4.3.1 Triplet Excitons Annihilation as Origin of the Delayed Photoluminescence
The results obtained show for certain that there is a mnnection between states
responsible for magnetic resonance signals and PL. The first and the most important
guestion appears is about the nature of those sates. The position in the spectrum (g=2.0)
and the hdfwidth (1.7mT) of the narrow signal correspond to transitions in doublet
paramagnetic species, the magnetic sublevels of which are dightly broadened. The
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sraightforward suggestion is about free polarons. However, a least two pants are
against it. Firdt, free polarons may hardly be aeated at such a low temperature & 1.6K,
as the Coulomb attradion between them neeals to be overcome. Secondy, even assuming
the existence of free polarons, one has to consder their recombination into two channels,
singlet and triplet ones, so that the dhange of the recombination probability due to the
microwave indwced change of spin polarisation may be expected. Free polarons are
assumed to be thermalized, and the dhange Dps of the recombination rate ps into the
singet channd can be estimated by using the Boltzmann statistics. After Lépine™, one

would expect for the spin dependence of the recombination rate of p” and p’: ps= 1-Pp. X
Pp+, where Pp+ and Pp. are the spin polarisations of postive and negative polarons,

respectively. The maximum change of the recombination rate, Dpgps and, hence, the

relative dange of the PL, Dlp/Ip, is expected for the cmplete saturation of the ESR of

either system (Pp+=0, or P,.=0) and is equal to the product of the thermal equilibrium

spin polarisations:

Dps _ gmB, o’

o o TE AT 5 ()

where g is g-fador, pg is the Bohr magneton and Bg is the magnetic field
srength in the resonance. Figure 22 shows the maximum of the recombination rate
Dpdps of thermalized spins as a function of magnetic field according to this equation for
threedifferent temperatures.

Fig. 22: The maximum of the relative changes of recombination rate ps in the case of
complete saturation of either spin system (Pp+ =0, or Pp. =0) as a function of
magnetic field. Calculated by using the epression Dpd/ps= (ngBOIZkT)2 (see
text). The resonant value of magnetic field Bo=0.328T.

Eq.(7) gives the vaues achievable & the saturation of resonant trandtions. We
were working a microwave power about one order of magnitude below that limit.
Further, taking into acoount that only a small part (5%°%) of the total PL intensity stems
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from the dectronic processes other than prompt radiative decay of singlet intra-chain

excitons, it is clealy seen that the experimental values of Dl /Iy are much larger then
one would exped from Boltzmann gatistics. The way that permits overcoming the
difficulties is to consider polarons belonging to geminate polaron pairs. The medanism
of processes involved was siggested earlier™®?°, and consists in the formation of a dharge
transfer (CT) exciton (or lowest state of a polaron pair) as aresult of inter-chain electron
transfer from intra-chain singlet excitation. Only singlet CT states are populated initially,
and only those states were mnsidered in™%.

Hyperfine interadion (HFI) of the dectron spin with magnetic moments of
protons is generdly accepted as an effedive mechanism of intersystem crossing in
polaron pairs'>**?’. In the @sence of exchange interaction between positive and negative
parts of the CT excitons, HFI is known to mix al four substates of the pairwith the
frequency corresponding to hyperfine magnetic field, i.e. about 1-2 mT or 10° s*. In a
strong external magnetic field (Bo™>>Bnr ), T+1 and T.1 sublevels become separated from

mixed S-To sate. As far as the population of magnetic substates sems from the singlet
precursor only, the triplet pairs become spin-polarised, the level primary populated being
overpopulated as compared with two other Zeeman levels. Such a dynamic polarisation
makes magnetic resonant transitions in triplet pairs more dfective.

Fig. 23: PL (dotted line) and the spedral dependence of the Dmg=+2 ODMR signa
(solid line). T=1.6K. Bo=156mT.

4.3.2 Kinetic Connection Between Magnetic Resonant Transtions and Photo-
Luminescence Intensity
Now one has to consder a kinetic connection of the spin evolution processes in
polaron pairs with the PL. One can imagine that an inter-chain charge transfer process
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which created the singlet CT exciton is reversible, and a delayed fluorescence may
appear due to dectron back transfer process. It is quite plausible to think so, and the
electron baeck transfer is assumed to be the main step in the EL (see 4.2). However, let us
remember the sign of the narrow resonant line in ODMR spedrum. It is positive, i.e.
corresponding to enhancement of the light intensity. If the PL would originate from the
electron back transfer also, the resonant transitions from the more populated sublevel Ty
of the triplet pair to less populated ones can only reduce the population of the former,
and thus would gve the negative sign of the narrow resonance line. That would be
possible only in the case of free S-To mixing in the dsence of an exchange interaction in
the par. Thus, the dedron beck transfer can not be the main channel connecting
magnetic resonance transitions with PL.

Fig. 24: Scheme of the processes showing themselves in the ODMR. ky is arate constant
of inter-chain CT exciton formation from intra-chain singlet excitons, kg is an
electron bad transfer rate constant, lealing to singlet excited state; kiad and Ko
are rate ongants for radiative and nonradiative transitions; ki and ks are dectron
back transfer rate mnstants leading to the ground state; kis is an intersystem
crossing rate mnstant; HFl means a hyperfine interadion; kr is arate @nstant of
the triplet monomolecular decay. Resonant trangtions in triplet CT excitons are

shown by arrows nw.

A greda help in understanding of the mechanism comes from the observation that
the absolute magnitude of the narrow line in ODMR spectrum, DIy, changes
superlinearly with the intensity of the exciting light, and that there ae triplet exciton
spectra @& g=2 and Dmg=+2*>*". Moreover, the spectral dependence of the Dmg=+2
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ODMR dgna follows the PL spectrum, asit is displayed in Figure 23. This permits usto
assume that a triplet recombination channel is operative, and triplet intrachain excitons
are generated as a result of electron back transfer process from triplet CT exciton pair.
(This is exactly the same process which produces triplet excitations in photo-synthetic
reaction centres’.) If so, the emission of the light appears as a result of triplet-triplet
annihilation, and the triplet powder spectrum of the positive sign is a result of resonant
trangtionsin T-T pairs. Such transitions are known to increase the rate of annihilation of
triplets with formation of more singet products, as was first discovered in RYDMR
experiments in molecular crystals™. The scheme of the processes which can explain the
results obtained is $own in Figure 24. The formation of triplet intrachain excitons in
PPV was observed before in experiments via photoinduced absorption™, ODMR**%%,
and absorption detected ESR*. The excitons were asumed there to be produced by
intersystem crossing from singlet intra-chain exciton.

4.3.3 Dependence of the Magnitude of the Resonant Signals on the Light Intensity

If one gprovesthat T-T annihilation is the main kridge @nnecting CT pairs and
fluorescing excitons, then the origin of the dependence of the magnitude of the resonant
sgnd on the intensity of the exciting light (Figure 14) becomes clear.

Let ps be the recombination rate of triplet polaron pairs. Then steady-state
density of triplet intrachain excitons nt can be caculated from the equation:

_:ps'anT'gﬁ:O (8

k
9,/1+4kgz P, - ©

where gis T-T annihilation rate mngtant, and kT is the rate mwnstant for monomolecular
decay of triplet excitons; triplet polaron pair recombination rate pz=Gfr , here G is the

rate of primary excitation generation, and ft is the quantum yield of triplet intra-chain
excitons in the recombination processes. Delayed PL intensity per unit volumeis:

fo , fakie[ g '02
(lp)a b gw = 3 914kzps ‘-a, (10)

where f i is a quantum yield of the PL.

Magnetic resonant transitions cause dhanges Dps << p3 of the recombination rate
of polaron pairs. Corresponding changes (Dl )nar Of the luminescence intensity at the
narrow signa resonance & g=2.0 may be caculated by differentiating Eq.(10) by pa:
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Here Py, is the microwave power in the avity, Py, /GuDps , where G is the
exciting light absorption rate that is proportiona to the light intensity and to the PL

intensity; x=_[1+ 4% p;; a oefficient A depends on the rate constants governing
T

generation and recombination of polaron pairs. Using definitions $own in Figure 24 one

can obtain

kd
A Tk vk r ko +k )+ ko (k7K (12

Corresponding formulas for the magnitudes of the triplet powder signal at g=2.0
andthe signa at the half field (Dms=+2 ) can be obtained by differentiating Eq.(10) by g

(Dlpl)pa/v x-1
I K x(x+1)

(13

pl

Egs. (11) and (13) predict different dependencies of the relative magnitudes of narrow
and broad (powder) signals on the light intensity, their ratio being equal to

(Dlpl)nar g
P —x+1= [1+4-Zp, +1
(Dl pl )pa/v k'I% p3 (14)

A comparison of caculated and experimental dependencies of the relative
magnitudes of the narrow signal at g=2.0 and the triplet signa Dms=+2 on the intensity
of the exciting light is shown in Figure 14. Experimental points were fitted by Eqgs.(11)
and (13), respedively. Fitting parameter was B:4g'kT2- fr- Go (here f1isthe quantum
yield of triplet excitons formed in the recombination process). The best fit can be done
with B= 1.5 for the narrow signal, and B= 0.62 for the signal with Dms=+2. As can be
seen from the Figure 14 both dependencies on the ecitation intensity, for the narrow
sgnd a g= 2 and for Dms=+2 signal, are different. To ched this difference a citicd test
of our mode was done by measuring the magnitudes of the narrow and Dmg=%2 signals
in the same magnetic field sweep at different exciting light intensties. The ratio of both
intensities are shown in Figure 15 and are in a good agreement with the prediction of
Eq.(14) with the fit parameter B= 0.9, which is not very much different from vaues
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obtained from Figure 14. The value of the parameter B can be used for estimation of the
product g fr.

The rate ongtant of monomolecular decay of triplet excitons was measured in
the present work (see below) as k= 2.2 10%st. The guantum yield of polaron pairsin
PPV was estimated in transient absorption measurements™ as equal to 0.9. It gives the
ground for speculating that the yield of triplet excitons of recombination origin is also
high enough. For estimations we put it equd to f1 = 0.1 (within an order of magnitude),
and then one may obtain aroughestimation of the value of the annihilation rate mnstant:

22 o]
BE;

G,2,, = 10(2.2x10%)?
4f.G T 4x01x2x10*

g= » 6x10 et / s

It corresponds to the diffusion coefficient D of triplet excitons, estimated from
the next formula

g _6x10*

= ﬁ - 4p10_ 7 » 5X10- 13(:'“2 / S

The size of the exciton was chosen arbitrarily as R=10" cm. Exciton hopping frequency
nmay be estimated as

g 6x10"
n= » 21
4pR® ~ 4p10

»50s

All the estimations made, though being within an order of magnitude accuracy,
show that triplet intra-chain excitons are rather immovable spedes, their lifetime being
comparable with reciprocal hopping frequency. It means the annihilation occurs under
formation of two excitons on the next neighbour or nearby lying chain segments, i.e. at
high excitation intensities.

The mechanism of the enhancement of triplet exciton formation caused by
resonant trangtions in polaron pairs sould be discussed in more details. To be dfective
the trangitions sould occur in triplet polaron peirs dynamically polarised in the process
of their formation. It is known from experiments performed at room temperature® that
triplet polaron pairs become polarised as a result of mixing of S and T states of the pair
induced by the hyperfine interaction. It, however, remains unclear whether this
polarisation mechanism also works in the pairs formed a very low temperature. If the
exchange interaction in the polarons pairs is strong enough (e.g. pairs are formed by
polarons placed on neighbouring chains) the polarisation will be hindered. But the very
formation of triplet excitons indicates the presence of an effective intersystem crossing
mechanism. If polaron pairs would have lower energy than that of a singet intra-chain
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exciton, S-To mixing would again cause the spin polarisation in pairs and resonant
trangtions would result in enhancement of the rate of triplet polaron pair recombination.
The resonance transitions permit for triplet polaron pairs to recombine via enpty T+1 and

T.1 substates competing with the decay via singlet channel. If there is no intersystem
crossing from the triplet pair state to the singlet one & low temperature because of
strong exchange interadion gap between S and Tg sublevels then the recombination rate
of triplet polaron peirs remains unaffected by microwave induced resonant transitions.
But the dengty of triplet excitons will be modulated effectively due to resonant
trangtions between different sublevels of triplet polaron peirs which recombine into
corresponding sublevels of triplet excitons having dfferent monomolecular decay rates.
Sublevels T4 of triplet excitons are more populated, as it will be discussed in the Section
4.3.5. Triplet-triplet annihilation channel resulted in a delayed PL was found to prevail
over direct back transfer of an eledtron in polaron pairs at all excitation intensities used®,
i.e. from 10 to 10*%em3st, and temperatures from 1.6 to 120K. It prevailed aso at
room temperature d highest intensity of the exciting light. That is why we may conclude
that the rate mnstant k4 is very small at the temperatures available. However, the dfect
of the static magnetic field on the PL in PPV at temperatures higher than 150K and
intensities of the light below than 10Pquantumicm’s was interpreted® as being
completely due to the dectron back transfer into singlet polaron pairs and not via T-T
annihilation chanrel.

4.3.4 Dependence of the Magnitude of the Resonant Signals on the Frequency of

Microwave Power Modulation

At this point we acept that the connection between processes in polaron pairs
and an emission of the delayed PL is provided by triplet excitons. If so, the modulation of
parameters involved in the processes can gve information about lifetime of triplet
excitons as most long living species among intermediate excited states. The smplest case
is modulation of triplet exciton formation rate ps, which shows itsdlf in the gpearance of
the narrow resonant signal at g=2.0. Modulated dengity of triplet exciton is described by
the next equation:

d
ﬂ = p3[1+ SIﬂ(VW)] - kT N - gﬁ (15)

dt
The solution is well known at low density of excitons. an amplitude of the

modulated part of triplet exciton densty varies with an increase of the frequency win
accordance with Egs.(5) and (6). (We measure not the triplet exciton density, but the

delayed PL which is proportional to (nT)z. It means that the lifetime of delayed PL isone
half of that of triplet excitons.)

The triplet powder signal at g=2.0 and the signa with Dms=+2 are expected to
have a frequency dependence different from that of the narrow signal at g=2.0 The

difference may be due to modulation of ginstead of the parameter p3 for triplet signals.
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Figure 17 shows that the processes redly involve an inertia part which may be assumed
to be triplet excitons with the measured lifetime distributed around the value of tt
=1.25ms (Figure 17, open circles). This value is typical for triplet excitons in PPV
samples, measured by photo-induced triplet-triplet absorption™. The vaue obtained is
shorter than the reciprocd monomoleaular decay rate cnstant of triplet excitons because
of the annihilation process. However, it is possible to estimate the monomolecular decay
rate constant kt from the measured lifetime of triplet excitons by using the formula which
givesthereation between them:

&l 0

&, 2,

ky = - (16)

1+ 1+88ng
& Gyo

exp

The factor of 2 mentioned above is taken into account here. B is the parameter
determined from the dependence of the intensity of narrow signa on the eciting light

intensity, G/Gg is the rate of excitation measured in relative units used in Figure 14 and
Figure 15: B=0.9, G/Gp=6, (UtT)exp=8" 10°s™. The using of the correction gives the next
value for monomolecular decay rate mnstant: kt=2.2 10%t.

The dependence of the magnitude of the signal Dms=+2 on the frequency of
microwave power modulation (Figure 17, open circles), though being also indicative on
the role of long living species, does not correspond to Eq.(15). We speculate the
deviation is a sequence of the modulation of parameter grather than the rate of formation
p3, as was discussed above. Nevertheless, the experiments discussed show
unambiguously that there exists an inertial step between resonant transitions in polaron
pairs and the light emission. It would be not the cae for the model describing the
emission as originated drectly from the recombination of polarons®® %%,

4.3.5 On the Polarisation of Triplet Excitons

Triplet intrachain excitons which show themselves as a broad powder sgnd
around g=2 (see Figure 13) seem to have nonequa steady state population of magnetic
sublevels. It follows from a nonsymmetrical shape of the signal in respect to the eentra
line & Bp=320mT, the right part of the signd is less intensive than the left one. It may be
a onseguence of higher population of T, sublevel of triplet excitons than that of T and
T.1 ones. Resonant transitions in two-triplet exciton pairs, responsible for the broad

powder spectrum around g=2 and for the half-field signa (Dms=+2) are shown in
Figure 25. Energy sublevels shown are populated at collisions of triplet excitons. Singlet
excitons can ke formed from gtates of the pair corresponding to sublevels |+-fi and |00fA
that are mixtures of quintuplet and singlet states of the two-triplet pair. Shown in
Figure 25 are resonant transtions which increase the population of singlet-containing

levels. It is worth roting that different population of T, and T., sublevels is necessary
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for making trandtions Dmg=+2 effedive in an enhancement of the luminescence
intensity. These transitions cause a ¢iange in the population of the sublevel |+-fiof the
two-triplet pair, leading to an increase of the yield of excited singlet excitons formed at
the ollison of two triplet excitons. Bold arrows are used in Figure 25 to show most
probable resonant transitions.

Fig. 25: Scheme of energy sublevels of a two-triplet exciton pair in magnetic field.
Arrows $ow resonant transitions changing the population of singlet-containing
central sublevels. Bold arrows correspond to more probable trangtions. Only six
magnetic sublevels, containing quintuplet and singlet spin configurations are
shown. Energy W depends on the D and E fine splitting parameters and on the
orientation of the triplet axis in the magnetic field.

The origin of polarisation of triplet excitons is not quite dear at the moment.
Three possible reasons may be considered: (i) nonequd rates of population in the polaron
recombination process, (ii) different monomolecular decy rates for different magnetic
sublevels, the lowest one being for ms=+1 sublevel, and (iii) dynamic polarisationin T-T
- annihilation process. The seand reason looks more probable.

4.3.6 Temperature Dependence of the ODMR Intensity

Temperature dependence of the resonant signals is of importance. The
magnitudes of al three resonance signals are increasing at lower temperature: by about
two orders of magnitude when cooling down from 300K down to 1.6K. The factor A in
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Eq.(11) seems to be responsible for the increase. This may be due to a deaease of rate
constants ky and ks, or by longer lifetime of polaron pairs at low temperature.

Comparison of the ODMR results with the picture of spin-dependent processes
developed on the basis of the MFE on PL and photoconductivity™®?>>* has to be made.
The authors®®* observed an increase of the PL in dc.- magnetic field. At higher
temperatures polaron pairs are not confined in their lowest possible energy state and free
sin evolution of the polaron peirs becomes possible. The experiments'®® were
performed a much lower excitation intensties than in our experiments. This means that
in the asence of triplet-triplet annihilation, the only connection of polaron pair states
with singlet excitons will be aback transfer of an electron into the singet pair state. It is
thermally activated process for lowest CT pairs, but it may be assumed to be fast enough
for higher lying CT dates, populated at higher temperatures. Hence, one can expect a
negative ODMR signal at room temperature and at low excitation intendities. This was
not observed in experiment because of the sensitivity reason, as we believe.

44  The Influence of the Thermal Converson of the Prepolymer on

Recombination Processes

As it was mention already, the PL quantum efficiency of the amitting materid is
one of the mgjor factors which determine the quantum efficiency of EL. Sincethe PPV is
prepared via the precursor route®, the nditions of the elimination of the
tetrahydrothiophene prepolymer to the mnjugated polymer PPV may influence the
quantum efficiency of the PL. By optimising the @nversion conditions Herold et a*.
have achieved fully converted and "defect free" PPV at 160°C. Moreover, they showed
that for the preparation of LED's from PPV a mnversion temperature of 130°C is
sufficient, which made the preparation of the polymer on the flexible substrate possible.

In our studies™ we measured the amplitudes of ODMR signals as well as the PL
intensity at different temperatures of the prepolymer conversion. Remarkable is the
behaviour of the PL (see Figure 18). When the wmnversion temperature increases, the
spectrum clearly shifts to lower energies (bathochromic shift). Thisis an indication of the
increase of the mnjugation length™.

We found a strong variation of the relative danges of the PL with the conversion
temperature (see Figure 19). By varying the conversion temperature one obtains a large
variation in the ODMR signal dependence ranging from 10* to 10°. (Neither the
duration of the converson, nor the atmosphere conditions, a which the therma
conversion was carried out, have influenced the ODMR signds.) All ODMR signals
reach their maxima in the cnversion temperature range between 150 and 160°C. Note,
this temperature range is established to be the best suited for the dimination of the PPV
for dectroluminescent devices, too. Above 180°C ODMR amplitudes drongy decrease.
This may be due to the formation of the crystalline regions in the sample. Higher mobility
of the polarons in such regions may improve the recombination probability on the defect
reducing radiative lifetime by this. We did not find any differences in the ODMR
behaviour of PPV films converted on dass substrate and ITO. The integrated PL
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intensity from the PPV converted on I TO, however, was found to be lower by afactor of
two as compared to pristine PPV on glass™.

Asi it is displayed in the Figure 16, there is a shift of the spectra dependence of
the ODMR signal relative to the PL spectrum. This shift varies with the prepolymer
conversion temperature (see Figure 20) too. We speaulate that again it is the built-up of
the cnjugation system in the polymer. Spin-dependent recombination process involves
those polarons which contribute to the PL after some delay, during which they can relax
within available density of states, in a form of the migration to the longer conjugated
sequences. At higher converson temperatures the distributions of the mnjugated
sequences may become homogeneous, making the energy relaxation less effective.

It is not clear at the moment why the dimination temperature influences the PL
and the relative dhanges of PL in ESR so strong. As we know drealy, ESR signals
detected via PL intensity are due to the triplet-triplet annihilations process. Beljonre d
a. have cculated the evolution of the singlet-singet (So-S1) and singlet-triplet (So-T1)
energies with chain length®™. They found that the So-T1 energy difference deaeases
dowly with size of the molecule from two to five phenyl rings than that of Sp-S;. This
indicates localised character of the lowest triplet exciton T4, and is aso the reason for the

large width of the triplet Dms=1 signal shown in Figure 13. This may lead to the Situation
in which the triplet-triplet annihilation is no more operating for small oligomers or
polymers converted at low temperatures because of the energy reason.

45 Remarks on the Previous Recombination Models in Magnetic Resonance
Experiments
Additional experimental data permitted us to describe underlying events by a new
model, the most important part of which is geminate polaron pairs. Differences to the
previous models®*° concern the following main points.

The origin of the narrow signal at g=2.0. It was assumed as being die to resonant
trangtions in polarons taking pert "in intra-chain distant pair polaron recombination”, the
latter giving the excited intra-chain singlet state which emits the light. The detailed
mechanism, however, remains unclear. |f geminate pairs are considered®®, i.e. mg=0
sublevel is more populated because of the singlet preaursor, then resonant transitions will
produce adeaease of the singlet exciton production. The experiment shows however an
increase of the PL intensity. The authors®*° assume free polarons are produced by
photoexcitation at any temperatures, their spins being noncorrelated and in therma
equilibrium. 1f so, the microwave induced resonance transitions would actually tend to
reduce the polarisation, thus increasing the recombination rate into a singlet channd and
decreasing it into the triplet one. The model does not take into account
(i) a big relative magnitude of the narrow signa. This requires a dynamic, non-

equilibrium, polarisation of the polaron spin states, which follows from the relation
between rates k; and k3 (see Figure 24): ks>k;™**°; and
(il)a delayed reture of the narrow signal showing that the long living states are involved.



288

The source of triplet excitons was assumed in®**®*' to be an intersystem

crossing from singlet excitons due to spin-orbit coupling. In this work we @nclude that
triplet excitons are produced mainly by recombination of geminate polaron pairs.

5. CONCLUSION

Flms of poly-(para-phenylene-vinylene) and poly-(2-phenyl- 1,4-phenylene-
vinylene) as well as photodiodes with the polymers as an active layer were studied by
optically and electricdly detected ESR.

The photoinduced short circuit current Isc was found to be dependent on the
carriers in polarisation in the space charge region of the Al/Polymer/ITO photodiode.
A large deaease in Isc of up to ten percent was observed in the temperature range
between 15K and 238K, when ESR conditions were fulfilled. The dfect is at least two
orders of magnitude stronger than the enhancement of PL induced by ESR. This feature
is found to be common for conjugated polymers investigated so far, and reflects the fact
that the tota photogenerated Isc is spin-dependent, whereas ODMR selects only the
small portion of recombining species in the sample responsible for the delayed PL.

The EDMR sgnal shows a strong dependence on the applied voltage, the
behaviour of which is smilar to a diode airrent-voltage characteristics in a range
between -10V and +10V. In this voltage range the dark current is a singly injected
current, so that only the photoinduced current and not the dark current is subjected to
ESR. The ESR-induced change of | ¢ is discussed in terms of the recombination of non-
thermali zed, non-geminate polaronic pairs. The inequilibrium steady-state magnetisation
in the spin system is believed to be on account of the difference in the generation and
emission rates of particular spin states in a polaronic pair, from which the large dfect of
ESR on polaronic recombination resulted.

The results obtained from ODMR studies permitted us to conclude that Coulomb
bound polaron pairs are produced with a high yield under the photoexcitation of the
polymer. Energy levels of the populated at low temperatures pair state ae situated below
the level of singet intra-chain exciton. Therefore, no eectron bad transfer producing
excited intra-chain singlet state was observed. The results imply that the singlet exciton
has a bindng energy which is less than ksT not with respect to the single particle
continuum, but with respect to CT exciton state.

We conclude that triplet excitons are produced mainly by recombination of
geminate polaron pairs and not by the intersystem crossing. Triplet polaron pairs $ow
themselves as a narrow resonant signa at g=2. The resonant transtions change the
recombination rate of triplet pairs and lead to formation of triplet intra-chain excitons.
Those excitons annihilate in the second order reaction showing themselves as delayed
PL. Annihilation rate was foundto be influenced by resonant transitions in triplet exciton
pairs as well. Lifetime axd monomolecular decy rate constant of triplet intra-chain
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excitons were measured by the modulation frequency dependence. Results $ow that
energy level of the lowest polaron pair state Gan act as a sink of the eccitation energy
influencing the quantum yields of the PL, EL and photoconductivity. One @an assume the
same polaron pairs can ke formed by the recombination of injected charge arriers. So
they will not transfer their energy to singlet excitons, but dissipate it to triplet excitons
recombining nonradiatively afterwards.

We have shown that the photocurrent-detected-ESR gives the possibility to
investigate photodiodes with extremely high sensitivity, not achievable with conventiona
methods of magnetic resonance detection, at device operation conditions.
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