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1. INTRODUCTION 
The possibility to use conjugated polymers as an active layer in large area light 

emitting diodes and photovoltaic cells1-3 has stimulated numerous investigations of 
microscopic processes responsible for excitation, recombination and transport 
mechanisms in these systems4-9. One of the most promising and investigated polymers is 
poly-(para-phenylene-vinylene) (PPV), showing good processibil ity and efficiency in 
optoelectronic 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 2.9eV10. This opened the possibility for 
the colour tuning of LED's. Due to their favourable processing properties, phenyl-
substituted- PPV 's are the subject of many chemical and physical investigations10-13. One 
of such phenyl-substituted- PPV  is the soluble polymer poly-(2-phenyl- 1,4-phenylene-
vinylene) (PPPV) with Eg=2.6eV12. PPPV films of good optical quality with low 
crystallinity can be prepared by spin coating. It was shown that by using PPPV as an 
active layer placed between two conducting electrodes in configuration Al/PPPV/ITO, 
the electroluminescence (EL) could be also observed14. 
 

The problem still making the technical application of the polymer devices difficult 
is the insufficient long-time stabil ity 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 eff iciency of the minority carrier injection (electrons) necessary for 
radiative recombination. On the other hand, the emission quenching processes after 
carrier injection into the polymer layer are also 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 state of the chain that primary photoexcited states are intra-chain excitations. 
Afterwards they may relax producing light emitting excitons or spend their energy on 
charge carrier production15. The low mobility of charge carriers in polymers prevents 
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them escaping from mutual Coulomb attraction making charge carriers of opposite sign 
to thermalize in the vicinity of each other. Low mobility (below 10-5cm2/Vs at room 
temperature for PPV) is connected with hopping of electrons between conjugated 
segments of a polymer chain. Their mobility within the conjugation length, as one 
believes, is much higher. Inter-charge distance in thermalized pairs is initially shorter than 
Onsager radius estimated from Eq.(1): 
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At e=6 and T=300K rOns=90Å. Those thermalized pairs either recombine geminately or 
dissociate into free charge carriers. The latter are known as polarons in polymers. The 
dissociation of polaron pairs is induced by interaction with phonons and becomes faster 
in high electric fields. 
 

There exists, however, another point of view16,17, which is based on the 
assumption that Coulomb interaction is sufficiently well screened, and that free carriers 
are created upon photoexcitation. The authors claim that "the singlet exciton is not a 
stable excited state, and the singlet exciton binding energy with respect to the single 
particle continuum is less than kBT”16. The results obtained in our work interfere with 
such an assumption.  
 

The existence of the polaron pairs between free charge carriers and intra-chain 
excitons would make the yield of free charge carriers (when exciting the 
photoconductivity) and the eff iciency of the EL (while injecting charge carriers 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"18 in conjugated 
polymers was suggested firstly on the basis of observation of Magnetic Field Effect 
(MFE) on the photoconductivity of polydiacetylene19 and poly(arylenevinylene)s20 by 
Frankevich and co-authors. The authors concluded that polaron pairs can be of two 
types, one as 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 character of the recombination process in single crystals of polydiacetylene 
due to quasi-1D character of charge carrier motion. Gailberger and Bässler21 considered 
a role of such states in the photoconductivity of  PPV also. In the works22,23 a 
photoinduced absorption caused by polaron pairs was observed. A delayed fluorescence 
of PPV in the time domain of 50ns has been found in24, and was speculated as being due 
to electron back transfer in polaron pairs. The energy levels of polaron pairs were 
calculated in25,26 being in accordance with transient absorption measurements.  
 

The existence 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 usually used to monitor the 
changes20,27-34. 
 

Polaron pairs must be taken into account when calculating the efficiency of EL, 
f EL. A simple minded point of view based on the spin statistics of free carriers and on 
assumption that light emitting excitons are formed directly in the charge recombination 
process gives the first estimate of f EL per one pair of recombining polarons: 
 

f fEL PL=
1
4  (2) 

 
Here f PL is the quantum yield of the photoluminescence (PL). Formula (2) does 

not seem to be true as far as the singlet exciton, which is supposed to emit the light, is 
created via the intermediate polaron pair state and is subjected to a spin evolution of 
such a pair. Value of f EL is thus 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 
structures as well as on free standing films made from PPV and PPPV. The purpose of 
electron spin resonance investigations on films and electronic 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 application in thin layered samples and, especially, 
in active devices. Conventional detection of electron spin resonance via microwave 
absorption yields no signal in our PPV35 due to the low concentration of paramagnetic 
defects. The only conventional ESR experiments on PPV were performed by Kuroda et 
al. on stretched polymer films36 (contained about 10-6 spins per C8H6 unit, as estimated 
by the authors), and by Brendel et al. on doped PPV oligomers37. 
 

Meanwhile, optical detection of the ESR is well established as a powerful 
spectroscopic tool in studying the recombination properties in semiconductors (for 
review see38). It is based on the fact that the recombinational transitions are subjected to 
spin selection rules, i.e. they depend on the relative spin orientation of the charge 
carriers. If an electron and a hole form a triplet exciton (both spins parallel), spin 
selection rules reduce the probability of radiative recombination relative to the singlet 
state (antiparallel 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 a spin polarisation. Hence, if optical detection is used, it is possible 
to obtain 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 Magnetic Resonance (RYDMR)27,39. 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 al.28-30, Vardeny et al.31. Experimental results described in 
our works32-34 do not contradict to those reported in28-31. However, additional data 
presented in33,34 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 silicon, amorphous silicon, and in molecular 
semiconductors showed40-42 that the detection of magnetic resonance via photovoltage or 
photocurrent can be also very sensitive 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 case of a singly injected current, where the carriers of one sign 
dominate in the conductivity.  
 

The polymer semiconductors are known to support mainly the current with 
carriers of one type, usually the holes. This leads to the question whether the charge 
carrier recombination there takes place via trapping centres, thereby limiting the light 
emission yield. It is also not clear, in which part of the device the recombination of 
photo- or electrically generated excess charge carriers occurs and what are the dynamic 
properties of recombining centres. These and other questions will be also treated in the 
chapter. As it will be shown, the electrically detected magnetic resonance (EDMR) 
demonstrates an advantage to investigate electronic devices at their operation conditions 
with high sensitivity.  
 

2.  EXPERIMENTAL  
2.1  Sample Preparation 

PPV is an unmeltable and insoluble polymer and can be processed via precursor 
route35. Thin films are cast from a methanol solution of the prepolymer by a doctor blade 
machine. A glass plate of 1 mm thickness and an area of 4´ 4mm2 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 conditions 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 fil led with Ar gas under slight 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 down the tube was flooded with nitrogen. After film preparation this 
mechanically structured plate was broken in parts of appropriate size, so that for each of 
the different conversion temperatures we had a prepolymer coated platelet which 
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contained several samples of 4´ 4mm2 area. Through this procedure it is ensured that all 
samples investigated are from the same polymer film. Optical absorption, PL and EL 
spectra in PPV are shown in the Figure 1.  

 
Fig. 1: Optical absorption, photoluminescence and electroluminescence of the PPV at 

room temperature 

 
Fig. 2: Absorption spectra of PPPV (solid line) and PPV (dashed line). T =295K, dPPV= 

30nm, dPPPV= 20nm. 
 
PPPV, in contrast to PPV, is a soluble, easily processable polymer, thin films of 

good optical quality of which can be produced by spin-coating. PL and magnetic 
resonance measurements were performed on films of about 20nm thickness. Figure 2 
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shows the absorption spectrum of a 20nm thick film of PPPV (solid line), as well as the 
absorption spectrum of a PPV film (dashed line) of approximately the same thickness 
(30nm). The edge of the absorption band is about 350meV shifted towards higher 

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

PPPV (as well as in PPV) did not depend on the excitation wavelength within the range 
from 514nm to 457nm. The PL of PPPV 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 area of 1mm2, and were placed in the centre of the 
microwave cavity. 
 
2.2 Experimental Set-up 

All experiments presented here were carried out in a home made spectrometer32. 
The samples were placed in the cylindrical (TE011) cavity with unloaded Q of about 104 
in a helium bath cryostat inside the magnet of a commercial X-Band ESR spectrometer. 
By using a travell ing wave tube oscillator (Varian) a 40 dB gain of the microwave power 
can be achieved. 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 
additional 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 monochromator (see 
Figure 3). 

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

In ESR detected via photovoltaic effect the device was illuminated by a halogen 
or xenon lamp. The synchronous changes of the PL (Fig. 3) or photocurrent (Fig. 4) on 
square-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 called non-resonant background) can be 
achieved. 
 

The sign of the measured signal was deduced from the change of the phase angle 
when sweeping through the resonance. To exclude the artefacts in the lineshape due to 
the passage effects, 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 
directly measured by thermocouple mounted near the sample.  
 

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

A second detection channel with a multimeter allowed to measure the ODMR 
spectrum and the PL intensity simultaneously. Both channels were built-up symmetrically 
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 proportional to the light intensity. The absolute value 
of the intensity was measured by a power meter placed at the same position as the 
sample. The maximum intensity used was about 2´ 1019 quantum/cm2s, an illuminated 
area was 1mm2. The absorption coefficient a=105cm-1 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 has been applied43. 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 constants 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)=V0· sin(wt), the time dependent response of 
the system is:  
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Generally, the lock-in output can be written as 
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In case of in-phase detection R(t)=sin(wt), and the integration yields 
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for the real part of the signal. For the imaginary part, R(t)=- cos(wt) , the lock-in signal is 
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The maximum of the imaginary part is reached when wt =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 (Qunload £104), the X-band microwave cavity becomes the most inertial 
element in the measuring circuit for values of t £2· 10-7s. 
 
3.  RESULTS 
3.1  Studies on the Recombination and Transport in the Polymer Devices via 

Measurements 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 (PPPV) diode 
was il luminated with a halogen lamp (IR has been filtered). The effect of the resonant 
microwaves on the photovoltage is expected, since the recombination of the polarons, 
responsible for conducting properties of polymers, is spin dependent, and will 
simultaneously limit transport properties of the sample. If the magnetic resonance 
increases the electron-hole recombination rate (or decreases the overall pair lifetime) via 
triplet-singlet conversion, a decrease in photocurrent may occur. The photoinduced 
current through the device was monitored as the magnetic field was swept. We observed 
a decrease in  ISC (as well as VOC ), as shown in Figure 5.  
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Fig. 5: ESR-induced decrease of the short-circuit photocurrent ISC at 293K. 

Pµw=160mW. 
 
The signal is a single line with g=2.001, DB1/2 =1.2mT. At T=293K the relative 

change of ISC reaches the value of 10´ 10-2, 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 symmetrical line originates from microwave induced transitions 
within the distant weakly-bound polaron pairs.  
 

By applying an additional d.c.-voltage on the photodiode the microwave induced 
change in the photocurrent  DISC varies its intensity. Figure 6 displays the resonant 
changes of DISC as a function of the applied bias. The resulting curve is "I-V 
characteristics" 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  DISC in a whole voltage range. The inset to Figure 6 
shows the I-V characteristics of the diode measured at 77K under illumination. We yield 
VOC of about 0.5V and low ISC of 8.2´ 10-10A due to a high resistance of the device. 
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Fig. 6: Resonant changes DISC of the photocurrent as a function of the applied bias. 

T=77K; B0 =0.328T; fµw =9152.56MHz. I total decreases in resonance in 
accordance with  I total=Idark+Iphoto-DISC. Inset: I-V-characteristics of PPV-
photodiode measured under illumination at 77K. 

 
 

 
 
Fig. 7: Spectral dependencies of ISC (dashed line) and ESR detected via ISC (solid line). 

T=77K; B0 = 0.328T. ISC reaches its maximum, ISC=6´ 10-10A, at l exc.=515nm. 
 

As extension of our magnetic resonance scheme, excitation spectroscopy 
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measurements have been carried out. The dependence of the photocurrent on the 
excitation wavelength is shown on Figure 7 (dashed line). The signal differs from the 
absorption spectrum and the excitation spectrum of the PL. It is seen that by illuminating 
through the ITO-electrode, only the light in a narrow spectral range near the band edge, 
generating polaronic pairs near the aluminium electrode, contributes to the photocurrent 
most effectively44. 

 
The question arises, in which part of the device the influence of the ESR on ISC 

takes place. By setting the magnetic field into resonance position and varying the 
wavelength of incident light an excitation spectrum of the ESR signal can be obtained 
(Figure 7, solid line). It is seen that both curves exhibit a maximum at the same 
wavelength. 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 al.20, on 
planar structures and confirms the basic 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 consequence, the photocurrent increases 
with the magnetisation of the system. 
 

 
 
Fig. 8: The effect of static magnetic field on the photocurrent in Al/PPV/ITO diode 

measured at T=77 K. Ubias=+10V. ISC(0)=0.396´ 10-6A at B0=0T. 
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3.1.3  ESR Detected via Electroluminescence Intensity 
Figure 9 shows that in the ESR conditions the intensity of the EL decreases by 

the factor of 10-3. Signal contains the single line with nearly the same parameters as that 
of in ESR detected via photocurrent. Measurements were carried out at constant current 
conditions.  It is interesting to note, that whereas at room temperature the measurements 
time was limited by the device short li fetime, at 120K the device demonstrated very 
stable light emission at constant current conditions (I=50µA =const., at voltage U=26V ) 
during several weeks.  
 

 
Fig. 9: ESR-induced decrease of the electroluminescence DIel/Iel of the Al/PPV/ITO 

LED at 120K. Ubias=+26V. I=50µA (const.). fµw =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´ 10-4. Full width at the 
half maximum of the signal is about 1.7mT. This signal is due to the microwave induced 
transition within the pair of negative (p-) and positive (p+) polarons. It is 
inhomogeneously broadened, slightly asymmetric, and did not demonstrate any 
saturation effects at the microwave power used in experiment (160mW). In Figure 11 the 
dependence of the DIpl/Ipl on the applied microwave power Pµw is displayed. It is seen 
that the signal can not be saturated, and its intensity is proportional to B1 -field inside the 
microwave cavity. 
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Fig. 10: ODMR spectrum of PPV (narrow line, g=2.0 with a full width at a half 

maximum 1.7mT). T =1.6K; l exc= 488nm; l det= 568nm. 
 

 
Fig. 11: Relative changes of the PL intensity DIpl/Ipl (solid circles) as a function of 

microwave power. P0 =160mW. T =77K. Solid line: DIpl/Iplµ P1/2. 
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Fig. 12: Triplet ODMR signal at a half resonant field, corresponding to DmS=±2 

transitions. T =1.6K; l exc= 488nm; light intensity 1019quantum/cm2s; 
l det=568nm. 

 
 

 
Fig. 13: Triplet powder pattern at g =2.0. T =1.6K; l exc= 488nm; l det=568nm. 
 

The ODMR spectrum from PPV (part of which is displayed in the Figure 10) 



 269 

contains additional features. Figure 12 shows the PL enhancement by factor of  8´ 10-5 in 
a field 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 parallel to the static magnetic 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 DmS=±1 
transition in the triplet exciton. It corresponds to an enhancement of the total PL by 
factor of 1.5´ 10-5, and was measured by accumulating several records. Similar features 
were previously observed in PPV and other conjugated polymers28-30. 
    
3.2.2  Dependence of the ODMR on the Excitation Intensity and the Temperature 

All signals we found are strongly dependent on the temperature of the samples 
and the intensity of exciting light. By varying the excitation intensity the rate of the 
polaronic pair generation can be varied. Figure 14 displays the relative changes of the PL 
intensity DIpl/Ipl as a function of the excitation intensity G (normalised to the value of 
G0=2´ 1023cm-3s-1) for the narrow signal at 1.6K and 120K, and DmS=±2 signal at 1.6K.  
 

 
Fig. 14: Dependencies of magnitude of resonant signals on the intensity of the exciting 

light. G0=2´ 1023 1/cm3s. Solid lines are the fit by Eqs.(11) and (13), as 
explained in the text. Only one point is shown for the room temperature. 

 
The value of DIpl/Ipl 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 at room temperature and on the triplet powder pattern. It is seen that when 
increasing the light excitation, the intensities of both signals, narrow (squares are 
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measurements at 1.6K, circles are those at 120K) and DmS=±2 (down triangles), 
increase. Similar dependence for narrow line in soluble polymer PPPV was also observed 
in33 and interpreted as the polaron pair lifetime effect. It is seen that at higher excitation 
intensity the DmS=±2 signal starts to saturate, whereas the narrow signal keeps growing. 
To check this difference, we carried out the comparative measurements of both signals at 
the same experimental conditions in the same magnetic field sweep. The results are 
shown in the inset to Figure 15. Shown is the ratio of intensities of narrow and DmS=±2 
signals. 

 
Fig. 15: Demonstration of different dependencies on the light intensity of magnitudes of 

the narrow signal at g =2 and the signal with DmS=±2. Solid line is the fit by the 
function  DIpl/Ipl=a(1+(1+BG/G0)

1/2) with a=1.65 , B=0.9. See Discussion for 
explanation 

 
3.2.3  Spectral Dependence of ODMR 

Setting the monochromator to a wavelength l 0 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 
signal (solid line), and PL spectrum (dashed line) in PPV at 120K and 1.6K. 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 shows that the spin-dependent recombination 
of polarons contributes mainly to the low-energy part of the total PL. The same effect 
was observed in PPPV also33. 
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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). l exc.=488nm,                      
fµw =9144.43MHz. 

 
3.3  Studies of Recombination K inetics by Frequency Resolved ODMR 

To study the recombination kinetics of the polaron pairs the decay time of the 
ODMR signal 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 applied quadrature detected frequency resolved measurements of ODMR43,45. 

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 appears an  90° out-of-
phase component of the signal 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 DmS=±2 (open circles) ODMR signals in the frequency range 
from 60 to 6´ 105rad/s. Both curves show 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 simulation by Eq.(6). From the fit: 
t T=1.25ms. 

 
3.4  The Influence of the Thermal Conversion of PPV on the ODMR Intensity 

PL, narrow and triplet ODMR signals, spectral dependence of ODMR were 
measured as a function of the temperature of the thermal conversion of the PPV 
prepolymer on a glass substrate45. PL spectra recorded in the set of films converted at 
different temperatures are shown in Figure 18. The spectra show partially resolved 
phonon structure due to the coupling of vibronic states to the excitonic transition. The 
intensities of all spectra are normalised to heights at the second peak. Up to a conversion 
temperature of 140°C the spectra are shifted to the shorter wavelengths due to the low 
degree of conjugation in the polymer. For higher conversion temperatures the position of 
the spectra remains nearly constant. 
 

Our studies revealed the region of conversion temperatures where the most 
changes in all ODMR signals occurred. Figure 19 displays the dependence of the ODMR 
amplitudes on the conversion temperature (degree of elimination). The narrow resonance 
was investigated at 120K and 1.6K. The half-field resonance was detected 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 are normalised to heights at the second peak. d=300nm. 
T=120K. 

 
 

 
Fig. 19: Dependence of the ODMR amplitudes for narrow signal at 120K (filled 

diamonds) and 1.6K (open squares) and half-field resonance at 1.6K (fil led 
squares) on the prepolymer conversion temperature. l exc.=488nm. 

 
The relative shift between PL and spectral dependence of the ODMR is shown in 

the Figure 20. This shift can be interpreted as due to electronic energy relaxation of the 
optically excited polaron pairs. The effect of "later recombining pairs" was observed in 
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the kinetics of radiative pair recombination in inorganic semiconductors46, conjugated 
polymers5, and, we suppose, is responsible for the relative shift of PL and spectral 
dependence of ODMR in PPV32 and PPPV33. 
 

 
 

Fig. 20: Spectral shift between Ipl and DIpl as a function of prepolymer conversion 
temperature in PPV. Solid line: guide for the eye. T=1.6K. d=300nm. 

 
4.  DISCUSSION 
4.1  On the Nature of the States Participating in Photocurrent Detected 

Magnetic Resonance 
The detection of the ESR via photocurrent in inorganic and organic 

semiconductors implies the presence of a spin dependent recombination channel, 
whereby the recombining partners are weakly coulombically coupled. The overlap of the 
wave functions is so small that the charge carriers can be influenced by ESR individually, 
but sufficient for recombination of anti-parallel states to occur. Earlier we proposed the 
qualitative model for the creation of inequilibrium magnetisation in the spin system in 
magnetic field under cw light excitation, which is detected in photocurrent detected 
ESR32. The essential feature of this model is the difference in generation and emission 
rates of polaron pairs in 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 effect is the result of its dissociation. No dark-current ESR was 
observed in our polymer diodes. As soon as the photodiode was ill uminated, strong ESR 
signal appeared (see Figure 5). It is due to the fact that the spin-dependent recombination 
detected in EDMR is that in a distant p+ - p- pair, rather than to a paramagnetic trapping 
centre, and reflects the singly-injected character of the current transport in the polymer. 
 

The recombination of charge carriers with paramagnetic traps is often the case in 
inorganic semiconductors, e.g. in a-Si:H , where the dangling bonds are predominant 
recombination partners. The incorporation of the trapping centres into the polymer may 
serve as a "storage" of the charge carriers, which increase their effective lifetimes and 
improve the recombination efficiency by this47. The role of such activator centre in 
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polymers can play, for example, a metastable triplet state created after singlet-singlet 
photoexcitation. Evidences indicating that the formation of a triplet state was an 
intermediate step in the creation and transfer of charges in the photoconductivity in 
organic crystals were presented by Rosenberg48. The interaction of a triplet exciton with 
a trapped charge carriers 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 al.49. 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 current through the device. 
 

The possibility to change the ISC by inducing the ESR transitions is illustrated 
schematically in the Figure 21. The generation of charge carriers (photocurrent) is a 
result of dissociation of the photogenerated polaron pairs with the rate RD, 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 a triplet state. In non-geminate 
case all 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 k1,k3>> RD, the dissociation will be 
reduced. From the negative sign of the EDMR signal it is not possible to determine 
which level has a higher population. The effect of ESR on photocurrent will always 
reduce the 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 carriers via pair dissociation (curved arrows) is 
supposed to be independent on the multiplicity of state. Microwave transitions  
hnµw are detected as a decrease in the ISC. 

 
ESR experiment is consistent with the effect of the static magnetic field on the 
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photocurrent. In zero magnetic field there is a certain value of steady state photocurrent. 
By applying d.c. magnetic field - the degeneracy of T±1 triplet levels and S-T0 will be 
lifted, hence, states with longer lifetime (lower decay rate) will be "separated" from faster 
recombining states. That is why we observed an increase of the current 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 
stronger than  DIpl/Ipl already at moderate il lumination 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 ISC is spin-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 up to three percent was observed (see Figure 8).  
 
4.2  Excitations Participating in Electroluminescence Detected Magnetic 

Resonance 
Let us try to suggest the model to account for the negative sign 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 case of the photoexcitation (see below). Their energy 
levels lie higher than those of inter-chain charge transfer exciton we are working with in 
the case of photogeneration of the charge carriers (ODMR). The excited singlet state of 
the polymer molecule can be produced now from the recombination of singlet polaron 
pairs. In the absence of exchange interaction within distant pairs, S and T0 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 occur in the 
triplet state of the pairs between T0 and T±, the latter being less populated than S-T0, as 
far as decay rate of the singlet state is less than of the triplet state. This assumption is 
necessary for explanation of the negative sign of ESR detected via EL, and consists of 
the fact that polaron pairs in +1 and -1 states are decaying faster due to the presence of 
lower lying triplets, i.e. k3>k1 (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 at higher current30. One may speculate this is due to a positive 
contribution of T-T annihilation channel into the luminescence that diminishes the total 
signal by this. 

 

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

4.3.1  Triplet Excitons Annihilation as Origin of the Delayed Photoluminescence 
The results obtained show for certain that there is a connection between states 

responsible for magnetic resonance signals and PL. The first and the most important 
question appears is about the nature of those states. The position in the spectrum (g=2.0) 
and the halfwidth (1.7mT) of the narrow signal correspond to transitions in doublet 
paramagnetic species, the magnetic sublevels of which are slightly broadened. The 
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straightforward suggestion is about free polarons. However, at least two points are 
against it. First, free polarons may hardly be created at such a low temperature as 1.6K, 
as the Coulomb attraction between them needs to be overcome. Secondly, even assuming 
the existence of free polarons, one has to consider their recombination into two channels, 
singlet and triplet ones, so that the change of the recombination probability due to the 
microwave induced change of spin polarisation may be expected. Free polarons are 
assumed to be thermalized, and the change DpS of the recombination rate pS into the 
singlet channel can be estimated by using the Boltzmann statistics. After Lépine40, one 
would expect for the spin dependence of the recombination rate of p- and p+: pS=1-Pp- × 
Pp+ , where Pp+  and Pp- are the spin polarisations of positive and negative polarons, 
respectively. The maximum change of the recombination rate, DpS/pS and, hence, the 
relative change of the PL, DIpl/Ipl, is expected for the complete saturation of the ESR of 
either system (Pp+=0, or Pp-=0 ) and is equal to the product of the thermal equilibrium 
spin polarisations:  
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where g is g-factor, µB is the Bohr magneton and B0 is the magnetic field 
strength in the resonance. Figure 22 shows the maximum of the recombination rate  
DpS/pS of thermalized spins as a function of magnetic field according to this equation for 
three different 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 expression Dps/ps=(gµBB0/2kT)2 (see 
text). The resonant value of magnetic field B0=0.328T. 

 
Eq.(7) gives the values achievable at the saturation of resonant transitions. We 

were working at microwave power about one order of magnitude below that limit. 
Further, taking into account that only a small part (5%24) of the total PL intensity stems 
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from the electronic processes other than prompt radiative decay of singlet intra-chain 
excitons, it is clearly seen that the experimental values of DIpl/Ipl are much larger then 
one would expect from Boltzmann statistics. The way that permits overcoming the 
difficulties is to consider polarons belonging to geminate polaron pairs. The mechanism 
of processes involved was suggested earlier19-26, and consists in the formation of a charge 
transfer (CT) exciton (or lowest state of a polaron pair) as a result of inter-chain electron 
transfer from intra-chain singlet excitation. Only singlet CT states are populated initially, 
and only those states were considered in21-26.  
 

Hyperfine interaction (HFI) of the electron spin with magnetic moments of 
protons is generally accepted as an effective mechanism of intersystem crossing in 
polaron pairs19,20,27. In the absence of exchange interaction between positive and negative 
parts of the CT excitons, HFI is known to mix all four substates of the pairwith the 
frequency corresponding to hyperfine magnetic field, i.e. about 1-2 mT or 109 s-1. In a 
strong external magnetic field (B0>>BHFI), T+1 and T-1 sublevels become separated from 
mixed S-T0 state. As far as the population of magnetic substates stems 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 effective. 
 

 
 

Fig. 23: PL (dotted line) and the spectral dependence of the DmS=±2 ODMR signal 
(solid line). T=1.6K. B0=156mT. 

 
4.3.2  Kinetic Connection Between Magnetic Resonant Transitions and Photo-

Luminescence Intensity 
Now one has to consider 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 electron back transfer process. It is quite plausible to think so, and the 
electron back 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 spectrum. 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 T0 
of the triplet pair to less populated ones can only reduce the population of the former, 
and thus would give the negative sign of the narrow resonance line. That would be 
possible only in the case of free S-T0 mixing in the absence of an exchange interaction in 
the pair. Thus, the electron back transfer can not be the main channel connecting 
magnetic resonance transitions with PL.  

 
Fig. 24: Scheme of the processes showing themselves in the ODMR. kd is a rate constant 

of inter-chain CT exciton formation from intra-chain singlet excitons; k-d is an 
electron back transfer rate constant, leading to singlet excited state; krad and knr 
are rate constants for radiative and nonradiative transitions; k1 and k3 are electron 
back transfer rate constants leading to the ground state; kis is an intersystem 
crossing rate constant; HFI means a hyperfine interaction; kT is a rate constant of 
the triplet monomolecular decay. Resonant transitions in triplet CT excitons are 
shown by arrows mw. 

 
A great help in understanding of the mechanism comes from the observation that 

the absolute magnitude of the narrow line in ODMR spectrum, DIpl, changes 
superlinearly with the intensity of the exciting light, and that there are triplet exciton 
spectra at g=2 and DmS=±233,34. Moreover, the spectral dependence of the DmS=±2 
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ODMR signal follows the PL spectrum, as it is displayed in Figure 23. This permits us to 
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 centres50.) 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 
transitions in T-T pairs. Such transitions are known to increase the rate of annihilation of 
triplets with formation of more singlet products, as was first discovered in RYDMR 
experiments in molecular crystals27. The scheme of the processes which can explain the 
results obtained is shown in Figure 24. The formation of triplet intrachain excitons in 
PPV was observed before in experiments via photoinduced absorption51, ODMR28-30,33, 
and absorption detected ESR31. The excitons were assumed 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 approves that T-T annihilation is the main bridge connecting CT pairs and 
fluorescing excitons, then the origin of the dependence of the magnitude of the resonant 
signal on the intensity of the exciting light (Figure 14) becomes clear.  
 

Let p3 be the recombination rate of triplet polaron pairs. Then steady-state 
density of triplet intrachain excitons nT  can be calculated from the equation:  
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where g is T-T annihilation rate constant, and kT is the rate constant for monomolecular 
decay of triplet excitons; triplet polaron pair recombination rate p3=Gf T , here G is the 
rate of primary excitation generation, and f T is the quantum yield of triplet intra-chain 
excitons in the recombination processes. Delayed PL intensity per unit volume is: 
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where f pl is a quantum yield of the PL. 
 

Magnetic resonant transitions cause changes  Dp3 << p3 of the recombination rate 
of polaron pairs. Corresponding changes (DIpl)nar of the luminescence intensity at the 
narrow signal resonance at g=2.0 may be calculated by differentiating Eq.(10) by p3: 
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Here Pµw is the microwave power in the cavity; PµwGµ Dp3 , where G is the 

exciting light absorption rate that is proportional to the light intensity and to the PL 

intensity; x
k

p
T

= +1 4 2 3

g
; a coefficient A depends on the rate constants governing 

generation and recombination of polaron pairs. Using definitions shown in Figure 24 one 
can obtain  
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Corresponding formulas for the magnitudes of the triplet powder signal at g=2.0 

and the signal at the half field (DmS=±2 ) can be obtained by differentiating Eq.(10) by g: 
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Eqs. (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 
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A comparison of calculated and experimental dependencies of the relative 

magnitudes of the narrow signal at g=2.0 and the triplet signal DmS=±2 on the intensity 
of the exciting light is shown in Figure 14. Experimental points were fitted by Eqs.(11) 
and (13), respectively. Fitting parameter was B=4g/kT

2· f T · G0 (here f T is the 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 excitation intensity, for the narrow 
signal at g= 2 and for DmS=±2 signal, are different. To check this difference a critical test 
of our model was done by measuring the magnitudes of the narrow and DmS=±2 signals 
in the same magnetic field sweep at different exciting light intensities. 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 values 
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obtained from Figure 14. The value of the parameter B can be used for estimation of the 
product g· f T . 
 

The rate constant of monomolecular decay of triplet excitons was measured in 
the present work (see below) as kT= 2.2´ 102s-1. The quantum yield of polaron pairs in 
PPV was estimated in transient absorption measurements23 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 equal to f T = 0.1 (within an order of magnitude), 
and then one may obtain a rough estimation of the value of the annihilation rate constant: 
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It corresponds to the diffusion coefficient D of triplet excitons, estimated from 

the next formula 
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The size of the exciton was chosen arbitrarily as R=10-7 cm. Exciton hopping frequency 
n may be estimated as 
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All the estimations made, though being within an order of magnitude accuracy, 
show that triplet intra-chain excitons are rather immovable species, their li fetime 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 transitions in polaron pairs should be discussed in more details. To be effective 
the transitions should occur in triplet polaron pairs dynamically polarised in the process 
of their formation. It is known from experiments performed at room temperature20 that 
triplet polaron pairs become polarised as a result of mixing of S and T0 states of the pair 
induced by the hyperfine interaction. It, however, remains unclear whether this 
polarisation mechanism also works in the pairs formed at 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 singlet intra-chain 
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exciton, S-T0 mixing would again cause the spin polarisation in pairs and resonant 
transitions would result in enhancement of the rate of triplet polaron pair recombination. 
The resonance transitions permit for triplet polaron pairs to recombine via empty 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 at low temperature because of 
strong exchange interaction gap between S and T0 sublevels then the recombination rate 
of triplet polaron pairs remains unaffected by microwave induced resonant transitions. 
But the density of triplet excitons will be modulated effectively due to resonant 
transitions between different sublevels of triplet polaron pairs which recombine into 
corresponding sublevels of triplet excitons having different monomolecular decay rates. 
Sublevels T+1 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 electron in polaron pairs at all excitation intensities used34, 
i.e. from 1022 to 1024cm-3s-1, and temperatures from 1.6 to 120K. It prevailed also at 
room temperature at highest intensity of the exciting light. That is why we may conclude 
that the rate constant k-d is very small at the temperatures available. However, the effect 
of the static magnetic field on the PL in PPV at temperatures higher than 150K and 
intensities of the light below than 1020quantum/cm3s was interpreted52 as being 
completely due to the electron back transfer into singlet polaron pairs and not via T-T 
annihilation channel. 
 
4.3.4  Dependence of the Magnitude of the Resonant Signals on the Frequency of 

Microwave Power Modulation 
At this point we accept 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 give information about lifetime of triplet 
excitons as most long living species among intermediate excited states. The simplest case 
is modulation of triplet exciton formation rate p3, which shows itself in the appearance of 
the narrow resonant signal at g=2.0. Modulated density of triplet exciton is described by 
the next equation: 
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The solution is well known at low density of excitons: an amplitude of the 

modulated part of triplet exciton density varies with an increase of the frequency w in 
accordance with Eqs.(5) and (6). (We measure not the triplet exciton density, but the 
delayed PL which is proportional to (nT)2. It means that the lifetime of delayed PL is one 
half of that of triplet excitons.) 
 

The triplet powder signal at g=2.0 and the signal 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 g instead of the parameter p3 for triplet signals. 
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Figure 17 shows that the processes really involve an inertial part which may be assumed 
to be triplet excitons with the measured lifetime distributed around the value of t T 
=1.25ms (Figure 17, open circles). This value is typical for triplet excitons in PPV 
samples, measured by photo-induced triplet-triplet absorption51. The value obtained is 
shorter than the reciprocal monomolecular decay rate constant 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 
gives the relation between them: 
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The factor of 2 mentioned above is taken into account here. B is the parameter 

determined from the dependence of the intensity of narrow signal on the exciting light 
intensity, G/G0 is the rate of excitation measured in relative units used in Figure 14 and 
Figure 15: B=0.9, G/G0=6, (1/tT)exp=8´ 102s-1. The using of the correction gives the next 
value for monomolecular decay rate constant: kT=2.2´ 102s-1. 
 

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 g rather 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 case for the model describing the 
emission as originated directly from the recombination of polarons28-30,32. 
 
4.3.5  On the Polarisation of Triplet Excitons 

Triplet intrachain excitons which show themselves as a broad powder signal 
around g=2 (see Figure 13) seem to have nonequal steady state population of magnetic 
sublevels. It follows from a nonsymmetrical shape of the signal in respect to the central 
line at B0=320mT, the right part of the signal is less intensive than the left one. It may be 
a consequence of higher population of T+1 sublevel of triplet excitons than that of T0 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 signal (DmS=±2) are shown in 
Figure 25. Energy sublevels shown are populated at coll isions of triplet excitons. Singlet 
excitons can be formed from states of the pair corresponding to sublevels |+-ñ and |00ñ 
that are mixtures of quintuplet and singlet states of the two-triplet pair. Shown in 
Figure 25 are resonant transitions which increase the population of singlet-containing 
levels. It is worth noting that different population of T+1 and T-1 sublevels is necessary 
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for making transitions DmS=±2 effective in an enhancement of the luminescence 
intensity. These transitions cause a change in the population of the sublevel  |+-ñ of the 
two-triplet pair, leading to an increase of the yield of excited singlet excitons formed at 
the collision 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 show resonant transitions changing the population of singlet-containing 
central sublevels. Bold arrows correspond to more probable transitions. 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 clear at the moment. 

Three possible reasons may be considered: (i) nonequal rates of population in the polaron 
recombination process, (ii) different monomolecular decay rates for different magnetic 
sublevels, the lowest one being for mS=+1 sublevel, and (iii) dynamic polarisation in  T-T 
- annihilation process. The second 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 all 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 decrease of rate 
constants k1 and k3, 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 photoconductivity19,20,52 has to be made. 
The authors19,52 observed an increase of the PL in d.c.- magnetic field. At higher 
temperatures polaron pairs are not confined in their lowest possible energy state and free 
spin evolution of the polaron pairs becomes possible. The experiments19,52 were 
performed at much lower excitation intensities than in our experiments. This means that 
in the absence of triplet-triplet annihilation, the only connection of polaron pair states 
with singlet excitons will be a back transfer of an electron into the singlet pair state. It is 
thermally activated process for lowest CT pairs, but it may be assumed to be fast enough 
for higher lying CT states, populated at higher temperatures. Hence, one can expect a 
negative ODMR signal at room temperature and at low excitation intensities. This was 
not observed in experiment because of the sensitivity reason, as we believe. 
 
4.4  The Influence of the Thermal Conversion of the Prepolymer on 

Recombination Processes 
As it was mention already, the PL quantum efficiency of the emitting material is 

one of the major factors which determine the quantum efficiency of EL. Since the PPV is 
prepared via the precursor route35, the conditions of the elimination of the 
tetrahydrothiophene prepolymer to the conjugated polymer PPV may influence the 
quantum efficiency of the PL. By optimising the conversion conditions Herold et al53. 
have achieved fully converted and "defect free" PPV at 160°C. Moreover, they showed 
that for the preparation of LED's from PPV a conversion temperature of 130°C is 
sufficient, which made the preparation of the polymer on the flexible substrate possible.  
 

In our studies45 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 conversion temperature increases, the 
spectrum clearly shifts to lower energies (bathochromic shift). This is an indication of the 
increase of the conjugation length54. 
 

We found a strong variation of the relative changes 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 10-4 to 10-3. (Neither the 
duration of the conversion, nor the atmosphere conditions, at which the thermal 
conversion was carried out, have influenced the ODMR signals.) All ODMR signals 
reach their maxima in the conversion temperature range between 150 and 160°C. Note, 
this temperature range is established to be the best suited for the elimination of the PPV 
for electroluminescent devices, too. Above 180°C ODMR amplitudes strongly decrease. 
This may be due to the formation of the crystall ine 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 glass substrate and ITO. The integrated PL 
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intensity from the PPV converted on ITO, however, was found to be lower by a factor of 
two as compared to pristine PPV on glass53. 
 

As it is displayed in the Figure 16, there is a shift of the spectral dependence of 
the ODMR signal relative to the PL spectrum. This shift varies with the prepolymer 
conversion temperature (see Figure 20) too. We speculate that again it is the built-up of 
the conjugation 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 conversion temperatures the distributions of the conjugated 
sequences may become homogeneous, making the energy relaxation less effective. 
 

It is not clear at the moment why the elimination temperature influences the PL 
and the relative changes of PL in ESR so strong. As we know already, ESR signals 
detected via PL intensity are due to the triplet-triplet annihilations process. Beljonne et 
al. have calculated the evolution of the singlet-singlet (S0-S1) and singlet-triplet (S0-T1) 
energies with chain length55. They found that the S0-T1 energy difference decreases 
slowly with size of the molecule from two to five phenyl rings than that of S0-S1. This 
indicates localised character of the lowest triplet exciton T1, and is also 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. 
 

4.5  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 models28-30 concern the following main points. 
 

The origin of the narrow signal at g=2.0. It was assumed as being due to resonant 
transitions in polarons taking part "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. If geminate pairs are considered28-30, i.e. mS=0 
sublevel is more populated because of the singlet precursor, then resonant transitions will 
produce a decrease of the singlet exciton production. The experiment shows however an 
increase of the PL intensity. The authors28-30 assume free polarons are produced by 
photoexcitation at any temperatures, their spins being noncorrelated and in thermal 
equilibrium. If so, the microwave induced resonance transitions would actually tend to 
reduce the polarisation, thus increasing the recombination rate into a singlet channel and 
decreasing it into the triplet one. The model does not take into account  
(i) a big relative magnitude of the narrow signal. This requires a dynamic, non-

equilibrium, polarisation of the polaron spin states, which follows from the relation 
between rates k1 and k3 (see Figure 24): k3>k1

19,20; and  
(ii)a delayed nature of the narrow signal showing that the long living states are involved.  
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The source of triplet excitons was assumed in28-31,33,51 to be an intersystem 

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

5.  CONCLUSION 
Films 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 electrically detected ESR.  
 

The photoinduced short circuit current ISC was found to be dependent on the 
carriers spin polarisation in the space charge region of the Al/Polymer/ITO photodiode. 
A large decrease in ISC of up to ten percent was observed in the temperature range 
between 1.5K and 293K, when ESR conditions were fulfil led. The effect 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 total 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 signal shows a strong dependence on the applied voltage, the 
behaviour of which is similar to a diode current-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 ISC is discussed in terms of the recombination of non-
thermalized, 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 effect 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 are situated below 
the level of singlet intra-chain exciton. Therefore, no electron back transfer producing 
excited intra-chain singlet state was observed. The results imply that the singlet exciton 
has a binding energy which is less than kBT 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 show 
themselves as a narrow resonant signal at g=2. The resonant transitions 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 found to be influenced by resonant transitions in triplet exciton 
pairs as well. Lifetime and monomolecular decay rate constant of triplet intra-chain 
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excitons were measured by the modulation frequency dependence. Results show that 
energy level of the lowest polaron pair state can act as a sink of the excitation energy 
influencing the quantum yields of the PL, EL and photoconductivity. One can assume the 
same polaron pairs can be formed by the recombination of injected charge carriers. 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 conventional 
methods of magnetic resonance detection, at device operation conditions. 
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