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Field-induced dissociation of electron-hole pairs in organic light emitting diodes monitored directly
from bias-dependent magnetic resonance techniques
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The conversion processes of electron-hole (e-h) pairs into carriers and excitons in organic light emitting
diodes (OLEDs) have been explored by simultaneous photoluminescence- and photocurrent-detected magnetic
resonance (PLDMR and PCDMR) techniques as a function of bias. Both PLDMR and PCDMR signals are
shown to disappear or extremely reduce with increasing the field strength, whereas photoluminescence intensity
is unchanged and photocurrent rather increases. This is clear evidence that e-h pairs are dissociated by the field.
A simple model for pair dissociation is proposed and explains the field dependence of PLDMR intensity.

DOI: 10.1103/PhysRevMaterials.1.022601

Highly efficient organic light emitting diodes (OLEDs)
have recently been developed by exploiting thermal transfer
processes from triplet excitons (TEs) to singlet excitons (SEs)
[1,2]. Such exploitation of correlated electronic states with
different spin multiplicity is a recent challenging topic and
understanding physics of the conversion process between the
different spin-multiplicity states is currently required. The ex-
citons initially generate as electron-hole (e-h) pairs and the e-h
pairs play significant roles in OLED operation as intermediate
states between carriers and excitons. Importantly, the pairs are
responsible for prominent magnetic field effects (MFEs) of
OLEDs such as magnetoresistance and magnetoelectrolumi-
nescence [3—11] and have recently been exploited as quantum
sources because they may form entangled quantum states
between the spin sublevels of singlet and triplet e-h pairs (SPs
and TPs) [12-15]. Despite the significant contributions to such
diverse fields, behaviors of e-h pairs under electric field has not
been well explored in considering the mechanisms of OLED
operation and MFE. The insufficient exploration corresponds
to implicitly assuming the e-h pairs to generate simply in
proportion to the carrier or exciton density and neglecting
bias-dependent changes in conversion processes of e-h pairs
into carriers and excitons. The reason for the insufficient
exploration is precisely because methods of monitoring the
e-h pair conversion in operating devices are unestablished.

For probing the e-h pairs, conventional electron spin
resonance (ESR) techniques measuring microwave absorption
would be inapplicable because coexistent stronger signals
from carriers and defects typically overwhelm signals from
e-h pairs. We thus here focus on pair-sensitive changes in
equilibrium balance between SP and TP induced by the ESR
transition. It can be monitored via slight changes of emission
intensity and/or current [12,16]. However, interpretations of
such ESR-induced signals have been controversial [16,17] and
simple use of the techniques cannot offer convincing data as the
pair-related phenomena. Effective ESR methods for probing
behaviors of pairs thus need to be developed.

In this Rapid Communication, the conversion processes of
e-h pairs into carriers and excitons in OLEDs are addressed
by current- and emission-detection techniques of ESR. The
conversion process would depend largely on the electric-field
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strength, and hence the measurements were made as a function
of bias. Under OLED operating conditions, however, the effect
of bias on the e-h pairs is almost dominated by a bias-dependent
pair generation process, making it difficult to monitor field-
dependent behaviors of pairs. We thus designed the ESR
experiments combined with photoexcitation: photolumines-
cence (PL) -detected and photocurrent (PC) -detected magnetic
resonance (PLDMR and PCDMR, respectively), under a bias
region of negligible carrier injection from electrodes for
polymer OLEDs. The PLDMR and PCDMR experiments
performed simultaneously indeed enable observation of field-
dependent conversion processes of e-h pairs: recombination
and dissociation into excitons and carriers, respectively. The
e-h pairs are found to disappear under internal field above
0.5 MV/cm. Such field effects on e-h pairs would influence
the MFE and operation mechanisms of OLEDs. We propose
bias-dependent magnetic resonance techniques as monitoring
tools effective for the e-h pairs under electric field.

Two types of poly(-para-phenylene vinylene) (PPV) deriva-
tives were used for the active polymer layer of diodes:
poly[2-methoxy-5-(2'-ethylhexyloxy)-para-phenylene viny-
lene] (MEH-PPV) and super yellow (SY) PPV purchased
from Aldrich and Merck, respectively. The polymer layer
was fabricated by spin casting the chlorobenzene solution
(5 mg/ml) on the molybdenum trioxide layer (20 nm) vacuum
deposited on the indium-tin-oxide (ITO) coated glass substrate
(anode). A polyethyleneimine (PEI) layer was spin casted on
the PPV layer from the ethanol solution (80 ng/ml) and an
Al layer was finally vacuum deposited for the cathode. The
total thickness of the PPV layer including the PEI layer was
about 50 nm for MEH-PPV and 100 nm for SY-PPV. Both
diodes exhibited clear electroluminescence under forward
bias over around 4 V. A continuous-wave diode laser at
473 nm (640mW /cm?) was used for photoexcitation. PL
intensity and PC were measured using lock-in techniques
synchronized with the laser output chopped at 700 Hz.
PLDMR and PCDMR measurements were performed by
recording lock-in signals of the PL and PC signals under
continuous photoexcitation synchronized with the microwave
modulation (70 mW, 1000 Hz). The ESR response from dark
current and the off-resonance signal induced by the microwave
modulation were negligibly small or eliminated. All measure-
ments were performed at room temperature under nitrogen
gas flow.

©2017 American Physical Society
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FIG. 1. (a) Spectra of PLDMR and PCDMR for SY-PPV OLED
measured simultaneously at zero-bias voltage. The inset shows
current-voltage characteristics of the OLED. (b) Equilibrium relation
expected among carriers, electron-hole pairs, and excitons. The ESR
transition is expected to occur at the sublevels of triplet pairs, causing
equilibrium shifts between singlet and triplet pairs.

Figure 1(a) shows the PLDMR and PCDMR spectra of the
SY-PPV diode (SY diode) measured simultaneously at zero-
bias voltage. The spectra of PLDMR and PCDMR resemble
each other and have a half-width of about 6.9 G. This spectral
resemblance was also observed in the MEH-PPV OLED
(MEH-LED) (Supplemental Material [18]) and particularly
invariably identified from different batch diodes even when
the magnitude of half-width was different. Thus, spin species
responsible for PLDMR and PCDMR signals are common to
each diode. In addition, the PCDMR spectra of the two diodes
could be fitted by the sum of two Gaussian curves [18]. The
two components are explainable as resulting from electrons
and holes of e-h pairs [19]. These signals are thus suggested
to result from the spin transition at e-h pairs.

The mechanism of PLDMR and PCDMR signals in
polymer diodes has been discussed in several references
[16,17,20,21]. Shinar and co-workers regarded spin-dependent
reactions between TEs and polarons as relevant to the PLDMR
mechanism [17,22]. However, the intersystem crossing from
SE to TE in MEH-PPV was predicted to be inefficient [23,24].
The photogeneration efficiency of TE should thus be low in the
MEH diode, suggesting minor contributions of TE to PLDMR
signals. Therefore, considering the observed resemblance in
PLDMR and PCDMR spectra common to the two diodes,
we regard spin-dependent reactions (SDRs) at e-h pairs as
responsible for PLDMR and PCDMR signals in both SY and
MEH- diodes.

In the model of SDRs [12,16], an equilibrium relation
shown in Fig. 1(b) is assumed among free polaron carriers,
e-h pairs, and excitons. The free carriers are here provided
directly from phototransition without dissociation of excitons.
Such direct photocarrier generation is justified by the presence
of photocurrent in the short circuit condition, which was
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indeed identified from the present diodes. For this system,
the steady-state PL intensity Ipp, proportional to the density
of SE (ngg), is calculated as follows from the solution of rate
equation:

Iy. o nsg = (Gg + kspensp)tpL ~ GgTpL, (D

where Gg is the generation density of SE by photoexcitation
including the photoexcitation intensity, kspg the transition rate
of SP to SE, ngp the density of SP, and 7py, the PL lifetime. For
this equilibrium balance, the ESR transition occurring at the
spin sublevels of TP modulates ngp, resulting in generation of
PLDMR signals according to the next relation

IpLpmr ¢ Agsr(nse) = Agsr(kspenspTpL)
= kspeTpL Agsr(7sp), (2)

where Agsr indicates a variation of each term at the ESR
transition. We observed positive PLDMR signals from both
diodes, indicating equilibrium shifts occurring from TP to
SP by the ESR transition [Agsr(nsp) > 0]. SPs and TPs are
expected to dissociate into free carriers with the dissociation
rates dsp and dp, respectively. A slight difference between dgp
and dyp can result in changing a current density J (=en uF)
when the equilibrium from TP to SP shifts by the ESR
transition. The PCDMR intensity is then given as follows:

Ircovr = Agsr(J) = e F Agsr(ne), 3)

where n. is the carrier density, u the carrier mobility, and
F the strength of internal electric field. We expect this
PCDMR mechanism to be dominant in the present diodes.
Positive PCDMR signals were observed, suggesting a relation
dsp > drp, according to the increased ngp identified from the
PLDMR results.

In the equilibrium relation in Fig. 1(b), the dissociation rates
into carriers and transition rates of the e-h pairs into excitons
can vary depending on external voltages. The current-voltage
characteristics of the SY diode in the inset of Fig. 1(a) show
carrier injection from the electrodes to be negligible below
2.5 V in the dark condition. e-h pairs are thus supplied
only from photoexcitation and we expect the density of
photogenerated pairs to be nearly bias independent. Hence,
research of bias-dependent dissociation of the e-h pairs is
possible under bias below 2.5 V.

Figures 2(a) and 2(b) show the voltage dependences of
PLDMR and PCDMR signals in the SY diode, respectively,
measured from —3V to 3 V at the resonant peak (3345
G). The PLDMR intensity has a maximum around 2.2 V
and is rapidly reduced by decreasing the bias and finally
disappears around —1V, whereas the PL intensity shown
in the inset varies only slightly. Similarly to this trend, the
PLDMR signals of the MEH diode shown in Fig. 2(c) exhibit
a clear maximum peak around 2.2 V and disappeared around
—2V. The maximum voltage is close to the rise point of
dark current and corresponds to the built-in voltage W of
the diodes where F is nulled (Supplemental Material [18]).
Moreover, the voltage is close to the zero point of PC shown
in the inset of Fig. 2(b), although the zero point could deviate
slightly from an exact zero PC point due to space charge effects
from carriers. These features demonstrate PLDMR signals to
be extremely F dependent. The PCDMR signals of SY-PPV
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FIG. 2. Bias dependence of the PLDMR (a) and PCDMR (b) intensities measured simultaneously for the SY-PPV diode. The inset shows
bias dependence of PL intensity (a) and photocurrent (b) measured simultaneously for the same diode. (c) and (d) show the results of the same

experiments for the MEH-PPV diode as that in (a) and (b), respectively.

have a quadrature lock-in component with different current
characteristics from the in-phase component and the main
PCDMR signals are given by the in-phase component. Similar
two-phase characteristics are also found from the PC result
shown in the inset. Importantly, the main PCDMR signals are
weakly reduced by decreasing the voltage from 1 V, whereas
the PC magnitude increases in the same voltage range. Similar
but clearer trends are identified from the MEH- diode shown
in Fig. 2(d). The reduction or disappearance observed both
in the PLDMR and PCDMR signals indicates that e-h pairs
transferring into carriers and excitons are absent in the diodes
under a strong electric-field magnitude. These observations
are evidence of field-induced dissociation occurring in the e-h
pairs.

Features of the field-induced dissociation of e-h pairs
observed in PLDMR and PCDMR signals are here discussed.
According to Eq. (2), the field dependence of PLDMR signals
is determined by the following factors:

IpLpmr(F) o< tpLkspe(F) Agsr[nsp(F)], 4)

where a change of 7p;, at the ESR transition is neglected.
The two factors, kspg and Agsg(nsp), might change depending
on F. The field dependence of PCDMR signals can also be
considered from Eq. (3). However, itincludes i and F, and the
field dependence of u is unclear. For eliminating contributions
from the two field-dependent factors, Agsg(J) divided by J is
considered as follows:

Agsr(J)/J = Agsr(ne)/ne. )

n. and Aggsr(n.) are here obtained by
(6a)
(6b)

ne = (G¢ + dspnsp + drpntp)te ~ G T,
Agsr(n.) = {dsp Agsr(nsp) + drp Agsr(nTp)} Tes

where G, is the generation density of photocarriers and t,
the carrier lifetime. Here the following relation holds between

Agsr(nsp) and Agsg(ntp) [18]:
(dsp + kspe)Agsr(nsp) + (drp + ktpe) Agsr(n1p) = 0. (7)

Considering these relations, we obtain the field dependence
of the normalized PCDMR intensity as follows:

Aesrl/(F)]
J(F)
dsp(F)ktpp(F) — dp(F)kspe(F)
Goldr(P) k(b)) kel ®)

Both the field dependence of the PLDMR intensity and the
normalized PCDMR intensity calculated in Egs. (4) and (8)
include the factor Agsr[nsp(F)]. Agsr[nsp(F)] is expected
to be proportional to the total pair density ngp(F) + ntp(F).
Hence both of the intensities reduce when the pairs are field
dissociated. Figures 3(a) and 3(b) display the field dependence
of the PLDMR intensity and the normalized PCDMR intensity
calculated for the SY diode and MEH diode considering each
film thickness. In both diodes, the PLDMR and PCDMR
results exhibit similar field-dependent curves, suggesting that
the term of Aggg[nsp(F)] dominates both results and that they
are determined by the field-dependent dissociation of e-h pairs.

Field-dependent dissociation of charge pairs has often been
analyzed by the Onsager-Braun model [25,26]. The model was
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FIG. 3. (a) Field dependence of PLDMR signals in SY-PPV and
MEH-PPV diodes. Dotted lines indicate the results of fit calculated
using Eq. (11). (b) Field dependence of the normalized PCDMR
signals in SY-PPV and MEH-PPV diodes. (c) Three examples
of orientation of the pair dipole vector r against the external
field F. (d) Schematic of the model used for analyzing the field-
induced dissociation of electron-hole pairs. The activation energy for
dissociation AE, is reduced by increasing electric field. Ey is the
Coulomb binding energies between electrons and holes and r, the
electron-hole distance of e-h pairs under zero external field.

first built for charge pairs in solvent [25], and shown to explain
field-dependent dissociation of charge-transfer pairs photo-
generated in organic crystals [27]. It could thus be applicable
to e-h pairs in this system. However, the Onsager-Braun model
assumes free diffusion of charge pairs in quasicontinuum as
in solvent, but such free diffusions could be unsuitable for e-h
pairs dispersed in the amorphous polymer film. Alternatively,
a model treating local field-induced transfer processes of
electrons as in Poole-Frenkel type [28] could be better for such
non-free electron transfers expected in the e-h pairs. We thus
hereafter attempt to explain the bias-dependent ESR signals
using a modified Poole-Frenkel model.

PHYSICAL REVIEW MATERIALS 1, 022601(R) (2017)

We first consider the effect of the direction of the dipole
vector of the e-h pair against the external field as illustrated
in Fig. 3(c). When the vector and field are antiparallel to
each other, the field promotes pair dissociation and surviving
pairs contribute to PLDMR or PCDMR signals. In the case of
parallel configuration, the field may assist recombination of
pairs, leading to emission. Indeed, the presence of field-assist
recombination was recently proposed for the electrolumi-
nescence (EL) process of OLEDs [24,29]. We thus regard
the parallel configuration as being assisted by the field. The
influence of the field perpendicular to the dipole vector should
be carefully treated. In the case of classical dipoles, they
rotate for a perpendicular field while keeping the electron-hole
distance. However, such a rotation is unlikely to occur in
e-h pairs because the rotation needs continuous transfer of
electrons and holes inside the diode. Instead, the perpendicular
field would induce the transfer of holes and/or electrons in pairs
into adjacent chains along the field direction, resulting in pair
dissociation. Actually, the observations of PLDMR signals
disappearing completely by increasing external fields are the
evidence that the perpendicular components of pairs are also
field dissociated without surviving under the field.

From these considerations, the field-induced pair reduction
is expected to occur at all directions. The pair reduction
would also depend on many elements such as the electron-hole
distance, the twist angle of polymer chains where holes and
electrons reside, and their morphological distribution. Consid-
ering all these elements is virtually impossible experimentally
and theoretically. We thus treat a simple model where the
field-induced dissociation and recombination are assumed to
occur isotropically with the same field dependence both in SPs
and in TPs. We also neglect distributions of the electron-hole
distance for simplicity.

We here regard the pair dissociation and recombination
as starting with transfers of holes into adjacent chains under
the influences of external-field and Coulomb potential by
electrons. Under this condition, the activation energy of the
transfer is reduced with increasing external fields [Fig. 3(d)]
(Supplemental Material [18]). The probability of pair dissoci-
ation and recombination ¢(F) is then obtained as follows:

o = e =70
_ {—/32/(4ero)+ﬁv|F|—erolFl}
= exp .
kgT

where AE,(F) is the field-dependent activation energy,
B = (6‘3/]'[880)1/2, kg is the Boltzmann constant, T is the
temperature, and ry is the electron-hole distance of e-h pairs
under zero external field. ¢(F) enhances the dissociation and
recombination rates and we assume the following relation for,
e.g., dsp:

dsp = dspo{¢(F) + ¢o}, (10)
where dsp o is the proportionality factor. Also ¢y is the zero-
field factor and was employed to represent the contribution of
dissociation or recombination at zero field. By this treatment,
the probability of dissociation or recombination at F is given

by {¢(F) + ¢o}/(1 + o).
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From the above treatments, we attempt to fit the field de-
pendence of PLDMR signals for the SY-LED and MEH-LED
shown in Figs. 3(a) and 3(b). In reality, under the assumption
of isotropic field-induced dissociation and recombination,
IpLpMr (F) in Eq. (4) is obtained by [18]

Ieromr (F) o< {¢(F) + ¢o) " an

Using this relation, the PLDMR results were fitted with
Wi (=2.2V) with ¢ = 3.5. For the same parameter of ¢y =
0.09, ry was determined as being 2.3 and 1.8 nm for the SY-
LED and MEH-LED, respectively. The Coulomb binding ener-
gies between electrons and holes of e-h pairs, £y = /32 /(4ery),
are then calculated to be 0.18 and 0.23 eV, respectively. These
values were obtained by neglecting distribution of r, although
consideration of the distribution would influence the deter-
mined ro values [27,30]. Nevertheless, the r( values are close
to the average e-h distance of poly(styrene-sulfonate)-doped
poly(3,4-ethylenedioxythiophene) (PEDOT:PSS), 2.1 nm, es-
timated by analyzing Rabi oscillations of electrical ESR
signals from pulsed microwave irradiation [15]. In addition,
the interlamellar distance of poly(3-alkylthiophenes) was
previously shown to depend on the length of alkyl side chain
[31]. The obtained ry values (1.8 and 2.3 nm) are close to
the interlamellar distance for the cases of C¢H;3 (1.64 nm),
CgH;7 (2.01 nm), and CoH,; (2.39 nm) side chains [31]. We
thus predict that the differences in the bulkiness and length of
side chains could determine the difference in the e-h distance
between the SY diode and the MEH diode.

The relative comparison of e-h pair distance (the pair-
binding energy) between the two diodes was made by assuming
that spatial pair distributions inside the diode are similar. Such
comparison should also be possible between the e-h pair and
SE for each diode because their distribution in diodes would be
similar. The field-induced dissociation of SE can be monitored
from bias-dependent reductions in PL intensity [32-36]. Weak
PL reductions were actually observed below —6 V as shown
in Fig. S6 [18]. The much higher bias magnitude for SE
dissociation than that for the e-h pair is well consistent with
the exciton binding energy (0.4—-0.6 eV) estimated previously
for conjugated polymers [33,36], suggesting relevance of the
estimated binding energy of e-h pairs.

These consequences confirm that bias-dependent PLDMR
and PCDMR measurements are effective for exploring the
stability of e-h pairs and their physical properties under
electric field. Such properties of e-h pairs have been studied
from a bias-dependent change in a photocurrent induced by
pair dissociation [27]. However, the pair properties were
derived from carriers via current but not directly obtained
from pairs. The magnetic resonance techniques have definite
advantages for studies of pair properties because they are
directly obtained from spin transitions of the pairs. Moreover,
the magnetic resonance experiments can be performed simul-
taneously from optical and electrical detection techniques,

PHYSICAL REVIEW MATERIALS 1, 022601(R) (2017)
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FIG. 4. Schematics of equilibrium shifts occurring among car-
riers, electron-hole pairs, and excitons under the field strength
<0.5MV/cm (a) and >0.5MV/cm (b). In the case of (b), the
electron-hole pairs are virtually absent.

enabling research of e-h pairs both via excitons as well as
carriers. In the Onsager-Braun model, the recombination rate
of charge pairs into excitons is usually assumed to be field
independent [26,30]. However, the recent reports suggesting
field-dependent recombination processes of pairs in the EL
process of OLEDs [24,29] indicate the necessity of studying
field-dependent properties of e-h pairs from both carrier and
exciton sides. The magnetic resonance techniques are currently
the only techniques enabling the research.

Finally, the effect of electric field on e-h pairs is summarized
in Fig. 4. Under a weak field, e-h pairs are created only from
free carriers because excitons are not field dissociated, and
e-h pairs can then dissociate or recombine depending on the
field strength. Under a strong field typically over 0.5 MV /cm,
e-h pairs are unlikely to exist and direct conversions probably
occur between free carriers and excitons. In this field range,
MEFE:s responsible for the pairs could be reduced. However, we
note that, although the present research was made for the bias
region where charge injection from electrodes is negligible,
injected carriers may screen electric fields inside diodes under
large forward biases [37,38]. Therefore behaviors of e-h pairs
under the forward bias region should be carefully examined
and research for the bias region is currently underway.

In summary, the PLDMR and PCDMR signals of OLEDs
were shown to extremely reduce with increasing the internal
field, and the reduction was found to result from the dissoci-
ation of e-h pairs. The field dependence of the PLDMR and
PCDMR signals was shown to differ between the SY diode
and the MEH diode, being attributed to the difference of the
electron-hole distance. These magnetic resonance techniques
are effective to monitor field dissociation of e-h pairs and can
be employed to consider the MFE and operation mechanism
of OLEDs.

This work was supported in part by a Grant-in-Aid (Grant
No. 25288117) from the Japanese Ministry of Education,
Culture, Sports, Science, and Technology.
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