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Displacement current induced by spin resonance in air-treated conjugated polymer diodes
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We demonstrate that air-treated conjugated polymer diodes under photoexcitation give rise to a transient
current exceeding a steady-state photocurrent by electron-spin resonance (ESR). The current induced by ESR
is shown to exhibit a spiked time response for modulation of the resonance condition. The nature of the spike
current is demonstrated to be a displacement current, which suggests that the spin transitions can change the film
permittivity. This system has applications as devices enabling direct control of diode current by spin manipulation.
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I. INTRODUCTION

Attempts to develop electronic devices that make use of
the electron spin, referred to as spintronics, have given rise to
a new, rapidly evolving field of science and technology. The
central concept in spintronics is to utilize the interplay between
the properties of electron spins and carriers (or current), which
has led to the creation of several spin-based electronics.'~
Such spin-based electronics have been developed primarily
by utilizing magnetoresistance effects that indirectly convert a
change in spin states into electronic signals via a magnetic
field. In order to enhance the functionality of spintronics,
techniques to more directly associate spin manipulation with
electronics are required.

An electrically detected magnetic resonance (EDMR)
technique has been developed to examine the spin proper-
ties of semiconductors ranging from inorganic*® to organic
semiconductors.” The EDMR technique usually probes a
small current induced by electron-spin resonance (ESR). In
this study, we focus on the ESR-induced current because it
directly associates the state of electron spin with electric
signals and can be applied to spintronics. Such an ESR-induced
current has indeed been employed to realize spin-based
quantum devices such as spin resonance transistors,®’ a spin
memory,'? and spin-based quantum computers.''~'# In partic-
ular, a long spin coherence time in polymer semiconductors
observed via the ESR-induced current by a pulsed EDMR
technique has attracted much attention due to its potential
capability for quantum information systems.'> However, such
ESR-induced currents are usually very small and typically
much less than 1% of the steady-state current, which degrades
their functionality as a spintronic system. Therefore, a new
system of the ESR-induced current enabling much more
efficient current generation is desired.

In this article, anomalous EDMR responses of conjugated
polymer diodes are shown for poly[2-methoxy-5-(2'-ethyl-
hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) used as a pro-
totypical polymer. MEH-PPV is one of the most studied ma-
terials for EDMR responses, ranging from cw-EDMR® 1618
to pulsed-EDMR experiments.”'>!*20 We demonstrate that
air treatment of the MEH-PPV diode remarkably enhances
the EDMR response under photoexcitation. Such enhanced
EDMR response is shown to arise from a temporal ESR-
induced current occurring due to a change in the polarization
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field within the diode. This finding can be applied to develop-
ments of new devices enabling direct control of device current
by spin transitions.

II. EXPERIMENT

The MEH-PPV diodes were fabricated by spin casting
MEH-PPV dissolved in chlorobenzene onto an indium-tin-
oxide (ITO)-coated glass substrate (anode) and the subsequent
deposition of an Al electrode by vacuum evaporation (cath-
ode). We prepared two types of MEH-PPV diodes differing in
the time of air (or water) exposure. One was a diode fabricated
under conditions to minimize air and water exposure time as
best as we could by utilizing a glove box and a dehydrated
solvent, termed a pristine diode. The other was fabricated
under air exposure and a nondehydrated solvent, termed the
air-treated diode. The thickness of the polymer layer was about
100 nm and the active area of the diode was 2 mm x 3 mm.
The diodes were loaded into a 5-mm-diameter glass tube for
EDMR measurements.

The EDMR experiments were carried out under photoex-
citation with no applied bias (short circuit condition) using an
X-band ESR spectrometer by modulating a microwave power
with a PIN modulator (1 kHz). A diode-pumped solid-state
(DPSS) laser with cw 473-nm output (CNI) was used for
photoexcitation. The EDMR signals were amplified with a
current amplifier (Stanford Research Systems SR570). EDMR
spectra were measured by recording the modulation current
using a lock-in amplifier (SR830). The time response of the
EDMR signals was measured using a digital oscilloscope
for modulated resonant microwave power. The signals were
recorded through an input resistance of 1 M2, suggesting that
actual time responses can be more rapid than the observed
time responses shown in the following figures. The irradiation
of high-power microwave sometimes yielded non-negligible
background current probably due to the electric field compo-
nent of the microwave or a heating effect by the microwave.
The EDMR signals were thus obtained by subtracting the
background signals measured at an off-resonance magnetic
field. All EDMR measurements were performed at room
temperature under N, gas flow to minimize interactions with
oxygen that could affect the paramagnetic spins in the film.?!
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FIG. 1. (Color online) Electrically detected magnetic resonance
(EDMR) spectra of (a) pristine and (b) air-treated MEH-PPV diodes
measured with a lock-in technique. The intensity of the EDMR
signal (A7) is normalized against that of the steady-state photocurrent
measured simultaneously (/). The microwave power was 200 mW.
The photoexcitation intensity was 20 and 22 mW /cm? for the pristine
and air-treated diodes, respectively. The value of the steady-state
photocurrent in the pristine diode was approximately 200 nA. Results
of spectral fit using a Lorentzian line shape are also shown for EDMR
spectra of both the pristine and air-treated diodes.

III. RESULTS AND DISCUSSION

The EDMR spectrum under photoexcitation for the pristine
MEH-PPYV diode is shown in Fig. 1(a). The g value determined
from the peak position was approximately 2.003, indicating
that the origin of the signals is 7 electrons of MEH-PPV. The
intensity of the EDMR signal was normalized with respect
to the simultaneously measured steady-state photocurrent
(PC). The peak intensity of the signals is approximately
0.1%, which is almost consistent with previous reports on
the EDMR intensity of MEH-PPV diodes.!® In contrast,
following exposure to air, the EDMR signals obviously became
enhanced. Figure 1(b) shows the EDMR spectrum of the
air-treated MEH-PPV diode. The air-treated diode exhibits
a peak response as high as 80%, which is almost comparable
with its steady-state PC. This response is surprising because, to
our best knowledge, the largest EDMR response ever reported
is 10%, which was obtained from an unsubstituted PPV diode
under photoexcitation.??

Comparison of the EDMR spectrum for the pristine and
air-treated diodes indicates that the peak positions of the
spectra are close to each other. However, there exist small
differences in the spectral line shape and the linewidth between
the two spectra. It is indeed shown that the full width at half
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FIG. 2. (Color online) Photoexcitation intensity dependence of
the steady-state photocurrent (PC), the EDMR signals (A7), and
the normalized EDMR response (Al/I) for the air-treated MEH-
PPV diode. The EDMR signals were recorded at 3372 G. The lines
connecting the data points were added as visual guides.

maximum (FWHM) of the air-treated diode (7.6 G) is larger
than that of the pristine diode (6.0 G). Figures 1(a) and 1(b)
also show results of spectral fit using Lorentzian curves for the
EDMR spectra. The spectrum of the pristine diode was nearly
reproduced by a single Lorentzian curve as shown in the figure,
whereas that of the air-treated diode was well reproduced by
the sum of two Lorentzian curves with the same center field
whose FWHMs were 4.0 and 11.4 G. From this analysis, we
conclude that the spectrum of the air-treated diode consists
of the sum of a quasi-Lorentzian component responsible for
the pristine diode and additional spin components, which may
cause the broader width in the air-treated diode.

Figure 2 shows the photoexcitation intensity dependence
of the steady-state PC, the absolute EDMR intensity, and
the normalized EDMR intensity measured at the resonance
peak (3372 G) for the air-treated diode. Both of the absolute
EDMR and steady-state PC signals simply increase with
increasing photoexcitation intensity due to an increase in
the number of absorbed photons. However, the steady-state
PC is somewhat saturated above 10 mW/cmz, while the
EDMR signal continues to increase in the same region.
Related to this trend in the EDMR signal, the normalized
EDMR intensity increases almost linearly and finally attained
100% at 40 mW /cm? photoexcitation. This indicates that
strong photoexcitation is needed to obtain a large normalized
EDMR response. In addition, the behavior of saturation in
the steady-state PC indicates that mobile photocarriers are not
proportionally generated for the increase in photoexcitation.
This suggests that secondary species such as trapped carriers
or spin pairs should be generated at this photoexcitation.
Therefore, such secondary species as well as photocarriers
are considered to contribute to the enhanced EDMR signals.

The large EDMR signal comparable with the steady-state
PC suggests that the EDMR signal might be detectable as
a steady-state current without using a lock-in technique for
microwave modulation. However, no EDMR signals were
obtained when the resonant microwave was continuously
irradiated. The time response of the EDMR signals was then
examined to elucidate the origin of the large EDMR signals.
Figures 3(a) and 3(b) present the time responses of EDMR

125201-2



DISPLACEMENT CURRENT INDUCED BY SPIN ...

PHYSICAL REVIEW B 86, 125201 (2012)

(a) -578.0 F d 4
T 5785 o o st E "
§ -579.0 |- 2
5 5795 £ ,
S _— = -
2-530.0-- ---rw-w----rw- g
A~ 580.5 |= E4
®) 0 5 10 15 20 £ (ms)
4} 10 15 t (ms) 20
< L
= (e .
= OF 4F i
s | - s |
E -4 oot - - - = £ 2F :
= - N
z 8| 0
= b
M s C 5-2F
S QO
(C) 0 10 20 30 40,0 4 | opp ON ) opp [ ON
% ON ON LI L B ) LI B B LI B ) LI
orr| lorr]| | 0 510, 1S

FIG. 3. (Color online) Time response of photocurrent under resonance condition (3372 G) for the (a) pristine and (b) air-treated MEH-PPV
diodes when repeatedly switching the ESR-resonant microwave power on and off, as shown in (c). The horizontal broken lines in (a) and
(b) represent a steady-state photocurrent. The intensity of the photoexcitation (/) was 22 mW /cm?. (d) Comparison of the time trace at the
moment of the on- and off-microwave irradiation in (b). The trace of the off-irradiation was inverted and set so that its initial point was in accord
with that of the on-irradiation. (e) Time response of the peak EDMR signal for an ITO/air-treated MEH-PPV/Zeonex (200 nm)/Al device

(I, = 20 mW/cm?).

signals measured at the resonance peak (3372 G) for the
pristine and air-treated MEH-PPV diode, respectively. In these
measurements, the microwave power was repeatedly switched
on and off under the resonance condition as shown in Fig. 3(c).
Figure 3(a) demonstrates that the pristine diode exhibits a
squared time response of decreasing photocurrent for the
squared ESR modulation. In the mechanisms of EDMR that
have been proposed for MEH-PPV,'>1823 the presence of the
ESR-induced current that steadily responds to the variation
of the ESR condition was assumed. The result in Fig. 3(a) is
consistent with the mechanisms. In contrast, the time response
for the air-treated diode exhibits positive and negative spike
currents, when the microwave power is switched on and off,
respectively. Moreover, it should be mentioned that the spike
current upon ESR greatly exceeds the steady-state PC.

To our best knowledge, an EDMR time response exhibiting
a spiked current has never been reported. The EDMR phe-
nomenon observed in this study is thus regarded to be caused
by an EDMR mechanism essentially different from previous
reports. The observed spike response is typical behavior of
a displacement current (or a polarization current), which is
induced by a change in the polarization electric field within
the film and flows between two electrodes outside the film.>* If
this is the case, traces of the time response should be similar for
the on- and off-microwave irradiation. Figure 3(d) compares
the time traces at the moment of the on- and off-microwave
irradiation and indicates that the two traces are similar except
for the peak intensity, which could be due to carrier quenching
at the electrode-polymer interfaces.

Additionally, in the case of the displacement current,
current spikes should be observable even in a system con-
taining an insulating layer, because the displacement current
essentially occurs regardless of injection or emission of charge

for the film. We thus performed EDMR measurements for
an ITO/air-exposed MEH-PPV/cyclo-olefin polymer (Zeonex)
(200 nm)/Al device where the Zeonex layer is used as an
insulating layer. The insulating device yielded EDMR signals
at the same magnetic field position as the MEH-PPV diode;
the actual time response of the EDMR signals of the insulating
device is shown in Fig. 3(e). It demonstrates that current spikes
are still observed despite a negligibly small steady-state PC due
to the presence of the insulating layer. It is thus concluded that
the displacement current is the origin of the observed current
spikes and that the enhanced EDMR response in the air-treated
diode was given by the displacement current.

A displacement current is usually generated outside a diode
so that it retains the potential difference between the two
electrodes. Also, the direction of the displacement current is
uniquely determined depending on whether the polarization
electric field inside the diode increases or decreases for an
event. Under these considerations, we propose a mechanism
for the observed spike current as illustrated in Fig. 4. The
polarization field is formed in the direction antiparallel to
the built-in electric field that is directed from the Al to
ITO electrodes due to the difference in the work function.
Under this condition, we expect the ESR transition to decrease
the concentration of mobile carriers forming the polarization
field, and this decrease of the carriers temporarily reduces
the carrier polarization field, which leads to generation of
the displacement current in the direction from Al to ITO.
In the case of the off-spin transition, the decreased carrier
concentration is recovered, which generates displacement
current from ITO to Al. This is a possible mechanism for
the observed current spikes.

The detailed mechanism of the ESR-induced decrease in the
mobile carrier concentration is not yet completely understood
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FIG. 4. (Color online) Schematic of a possible mechanism for
the current spikes. It is assumed that a polarization electric field (E )
by mobile carriers is antiparallel to the built-in field (£,) formed
in the direction from the Al to the ITO electrodes. Mobile carriers
represented by dotted circles disappear as a result of ESR and thereby
the polarization field is reduced. A spiked displacement current is then
generated outside the diode to retain the potential difference. When
the ESR transition is switched off, an opposite displacement current
is generated to recover the reduced polarization electric field.

at the present stage. However, trapped carriers or spin pairs
have been suggested above to be related to the enhanced
EDMR signals. Moreover, the participation of spin pairs has
been proposed in the EDMR mechanism for the photoexcited
MEH-PPV.!>1820.24 Therefore, the decrease (or increase) of
the mobile carrier concentration would be caused by formation
(or dissociation) of spin pairs induced by the ESR transition.
Also, the air exposure for the MEH-PPV diode is expected to
generate carrier-trap sites within the diode or at the interface
between the polymer and the electrodes. We thus consider that
the polarization electric field leading to the spike current is
formed by mobile photocarriers trapped at carrier-trap sites.

The significance of the observations in this study is
that the obtained ESR-induced current, comparable to the
steady-state PC, enables direct control of device current by
spin manipulation, without drawing small signals out of a
large background steady-state current. This enhances the
functionality of the ESR-induced current for applications to
spintronics devices. In particular, we observed a strong EDMR
response also by modulating the resonant magnetic field under
continuous microwave irradiation. Therefore, a magnetic field
as well as a microwave can be used as elements to control the
ESR-induced current.
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Although the polarization field was suggested above to
vary for generation of the spike current, such a variation
in the polarization field gives rise to a change in the film
permittivity (or capacitance). In this sense, the origin of
the ESR phenomena with a spike current is similar to that
of the capacitance change induced by ESR identified for
materials.?>>® We here estimate the proportion of the change of
the permittivity induced by the ESR transition Ae/e, where ¢
is the film permittivity. Assuming that the change of the charge
per square meter, A Q, which is calculated by integrating the
polarization current density, is represented by ACV, where
C is the capacitance and V), is the built-in voltage, Ag/e can
be estimated by the relation dA Q/(eV,) where d is the film
thickness. AQ was calculated to be 1.4 x 107 Cm™2 from
the result in Fig. 3(b), which yields Ag/e =~ 1% for ¢ = 3
and V, = 0.5 V obtained from the work function difference
between ITO (4.8 eV) and Al (4.3 eV).

We finally note that a similar spiked strong EDMR
response was observed also from diodes of regioregular
poly(3-hexylthiophene) and of Cgy. The observed EDMR
features in the present study would thus be common features
in organic semiconductors. Therefore it is expected that the
selection or development of optimized organic semiconductors
further improves performance of the ESR-induced current.

IV. CONCLUSIONS

In summary, we have demonstrated that the polymer diode
examined in this study exhibits a large ESR-induced current
under photoexcitation after air treatment of the diode. The
ESR current was shown to exhibit a spiked time response
for modulation of the resonance condition. The spike current
greatly exceeded the steady-state PC. The nature of the ESR
current was shown to be a displacement current caused by a
change in the diode permittivity. This effect is applicable to
the construction of spin-electronic devices.
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