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Magnetic-field dependent differential capacitance of polymer diodes
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Using admittance spectroscopy, we found that bipolar organic diodes based on pi-conjugated
polymer, 2-methoxy-5-(2'-ethylhexyloxy), MEH-PPV, have strong divergent contribution to the
device differential capacitance. It is positive at low bias voltages, turns negative at intermediate
biases, and becomes positive again at stronger biases. In addition, we found that at certain biases, a
small magnetic field can change the capacitance from divergent negative to divergent positive.
Possible physical processes responsible for this anomalous behavior of the capacitance and its
relation to the phenomenon of organic magnetoresistance are discussed. © 2012 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4748797]

Recent transport and electroluminescence studies have
shown that an external magnetic field can change the current
and light output of organic light emitting diodes (OLEDs)
with no ferromagnetic electrodes. The phenomenon is com-
monly referred to as organic magnetoresistance (OMAR); it
is quite universal and since its discovery in 2003' has been
observed in many organic diodes based on small mole-
cules®? and 7-conjugated polymers.>*> The organic magne-
toresistance can reach sizable value of 20% in a relatively
small field on the order of 10mT at room temperature. This
property can be used for magnetic field sensors and can pro-
vide magnetic control of electronic and optical properties of
organic devices. Understanding the OMAR response on both
static and time-dependent magnetic and electric fields is ben-
eficial for such applications. Several proposed theoretical
models have identified possible elementary processes that
can be affected by magnetic field and change the device con-
ductance. In the polaron-polaron (PP) model, proposed by
Prigodin er al.® it is assumed that electrostatically bound
pairs of positive and negative polarons with singlet compo-
nents have higher exciton formation rate compared to triplet
pairs and as a result have higher recombination probability.
External magnetic field suppresses hyperfine mixing between
triplet and singlet components and thus decreases average
recombination rate. This process allows for more carrier
injection and results in an increases in the concentration of
carriers and consequently in the current of the device.” The
current increase and positive magnetoconductance can also
occur, as it was suggested by Hu and Wu,® because singlet
polaron pairs have higher dissociating rate. Recent electri-
cally detected magnetic resonance (EDMR) studies of MEH-
PPV-based OLEDs demonstrated that the manipulation of
the spin state of PPs indeed changes the free-polaron density
in the material with corresponding change in conduct-
ance.”'” The second proposed mechanism of the OMAR
considers reactions between triplet excitons and polarons
(TEP mechanism).®'" A triplet exciton can release a trapped
polaron’ or can act as a blocking site for a free polaron'?
influencing the mobility of carriers. Both processes depend
on a total spin of a triplet-exciton-polaron complex; the mag-
netic field affects the mobility by suppressing hyperfine mix-
ing between 3/2 and 1/2 spin states of the complex. The
presence of these states was recently detected by EDMR in
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electron-reach, unbalanced MEH-PPV-based diodes.® The
mobility also changes with magnetic field within the bipolar
(BP) mechanism, which unlike PP and TEP processes can
take place in unipolar devices.'"* In recent time-of-flight
measurements, enhancement of the mobility of majority car-
riers (holes) with magnetic field was detected in MEH-
PPV;15 however, in Alqs, the mobility was found to be field-
independent.'®

EDMR measurements on MEH-PPV'? suggest that dif-
ferent mechanisms can dominate magnetoconductance in
different regimes or take place concurrently. In recent admit-
tance spectroscopy studies of bipolar MEH-PPV-based devi-
ces at low and intermediate biases, we found that admittance
spectra are dominated by two relaxation processes with dis-
tinct time scales.!” In this letter, we report on behavior of
these devices in high bias regime where we observed a re-
markable “flip” effect, namely we found that the external
magnetic field can flip the device capacitance from negative
to positive.

Bipolar OLEDs used in the present study consist of mul-
tilayers having the structure ITO/PEDOT:PSS/MEH-PPV/
Ca/Al, where ITO is indium tin oxide; PEDOT:PSS is
poly(3,4-ethylenedioxythophene):poly(styrene sulphonate),
which forms a hole injection layer. The cathode was a 2 nm-
thick Ca layer covered by an Al layer for oxidation protec-
tion. The surface area of the devices was about 1 mm?. Over-
all 17 devices were studied; parameters of the devices used
in this contribution are summarized in Table 1. In device H,
DOO-PPV (Poly[2,5-dioctyloxy-1,4-phenylenevinylene])
was used for the active layer. The admittance spectroscopy
measurements were performed at ambient conditions using a
home-made apparatus.

The device admittance is commonly analyzed as
Y(w) = G(w) + ioC(w), where G(w) is the differential con-
ductance and C(w) is the differential capacitance. The de-
pendence of C(w) versus frequency is shown in Fig. 1 for
device F, which has MEH-PPV thickness of 160 nm. At zero
bias, the capacitance of the devices has a positive contribu-
tion that decreases with frequency. Such contribution is typi-
cally associated with traps in a system. At intermediate
biases (between 4 and 5.6 V for device F), we can distinguish
two negative contributions. One of them, C;, dominates at
frequencies below 10 Hz and the other, C,, above 10Hz.
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TABLE I. Parameters of the devices.

Material Thickness (nm)
C MEH-PPV 150
F MEH-PPV 160
G MEH-PPV 50
H DOO-PPV 50

From the analysis of the C(w) dependence,'” we found that
the relaxation time associated with Cy, 71 ~ 0.8 s, does not
depend on bias, whereas the time scale of the second process,
T,, approximately exponentially decreases with bias. As one
can see from Fig. 1(a), both contributions, C| and C;, depend
on magnetic field. The behavior of C, contribution is ana-
lyzed in details in Ref. 17.

The evolution of capacitance at bias voltages above
5.6V is shown in Fig. 1(b). The relaxation time 7, continues
to decrease in this regime. This can be seen from the fact
that the frequency corresponding to intersection of C(f) with
zero-axis shifts to higher values with increasing bias. The
change of C; term is more significant. In voltage range
between 5.6 and 6.6V, C; reverses its behavior from nega-
tive to positive. The reversal is robust; it was observed in all
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FIG. 1. Conductance of device F (thickness 160nm) versus frequency. (a)
Low and intermediate bias regimes. (b) High bias regime. The data for indi-
cated bias voltages are shifted for clarity. Dashed lines indicate level of zero
capacitance.
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bipolar devices where high bias regime was tested. By care-
fully selecting bias voltage, we were able to tune some
diodes to a state where the reversal could be induced by
magnetic field only. An example of such a behavior is shown
in Fig. 2 for device C with MEH-PPV thickness of 150 nm.
When bias voltage V3 =7.10V and magnetic field is zero,
the capacitance is negative and divergent. Application of
magnetic field B=12mT makes the capacitance frequency-
independent; at higher magnetic field, the capacitance again
becomes divergent but positive.

Figures 1(b) and 2 indicate that the variation of capaci-
tance with frequency right at the point of reversal can be com-
plicated. However, away from this point at frequencies below
10 Hz, experimental data can be well fitted by the equation

Cio

C(w) = Co+—10
(@) 0+1+w2‘c%

ey

which corresponds to an exponential relaxation with a single
time constant.'® Here the term Cy includes both the geomet-
rical capacitance and contribution C, that is frequency-
independent in this regime. From fitting of the data for
several samples, we found that time constant t; is approxi-
mately the same on negative and positive sides of the “flip.”
For example, as shown in Fig. 2, Eq. (1) with the same pa-
rameters Co = —500pF and t; =0.35s fits well both nega-
tive capacitance at B=0mT and positive capacitance at
B =180mT. The values of Cyg are —0.2 uF for B=0mT and
0.12 uF for B=180mT.

A typical evolution of the capacitance at fixed frequency
(3 Hz) is shown in Fig. 3(a) for device G with MEH-PPV
thickness of 50 nm. The inset in the figure shows the capaci-
tance variation on the magnified scale. The magnitude of the
capacitance is very high, particularly in thin samples. For
diode G, it reaches the value of 100 nF at Vz=7V. The
effect is even stronger in diode H, in which 50 nm-thick layer
of DOO-PPV was used as an active layer (Fig. 3(b)). For this
sample, the capacitance at f =1 Hz and V3 =4.16V reaches
17 uF, which is about 10° times larger than the geometrical
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FIG. 2. Capacitance of device C (thickness 150 nm) at bias voltage 7.1V
versus frequency at indicated magnetic fields. The solid black lines are fits
of the data at B=0 and 180 mT with Eq. (1).
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FIG. 3. (a) Capacitance at 3 Hz as a function of bias voltage for device G
(MEH-PPYV thickness is 50 nm). The inset shows the same data on the mag-
nified scale. (b) Capacitance versus frequency at indicated biases for device
H with 50 nm-thick DOO-PPV active layer. The solid line is a fit of the data
at Vg =4.16 V with Eq. (1).

capacitance. The data can be well approximated by Eq. (1);
the fit is shown as a solid black line. The value of parameter
Cio is 0.2 mF at Vp =4.16 V. The time scale in DOO-PPV,
71 ~ 0.4s, is close to the value of 7; in MEH-PPV. The poly-
mers have similar chemical structure and the detection of the
same 7, suggests that C; contribution is likely related to trap
states that are structurally and electronically identical in both
materials.

Similar to our observation, a “positive-negative-positive”
variation of the capacitance with increasing bias was detected
by Bisquert et al'® in OLEDs based on PPV co-polymer
“super yellow.” In this work, the capacitance variation was
attributed to the sequential electron injection via surface trap
states formed at the PPV/Ba interface. In MEH-PPV OLED:s,
we observed negative capacitance with the same time con-
stant not only in bipolar devices but also in a unipolar device
with the layer sequence ITO/PEDOT:PSS/MEH-PPV/Au."”
This suggests that if interface states are indeed responsible
for Cy, these should be states at the PEDOT:PSS/PPV inter-
face. Efficiency of carrier injection from PEDOT:PSS is
known to depend on chemical or ultraviolet light-ozone treat-
ment,”° so this material likely has electrically active surface
defects. Within the model proposed by Bisquert et al., nega-
tive capacitance occurs because the occupancy of intermedi-
ate interface states decreases with increasing bias. We notice
that qualitatively similar effect may involve bulk traps,
namely negative capacitance may occur if the occupancy of
bulk trap states decreases with increasing bias. For example,
this may happen if the trapped states act as centers of mono-
molecular recombination and the recombination rate grows
with bias faster than the trapping rate.

Appl. Phys. Lett. 101, 093303 (2012)
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FIG. 4. (a) Current density versus frequency for several studied OLEDs. (b)
The parameter n = d(In(J))/d(In(V)) as function of bias for the same
OLEDs. Vertical arrows indicate biases at which the capacitance reverses
from negative to positive.

In Fig. 4(a), we show current density versus bias for sev-
eral studied OLEDs; panel (b) of the figure shows the varia-
tion of parameter n = d(In(J))/d(In(V)), which is equal to
an exponent in a functional dependence J ocV". As
expected, for all diodes n ~ 1 in the ohmic regime at vol-
tages below built-in potential Vp; =~ 2 V. At higher biases, n
initially strongly increases with bias, then saturates, and
starts to decrease. We found that in all studied diodes, the re-
versal of capacitance from negative to positive (indicated in
the figure by arrows) systematically occurs at a voltage
slightly above the maximum of 7. The position of maximum
and the reversal voltage shift to higher values with increasing
device thickness. For bipolar space-charge limited diodes,
i.e., diodes with ohmic contacts, parameter n is predicted to
be in the range between 2 and 3.>' Much higher values of n
are expected when the current is injection limited. (For
example, the values of n in the range between 6 and 16 were
found in /(V) characteristics of injection-limited Alqs-based
OLEDs.22) It is, therefore, possible that the saturation of n
and the reversal of the capacitance in the MEH-PPV diodes
are related to the transition from the injection-limited regime
at low biases to the space-charge limited regime at high
biases.

The dynamic charge transport in the bipolar MEH-PPV
OLED:s is a complicated phenomenon that can be influenced
by many processes: charge injection, interface states, bimo-
lecular and trap-assisted recombination, and depolarization
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of permanent dipoles.16 Surprisingly, the overall response of
the admittance on magnetic field is very simple, at least phe-
nomenologically. For all studied devices, we found that the
application of magnetic field is equivalent to a small increase
in the bias voltage. This can be illustrated using the capaci-
tance data in Fig. 1. At biases 3.4V <Vp <5.6V, the zero-
field capacitance is negative and with increasing bias
growths in magnitude and shifts to higher frequencies. The
same response occurs when the bias is fixed and magnetic
field B =30mT is applied. At V3 >5.6V, evolution of ca-
pacitance in zero field is more complicated. At f > 100 Hz,
the capacitance continues to be negative and shifts to higher
frequency with bias, whereas at f < 10Hz, the capacitance
reverses its sign and becomes positive. Again application of
magnetic field mimics this variation: it makes the capaci-
tance more negative at high frequencies and more positive at
low frequencies.

We found that the PP model is the most natural way to
explain the response of the capacitance on the magnetic field.
In bipolar MEH-PPV OLEDs, a small increase in bias volt-
age increases the concentration of positive, 7., and negative,
n_, polarons. (For example, this is evident from the enhance-
ment of electroluminescence.) Within the PP model, mag-
netic field has the same final effect; it decreases the rate of
bimolecular recombination, allows for more carrier injection,
and as a result increases n, and n_. Then, the response of
the system to AC electrical filed (which involve several proc-
esses and can be rather complicated) simply reflects the
changed carrier concentration regardless of what causes it,
magnetic field, or increased bias voltage. It is interesting to
notice that even though the low-frequency term C; is
strongly affected by magnetic field, within the PP model, an
elementary physical process responsible for C; does not
need to depend on B. For example, we can assume following
Bisquert ez al."” that C; is determined by the occupation of
surface defects, ng. However, ng is in steady state equilib-
rium with bulk free carriers. So even though the elementary
charge transfer between a surface site and a site in the bulk
may not depend on B, the effect of magnetic field can occur
indirectly through the magnetic field dependence of the bulk
carrier concentration.

In summary, we observed magnetic-field-dependent
capacitive contribution in bipolar MEH-PPV OLEDs. At low
frequencies, the capacitance is divergent and sequentially
changes its sign with increasing bias from positive to nega-

Appl. Phys. Lett. 101, 093303 (2012)

tive to positive again. At a certain fixed bias, the capacitance
can be reversed by the magnetic field. We found the response
of capacitance on the magnetic field to be consistent with the
PP model of the OMAR effect.
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