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This paper reports that the doped bi-layer organic light-emitting devices are fabricated by doping in different

regions of the light-emitting layer, the admittance and luminance spectra to characterize the capacitance and luminance

of the device are measured. Negative capacitance (NC) appeared at low frequencies when the doped devices are biased

with high voltages. The measured phase difference between AC voltage applied across the device and AC current flowing

through the device show that the device is inductive when NC appears.
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1. Introduction

The analysis of space charge distribution in the
organic layers is an important topic in the field
of organic light-emitting devices (OLEDs). Gener-
ally, measuring the differential capacitance charac-
teristics of devices is an effective method for the
topic. Some factors affecting space charge distribu-
tion, such as trap states,!! interfacial charges,>=°
carrier mobility!® and space charge distribution!”) in
the devices, can be characterized by measuring the
device’s capacitance.

Usually OLEDs show negative capacitance (NC),
i.e. with the change of bias and frequency the mea-
sured differential capacitance of the device changes
from positive to negative. Currently, there exist many
viewpoints on the mechanism of NC. Gommans et
al. suggested that NC might originate from the ca-
pacitance deviation (AC) from the geometric capac-
itance of the device, due to the distribution of space
charges in the device.®! Bisquert et al. considered
that NC might be attributed to the effect of interfa-
cial states at the cathode/organic interface on elec-
tron injection, according to the study of polymer de-
vices with different metal cathodes.?! And, Ehren-
frenund et al. reported that the time-dependent re-
combination of holes and electrons would be the main
origin of NC.[1%11 A]l the proposed mechanisms of
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NC mentioned above are based on the research of
polymer devices. By contrast, for the small molecu-
lar OLEDs, NC is usually illustrated by two different
viewpoints as follows: one claimed that NC was at-
tributed to inductance-like effect originating from ac-
cumulation and recombination of carriers near the or-
ganic/organic interface and transport of minority car-
rier in the device;'2=16] the other considered that NC
was rooted in the dynamic effect of energy distribu-
tion about occupancy /release of interfacial states at
the electrode/organic interface.'”'8 Both these two
viewpoints emphasized dominance of the factor cho-
sen in the mechanism of NC. Specially, in order to
prove that NC was produced by interfacial states at
the electrode/organic interface, Garcia-Belmonte et
al. fabricated electron-only and hole-only devices and
obtained NC results at low frequencies from 0.4 Hz to
4 Hz. It seemed that the viewpoint of carrier recombi-
nation induced NC could be discarded. But this may
not be the case for bi-carrier devices.

We fabricate devices with different space charge
distributions in organic layers but the same elec-
trode/organic structure via doping diabetic cardiomy-
opathy (DCM) molecules into different regions of the
tris-(8-hydroxyquinalato) aluminum (IIT) (Algs) emit-
ting layer in the bi-layer OLEDs. The luminance char-
acteristic of the device is affected by the different dop-
ing regions, and then it results in the change of NC. It
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is, therefore, demonstrated that the dominant factor
of mechanism on NC in the bi-carrier device should
still be transportation, distribution and recombina-
In addition, the phase differ-
ence between AC voltage applied across the device

tion of the carriers.

and corresponding AC current is measured. Compar-
ison of the phase difference with the NC appearing in
capacitance-frequency (C—F') characteristic indicates
that the device turns from capacitive to inductive with
decreased frequency and high bias. The NC and in-
ductive characteristic of device exhibit similar features
on frequency. They are in accordance with each other.

2. Experiment

We have fabricated N,N-bis(l-naphthyl)-N,N-
diphenyl-1,1-biphenyl-4,4 —diamine (NPB)/Alqs bi-
layer doped devices with three different structures:
Type A (doping near the organic/cathode inter-
face): ITO\NPB (40 nm)\Alqz (60 nm)\Algs: DCM
(20 nm, 1%)\LiF (1 nm)\Al (80 nm); Type B (dop-
ing in the middle of the emitting layer): ITO\NPB
(40 nm)\Algs (30 nm)\Algz:DCM (20 nm, 1%)\Alqs
(30 nm)\LiF (1 nm)\Al (80 nm); Type C (dop-
ing near the organic/organic interface): ITO\NPB
(40 nm)\Algqs: DCM (20 nm, 1%)\Alqs (60 nm)\LiF
(I nm)\Al (80 nm). The doping concentration of these
doped devices was all 1%. Besides, undoped devices
of Type D: ITO\NPB (40 nm)\Algsz (80 nm)\LiF
(1 nm)\Al (80 nm) were also fabricated as reference
devices. The schematic diagram of device structure is
shown in Fig. 1. All the layers were deposited in a
vacuum chamber with base pressure of 1 x 10~° Pa.

NPB Alqs - doping region

ITO LiF /Al Type A
NPB Algs .

ITO LiF /Al Type B
NPB Algs

ITO LiF /Al Type C
NPB Algs

ITO }LiF /Al Type D

Fig. 1. Schematic diagram of device structure.

The L-V characteristics of the devices were mea-
sured by a luminance meter and a remote controlled
Keithley 236 source. The measurement of capacitive

characteristics was mainly carried out with an LCR
analyser (HP4284A). The AC phase difference was
measured by a Lecory LT262 oscilloscope and a Tek-
tronix AFG3101 function generator. All the measure-
ments were conducted at room temperature. Many
individual devices of each type were measured and the

data were averaged over all the measured devices.

3. Results and discussion

Figure 2 shows the capacitance-voltage (C-V) re-
lations of the doped and undoped devices. The bias
ranges from 0 V to 12 V while the AC frequency is
kept at 5 kHz. It can be seen in the figure that be-
low 4 V the capacitance keeps almost unchanged with
bias (the variation of capacitance with bias is less than
0.05 nF), and the difference between the capacitances
of doped and undoped devices, denoted as additional
capacitance Cy, hereafter, is approximately 0.8 nF,
which is mainly attributed to the trapped charge due
to doping while the structural difference of the doped
devices results in a very small capacitance difference
of about 0.1 nF only. Moreover, the capacitance de-
creases with increasing bias in the range from 4 V to
12 V, regardless of the device structure. As shown in
Fig. 2, the capacitance of devices of Type A, in which
the doped region is near the organic/cathode interface,
only changes 0.5 nF over the bias range from 0 V to
12 V. In the same bias range, the device capacitance
of Type B, in which the doped region is at the mid-
dle of the emitting layer, decreases by about 0.8 nF,
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Fig. 2. The capacitance-voltage (C-V') characteristics
measured at 5 kHz.

while the device capacitance of Type C which is doped
near the organic/organic interface decreases by 2.6 nF
over the same range of bias. Therefore, in doped de-
vices, the shorter the distance between the doped re-
gion and organic/organic interface is, the larger the
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decrease of capacitance will be. Meanwhile the capac-
itance of undoped devices decreases by 1.2 nF in the
whole bias range. In brief, the capacitance of the de-
vices decreases with bias, and the decrement enlarges
in the order of device Types A, B, D and C.

The C-V characteristics at a frequency of 500 Hz
of the four types of devices are shown in Fig. 3. Com-
pared with the results at 5 kHz shown in Fig. 2 where
all the capacitances are positive, the capacitance de-
creases with bias more obviously, reaching 1.4 nF,
3 nF, 10 nF and 7 nF for the devices of Types A, B,
C and D respectively. The capacitances start to vary
with bias when the biases of four devices are about
7.2 V,6.0V,48 V and 4.6 V respectively. Remark-
ably, devices C and D show NC in the high bias range
from 10 V to 12 V. The present experimental results of
C-V characteristics indicate that bi-layer small molec-
ular OLEDs will show NC when the devices operate
under high biases and at low frequencies. The NC is
not observed for devices A and B over the same bias
range. Possibly it might emerge under even higher
(The bias higher than 12 V will damage the
devices. Therefore the highest bias in the present ex-

bias.

periment is set as 12 V.)
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Fig. 3. The C-V characteristics measured at 500 Hz.

Figure 4 shows the L-V characteristics in the
same bias range (0 V-12 V) for illustrating the re-
lation between NC and radiative recombination of the
carriers (luminance). As one may see, when the bias
is below 4 V, the luminance intensity in all the four
cases remains at almost zero, unchanged with bias.
They start increasing with bias from 4 V. The incre-
ment of intensity enlarges in the order of device Types
A, B, D and C. Comparing Fig. 3 with Fig. 4, one may
see that the intensity begins to enhance when the de-
vice is turn-on (the turn-on voltage is defined as that
corresponding to the luminance of 1 cd/m? in Fig. 4)
and the capacitance starts to decrease at the same bias

accordingly. And the order of enhancement in inten-
sity is consistent with the decrement in capacitance in
those devices.
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Fig. 4. The L-V characteristics of four different devices.

The region-dependent effect of doping on the ca-
pacitance and the luminance characteristics is obvi-
ously due to the DCM molecules doped in the Alqs
layer. They may result in three factors: electron
trap,['?! enhancement of yield and additional capac-
itance.

First, the additional field produced by the
trapped electrons builds up the redistribution of field
in organic layers. The redistributed field affects the
carrier injection, transport and the space charge dis-
tribution and then the electric characteristics of the
device. For example, in device of Type A, the
trapped electrons introduced by doping near the or-
ganic/cathode interface enhance the barrier of elec-
tron injection at the cathode/organic interface, result-
ing in unbalanced carrier injection. But in the devices
of Types B and C, the field introduced by the trapped
electrons has weaker effect on the electron injection
because of the larger distance between the doped re-
gion and cathode than that in device of Type A.

Secondly, the doped DCM molecules can enhance
yield and increase brightness by energy transfer of ex-
citons after the devices are turn-on. It is well known
that excitons are produced at the organic/organic in-
terface and then diffuse from the interface to the in-
terior of the Alqs layer in an NPB/Alqs bi-layer de-
vice. And the concentration of excitons reduces from
the organic/organic interface to the inside of the Alqs
layer. So the intensity of Type C device doped near
organic/organic interface is larger than other types of
devices. Its spectrum shows simple DCM luminance
characteristics. By contrast, two types of luminance,
DCM and Alqgs, exist in the spectrum of Type B,
though the distance between the doping regions and
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the organic/organic interface is larger than the sum
of diffusion length of Algs2%2!l and energy transfer
radius of DCM-Alqs system[?2=24] in Type B devices.
In addition, the luminance of Type A is the weakest
in all types of devices and its spectrum shows peak
of Algs only. So the doped DCM molecules work as
electron traps mainly in Type A and Type B.
Thirdly, the additional capacitance is produced
after electrons are trapped by DCM molecules in the
device. Prior to the turn-on of the device, the carriers
injected into the device arrive at the organic/organic
There-
fore, the density of electron near the interface is higher

interface and accumulate near the interface.

than those in the other two doping regions, and then
the dopants capture more electrons in Type C devices.
So the additional capacitance of Type C is larger than
Ci, of Types A and B by about 0.1 nF when the bias
is lower than the voltage of device turn-on.

After the device is turn-on, because the hole mo-
bility in the NPB layer is much larger than the electron
mobility in the Alqs layer, the holes accumulate at the
organic/organic interface before the electrons arrive at
there. The accumulated holes redistribute the inter-
nal field, weaken the hole injection and transport, en-
hance the electron transport until the electrons reach
the interface, recombine with the holes and reduce ac-
cumulation of the holes. After a relaxation process,
a stable state is formed. So there is an obvious lag
between the AC voltage and the corresponding space
charge distribution, producing an inductance-like ef-
fect. This effect is demonstrated as negative contri-
bution of capacitance C}. It is noticeable in Figs. 3
and 4 that C, is closely associated with luminance.
The more luminance gives off, the larger C), is. So the
capacitance change of undoped devices of Type D, for
which the luminance is less than Type C only, is more
obvious than that of Type B and Type A.

The presence of the inductance-like effect can be
checked by measuring the phase difference between
AC voltage across the two sides of the device and
AC current through it.
difference—frequency (¢—F') relations in the frequency
range from 20 Hz to 1 kHz under the 12 V bias. It
is immediately evident that all phase differences of

Figure 5 shows the phase

the devices are positive, i.e. the inductive character
is stronger than the capacitive character, when the
frequency is lower than 60 Hz. The inductive char-
acter of Type C device is the strongest, while that of
Type A is the weakest. In addition, the phase differ-
ence decreases with increasing frequency. It changes

from positive to negative, i.e., the device switches from
inductive to capacitive. And the capacitive enhance-
ment is related to the device structure. The capacitive
character of the device weakens with the doping re-
gion varying from near the organic/cathode interface
to near the organic/organic interface at the same fre-
quency. For example, at the frequency of 200 Hz, the
phase differences of Types A, B and C are —9 x 1073,
zero and 9 x 10737, respectively, corresponding to ca-
pacitive, neither capacitive nor inductive and induc-
tive. The last one may also named as “negative capac-
itive”. Moreover, the phase difference of the devices
approaches to a constant with increasing frequency.
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Fig. 5. The phase difference-frequency (¢—F) character-
istics measured under 12 V bias.

The results of capacitance—frequency (C—F) char-
acteristics measured in the same condition are shown
in Fig. 6. It can be seen that the capacitance of the
devices increases with the frequency. All the devices
exhibit NC below 60 Hz, for which Type C is the
strongest and Type A the weakest. So the absolute
value of NC is doping-region-dependent, too. The de-
vices of Type C exhibit NC in the whole frequency re-
gion from 20 Hz to 1 kHz, while the undoped devices
of Type D show capacitive characteristic in between
Type C and Type B. Moreover, the capacitance of
the devices approaches to a constant with increasing
frequency, too.

Comparing ¢—F relations in Fig. 5 with C—F
characteristics in Fig. 6, one can see that the phase
difference and capacitive characteristics at the same
frequency are in accordance with each other. That is
to say, the whole device is inductive when the phase
difference is positive, which corresponds to the NC
state, and wice versa. It is thus clear that NC orig-
inates from the inductive behaviour of the devices.
When the luminance is weak, there exists distinct un-
balance of carrier injection/transport and the accu-
mulation of holes, which blocks the hole transport
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and enhances the electron transport in organic lay-
ers, is dominant. So it decreases the relaxation time,
reduces the phase difference and weakens the induc-
tive character. When the luminance is strong enough,
the carrier injection/transport is more balanced than
that in the weak luminance situation and the effect
on carrier transport due to the accumulation of holes
decreases. So the relaxation time increases and the
phase difference is enlarged, then the inductive be-
haviour prevails.
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Fig. 6. The capacitance—frequency (C—F') characteristics
measured under 12 V bias.

Figure 7 shows the C—F' characteristics in the
frequency range from 20 Hz to 1 kHz under the 2-
V bias.
exhibit NC at all, and capacitance C' of the device
(C = Cg+Cyy +Cn, where Cy is the geometric capaci-
tance) decreases with increasing frequency, approach-

One can see that all the devices do not

ing to the sum of geometric capacitance and additional
capacitance at last in each case.
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Fig. 7. The capacitance—frequency (C—F') characteristics
measured under 2-V bias.
Term the response time 7. as 7. « 1/f. Then the
higher the frequency is, the shorter the response time
is, hence the quicker the space charge redistribution

forms. Since NC (inductive) is attributed to the lag
between AC voltage and space charge redistribution
produced by the accumulation of carriers near the or-
ganic/organic interface, the redistribution cannot be
formed completely when the time for redistribution re-
duces, and then the lag effect is weaken. This results
in the decreased inductive character. Extremely, when
the response time is shorter than the transient time of
carriers in the organic layer, NC disappears because
the carriers driven by AC voltage cannot arrive at the
organic/organic interface.

In the present experiment, the C—F characteris-
tics are measured in the frequency region of 20 Hz
to 1 kHz under the 2-V bias. It is hard to say
how the bi-layer OLEDs will behave under the con-
dition of low frequency and low bias similar to that
of Garcia-Belmonte et al.l'7'8 So a direct check of
the problem, that whether the mechanism of NC due
to the dynamic effect of interface states at the elec-
trode/organic interface is correct or wrong in such a
case may not be available. Nevertheless, from the re-
sults gained from doped bi-layer OLEDs, there should
be no doubt that NC is closely related with the trans-
port, distribution and recombination of carriers. Mod-
ulation on injection, transport, distribution and re-
combination of carriers can be realized by doping the
same concentration and same volume dopants in the
different regions of the light-emitting layer, keeping
the electrode/organic interface structures of the de-
vice the same. In such a case, the density of states
at the interface might be the same for the various de-
vices. It is the doping region in the emitting layer that
results in the different NC behaviours. Therefore, it
can still be regarded that transport, distribution and
recombination of carriers are the main factors leading
to the NC behaviours in two bi-layer OLEDs.

4. Conclusions

In conclusion, the comparison of C—F and ¢—F
characteristics in the same frequency range and C-V
and L-V characteristics under the same bias region
reveals that NC originates from the inductive charac-
ter due to transport, distribution and recombination
of carriers in the bi-layer OLEDs. Doping in different
regions of the light-emitting layer can change the in-
jection and transport of carriers and the space charge
distribution, which provides a possible way to sepa-
rate the various factors affecting the NC behaviours
of the devices.
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