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AC dedtrical propertiesof organic light-emitting diodeswith
poly(2-methoxy-5-(2 -ethyl-hexyloxy)-1,4-phenylenevinylene)
(MEH-PPV), paly[25-bia(dimethyloctylsiyl)-1,4-phenylene-
vinylengl (BDMOS-PPV), and tris(8-hydroxyquinolate)-
aluminum (AlQ3) as light-emitting materials are sudied.
The frequency-dependent real and imaginary parts of
impedance were fitted usng an equivalent circuit. We
found that the conduction mechaniam is a space-charge
limited current with exponential trap distribution.
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I. Introduction

The organic light-emitting diode (OLED) and polymeric
light-emitting diode (PLED) are two of the most promising
candidates for usein future flat pand displays [1]-[3]. Recerttly,
the organic or polymer dectroluminescence (EL) device hes
been widdy reviewed and dudied [4]. However, only a few
experimental  results from dectrica impedance gudies of
polymer EL and polymer light-emitting dectrochemicd cdls
(LECs) have been reported thus far [5]{9]. Extensive dectrica
information on OLED and PLED devices such as chage
trangport and charge injection mechanisms can be obtained
from an impedance dudy. This is because trangport of the
charge cariers & direct current or & very low frequencies
requiresakind of percolation network of trangtion, in which the
weekest links (intra-chain connection) determine the magnitude
of the conductivity. At higher frequencies, the charge carriers
becomelocdized in smdl regions of low-energy barriers[9)].

The dectrica impedance of polymer EL employing poly(2-
methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylenevinylene) (MEH-
PPV) was firs measured by Campbdl, and others. [5]. They
used thin trangoarent gold asthe postive contact and cdcium as
the negative contact. According to their experimentd results, a
capacitance increase due to the charging of the traps was
obsarved under a smal forward bias, while a capacitance
decrease, due to the neutrdization of the trgps, was observed
under alarge forward bias. The red and imaginary parts of the
impedance were fitted usng the equivdent circuit of a paradld
capacitor and pardld resgor network with a series resgtor
which comes from the ohmic contact between the polymer and
themetd dectrode.

The capacitance-valtage (C-V) and current-voltage (I-V)
measurements of the polymer LECs were dso performed by
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Campbel, and others, and the results were compared with the
seady-state device model cdculation [6]. They reveded that
the dectrochemicd junction began to form prior to asignificant
current flow. Yu, and others [7], messured the complex
admittance of polymer LECs and proposed a nove operating
scheme which separady controls the digtribution of ionic
charges and the flow of dectronic currents. The combination of
a dow ionic response and a rapid dectronic response made
possible the use of a pulsed driving scheme in which the pesk
vaue independently controlsthe carrier injection. Despite these
efforts, however, an understanding of the eectrica propertiesin
polymer EL devicesisnot yet complete.

In this dudy, therefore, we invedigate the ac dedtricd
response of three kinds of OLEDs and PLEDs with poly(2-
methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylenevinylene)  (MEH-
PPV), poly[25-biadimethyloctylsiiyl)-1,4-phenylene-vinylene]
(BDMOS-PPV), and tris<(8-hydroxyquindlae)-duminum (AlQs)
as light-emitting materids  Frequency-dependent impedance
data are obtained in the range of 102 Hz to 10’ Hz, and the
devices ae modded with the equivdent drcuits. From the
equivdet drcuit andyss conducting mechanisms and
didectric behaviors of those three n-conjugated light-emitting
materidsare discussd.

[1. Experimental Procedures

Deails of the light-emitting diode fabrication are described in
[10]. Polymer (MEH-PPV and BDMOS-PPV) films were
obtained by spin coaing the filtered polymer solution onto the
Subgtrates with indium-tin-oxide (ITO) dectrodes, which were
pre-deaned by successive ultrasonic trestment for an hour in
acetone and isopropyl doohal, followed by adrying period usng
nitrogen gas, and then dried in avacuum oven for severd hours
AlQ; was purchased from TCl Co. and purified by sublimation.
AIQ; was deposited a arate of 2 to 35 A/s Aluminum, which
was vapor deposited, was used as a cathode a a working
pressure below 4x10° Torr, yidding an active size of 4 mn?.

The thicknesses of the MEH-PPV, BDMOS-PPV, and AlQ;
films are 35 nm, 40 nm, and 100 nm, respectivdy. The
impedances of the samples are measured using an impedance
gain/phase andyzer (811260, Solatron) and didectric interface
(S12690, Solatron) in the frequency range of 102 Hz to 10" Hz.

I11. Results and Discussions

Fgures 1(a), (b), and (c) show the current-voltage (I-V)
curves of the devices usng MEH-PPV, BDMOS-PPV, and
AlQ;, respectively. At low voltage, the currents increase
linearly with a voltage increase for al three samples which
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Fg. 1. I-V characterigtics of the (8) ITO/IMEH-PPV/AI, (b) ITO/
BDMOS-PPV/AI, and (c) ITO/AIQYAI devices. The current
isohmic at low voltages, while & higher voltages the current
isbulk limited.

means that the |-V charadteridtics are ohmic. Thisindicates thet no
schattky  barriers were fomed between the ITO/organic and
organidAl interfeces At higher vdltages, the current increeses no
more linearly. From the space-chargelimited current (SCLC) with
an exponentid trap ditribution theory, a valtage-dependent current
for aone-carier dominated trangport, “hale’ inthiscass isgiven by
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whered and K are the thickness of the film and the proportiond
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Fg. 2. The frequency-dependent real and imaginary parts of the
impedance of the (8 ITO/MEH-PPV/AIL, (b) ITO/
BDMOS-PPV/AL, and (c) ITO/AIQ4/AI devices. Symbols
are measured data and the solid lines are the fitting data
using the equivalent circuit.
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spectively. In the case of AlQ;, the dopes in the bulk limited
region change from 3 to 9. Therefore, the parameters m for the
devices are 2 and 8. These two parameters show that there are
two kinds of trap states exponentidly digtributed in the sample
within agiven goplied bias voltage.

Figure 2 shows the frequency-dependent red and imaginary
parts of the impedances of the (8) ITO/MEH-PPV/AL (b)
ITO/BDMOS-PPV/AI, and (c) ITO/AIQJ/AI devices. Symbols
indicate the measured data, while the solid lines indicate the
fitting data using the equivdent crcuit of a sngle pardld
resstor R, and capecitor C, network with serid resistor R, as
shown in Fg. 3. The capacitor C, represents the capecitive
component of the device, and pardld ressor R, is for the
leskage current running through the device. The serid resigtor
Rs represents the contact resstance among the organic
semiconductor, ITO and Al ectrodes, and leed wires.

Rs

Fig. 3. Equivalent circuit of single parallel resistor R, and a
capacitor C,, network with a serial resistor Rs for the
devices.

According to this equivdent circuit andyss there is no
interfacid capacitance, or if one exigs it is negligibly smdl.
This suggests that there are negligible insulaing barriers, such
as oxides like Al,O5 or ar ggps formed between the polymer
and the top and bottom dectrodes. The data are well fitted for
al deviceswithin the measured frequency ranges.

The vaiations of thefitting parameters according to the applied
bias voltages are shown in Fgs 4 (a), (b), and (¢) for ITO/MEH-
PPV/AI, ITOBDMOSPPV/AIL, and ITOAIQ; devices
repectively. The R, decresses s the dc biss voltege increeses,
while the G, is dmogt independent of bias valtage for dl the
devices From (1), the voltage dependence of R, isgiven by

Vo
RpocjocV : (@)

If the conduction mechaniam is the SCLC with exponentia
trap distribution, according to (2), R, should decreese linearly
inalog R, vs log V plot withadope of -m. Theplot of log R,
vs. log V isshown intheinsat in Fg. 4 (a) for the ITO/MEH-
PPV/AI device, and the vaue of m is about 2.6, indicated by
thelineer fitting of the data. The linear dependence of log R, vs.
log V implies that the conductance of the hole in the MEH-
PPV film follows the SCL.C with exponertid trap distribution.
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Fig. 4. Thevariation of thefitting parameters of (a) ITO/MEH-
PPV/AL (b) ITO/BDMOS-PPV/AI, and (c) ITO/AIQ;
devices using the equivalent circuit of asingle parale
resistor R, and a capacitor C, network with seria resistor
Rs. Theinsets show the plot of log R, vs. log V.

The carriers may be trapped by chemicd impurities and/or
sructurd defects. Meanwhile, C, isindependent of the spplied
bias. In the case of LECs, the capacitance increased a hight
bias voltages due to the forming of an dectrochemicd junction
caused by the mobileions [€], [7]. The cgpacitance increased a
low-frequendies, as shown in [ 7], due to these mobileions, while
No capaditance increase was observed in this sudy because there
are no mobileionsin LEDs The invariance of C, with applied
bias is exactly the behavior expected for the SCLC conditions,
where the C, cdculated for an SCLC with exponentid trap
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digribution is given by C, 5[(2mtDecAl[d(m+1)] [10]. We
think that the configurationd and chemicd dructure of the
MEH-PPV does not change dueto the gpplied voltage.

As shown in Figs 4(b) and (), the results are Smilar with
that of the ITO/IMEH-PPV/AI device For the device usng
BDMOS-PPV, we obtained a vaue of 5.9 for the exponent m
using alineer fitting of the parameter Ryinthelog V vs log R,
plot, and which, as shown in Fig. 1(b) isdmos the same asthe
vaue of 6 obtained usng an 1-V measurement—the dope
vaue of 7 is derived from m+1 as presented in (1). For the
AlQ; device, as shown in FHg. 4(c), the exponent m changes
from 2.5 to 6.8 when increasing the bias voltage from 10 V to
12 V. These vaues are dso smilar with those obtained from
the 1-V measurement shown in FHg. 1(c). From these results,
we can conclude that the conduction mechanism of al three
organic materids used in these experiments is an SCLC with
exponentid trap distribution.

According to the previous report [9], the conduction
mechaniam of the ITO/MEH-PPV/AI device was studied usng
agenardized Langevin equation. Also, according to the results
of the previous report, the conduction mechanism of the device
isan SCLC with exponentid trap digtribution and an exponent
m of 246. Therefore, dl three kinds of andyss, |-V plat,
equivaent drcuit analyss, and generdized Langevin andysis,
indicate smultaneoudy that the charge conduction mechanism
of the ITO/MEH-PPV/AI deviceis an SCLC with exponertid
trap distribution and an exponent m of 2.46 within fitting error.

From the SCLC theory, the totd charge trap dendity can be
cdculated. The current dengity Jin an SCLC with exponentia
trap distribution theory is given by

em | 2m+1jm*1 v @
N, (m+1) [ m+1) d®™’

where the total trap density, N,, is caculated as 6.6x10” fom®
using N, ~ 10%cm? [11], [12], p=85x10° cm?Vs [13], &=4,
d=100 nm, and m=2.46. In polymeric materids, there are two
kinds of charge carriers, hole (electron) and ion(s). We used
home made MEH-PPV, and because some ionic materids
were usd for the synthess of MEH-PPV, such as K+ for
polymerization and Na+ for monomer synthesis, some traces
of these dements might remain even after severa purification
depsaretaken. Therefore, the trgps could be either holetrapsor
ion traps. However, the charge carrier traps, as we mentioned
above, are probably mainly hole traps because the mgority of
charge carriers were reveded as holes [8]. Unlike holes, ions
(When present) cannot penetrate the dectrode and ae
accumulated while they undergo a hopping process. Therefore,
if an externd fidd is applied, hopping ions move toward the
eectrode and are accumulated while the externd fidd exigts

J= Ncﬂql’“{
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Thisaccumulated charge behaves as additiona capacitance and
dfects the low-frequency red part of the digectric constant
[14]. One thing we have to remember is that this effect does
not dter the frequency-dependent imaginary part of didectric
congtant because the accumulated charges are getic. This effect
is well known as ether the “Maxwdl-Wagner effect” or “the
trangoort  limitetion a the boundary.” The additiond
capacitance, which is frequency-dependent due to the
accumulation charge, can be written as C ~ k™. However, we
did not obsarve any sgn of additiond cgpacitance in our
previouswork [9]. This strongly suggeststhat the charge carrier
isnot of theion type, but israther ahole carrier.

We obtained the didectric condants for the three materids
used from the equation C=[(2mt+1)ee Al/[d(m+1)], which
can be cdculaed for an SCLC with exponentid trap
digribution [11]. The cdculated vaues are 3.8, 5.7, and 6.7 for
MEH-PPV, BDMOS-PPV, and AlQs, respectively.

V. Summary

AC dectricd properties of organic light-emitting diodes
(OLEDs) with MEH-PPV, BDMOS-PPV, and AlQ; as light-
emitting materias were sudied. The frequency-dependent red
and imaginary parts of impedance were fitted onto the devices
using an equivaent circuit with asingle pardld resistor R, and
acapecitor C, network with aseriesresstor Rs. The conduction
mechanism of the -conjugated materialsused in thisstudy isa
gpace-charge-limited current with exponentid trap digtribution.
The exponents m for the MEH-PPV and BDMOS-PPV are 2.6
and 5.9, respectively, and the two exponents of 25 and 6.8
were observed for the AlQsdevice. Thetotd trap densty of the
MEH-PPV devicewas calculated as 6.6x10™/om?.
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