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Capacitance—voltage characterization of polymer light-emitting diodes
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The capacitance—voltagéC—V) characterization of polymer light-emitting diode®LEDS
employing poly5-(2’-ethylhexyloxy-2-methoxy-1,4-phenylene vinyleheas the light-emitting

layer are reported. Several metals, such as calé¢@ay aluminum(Al), and gold(Cu) were used

as the cathode in order to investigate the influence of the charge injection oiC-the
characteristics. Under forward bias, the capacitance increases with majority charge carrier injection
into the polymer layer, and, afterwards, decreases upon minority charge carrier injection which
results in recombination of electrons and holes in the active polymer layer. The increase in the value
of capacitance follows the same dependence as the increase in the value of current density through
the device, which suggests that the capacitance depends not only on the amount of charge trapped
in the polymer near the interface, but also, and mainly, on the amount of charge injection into the
polymer layer from the electrodes. Tle-V behavior of PLEDs with added amount of ionic defects

was also studied. The capacitance values are higher for devices with higher amount of added
impurities in form of ionic electrolytes, and, the increase in the capacitance under forward bias also
depends on the ionic defect concentration2@5 American Institute of Physics

[DOI: 10.1063/1.1857053

I. INTRODUCTION we have shown that the change in capacitance is due to the
majority and minority charge injection from electrodes into
Polymer light-emitting diodegPLEDS (Ref. 1) have the polymer.
been recognized as a promising technology for flexible
disp!ays?“‘A PLE.D vyitlh h.igh quantum efficie.ncy. requires Il EXPERIMENT
efficient dual carrier injection and transportation in order to
achieve electron and hole balarideThe charge injection The PLEDs were fabricated using p@By2’-
and transporting mechanisms and the organic-metal interfacgthylhexyloxy-2-methoxy-1,4-phenylene vinyleheMEH-
of PLEDs have been extensively studied and repditEd. PPV, as the semiconducting, electroluminescent polymer.
The interest in PLEDs for solid state lighting has been re-The devices were fabricated on the glass substrates precoated
newed with the recent report of ultrahigh efficiency LEDs,with indium tin oxide (ITO). The polymer was spun-cast
with efficiency as high as 28 Cd/X. from cyclohexanone solutioil0 mg/m) onto these sub-
In this paper we report the capacitance—voltaGeV) strates; the typical thickness of the polymer film being about
characteristics of PLEDs and relate the behaviorGefy ~ 1000 A. Calcium(Ca), aluminum(Al), and gold(Au) were
characteristics to the onset of majority and minority charge'Sed as the different electron injecting electrottethode,

carrier injection into the active polymer layer from the elec-Vacuum evaporatedin 10°° Torr vacuum on ‘top of the
trodes. In the pasC—V and ac impedance characteristics of polymer films. The final structure of the dew_ces was ITO/
PLEDs (Refs. 1315 and polymer light-emitting electro- PEDOT:PSS/MEH-PPV/Cathode. All the devices were fab-

chemical celldLECs) (Refs. 16 and 1j7have been reported, rlcgtgd and tested n hitrogen atmosphere. 1rh§ charaq-
but those have mainly focused on reverse bias and low f rI_erls'tlcs for the devices were measured by using a Keithley
ward bias conditions. Campbit al 13 reportedC—V char- 2400 source measure unit. The capacitance and the ac im-

- . . edance measurements of the devices were conducted at the
acteristics of PLEDs in low forward bias and suggested tha?Oom temperature in the dark, using a HP 4284A LCR Pre-

harging of tr near the metalli n results in in-. . .
charging o traps ca the meta ¢ co tacts results cision Meter. The complex ac impedance measurements were
crease in the capacitance of the diode. In our measureme

) S - done in Z-0 mode for a varying frequencyf), from
we observed the capacitance variation in large forward b|a§0 Hz to 1 MHz with an ac drive bias of 30 mV. A constant

(higher than the device turn on voltage be dependent on dc bias was applied ranging from 0 V to +3 V, superim-

the type of cathode used as the top contact. Also the relativsosed on the ac bias. For the capacitance—voltage measure-

increase in the value of capacitance and the bias associatﬁqents, the devices were biased from 0 V to +3 V with volt-
with the dramatic increase and decrease in the capacitan%e steps of 0.05 V, superimposed on top of an ac drive
values are also dependent on the carrier injection. By comygjtage of 30 mV and a constant frequency. TheV curves
paring theC-V curves to the current-voltadé-V) curves, \vere acquired for different constant frequencies ranging
from 100 Hz to 1 MHz. TheC-V data was acquired by us-
?Electronic mail: yangy@ucla.edu ing a LABVIEW® program, controlling the LCR meter
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Figure 1 represents the band diagram model of our § 7§$gxf§z ggask
PLEDs showing the Fermi level positions for various mate- S 095
rials that were used to make our devices. As is visible from g
the band model, the increasing offset between the Fermi en- Z 90
ergy level of the metal cathode and the LUMO level in “30 25 20 -15 -10 05 00
MEH-PPV will result in reduced level of electron injection () Reverse Bias [V]

from the cathode into the polymer layer, and the injected _ _ o

holes will be the dominant charge carriers when Al and AuFIG. 3. Normalized capacitance measured for PLEDs with different metals
- . . . s cathodega) in forward bias, and(b) in reverse bias.

are used as the cathode, making the devices mcreasmg?y i ' (b in rev '

single carrier “hole-only.” The holes injected from ) ) ) ) o

PEDOT:PSS layer will be the dominant charge carriers angapacitance of all the devices increases in forward bias till a

the current in the device is controlled almost exclusively byPCINt where it reaches a maximum value, and decreases

the holes. On the other hand, the devices with Ca as theharply after that. This is in acc?ardanc.g with the previously

electrode will be double carrier devices. The current—voltag&€Ported results by Campbeit al.~ Additionally, the figure

curves for these three kinds of devices in forward and reversgnoWs that the onset voltage of the increase and the roll-back

bias are shown and compared in Fig. 2. Using different metl" capacitance depends on the metal used as the cathode for

als, and thereby controlling the amount of electron injectionffach device. The increase in the capacitance was more pro-

into the polymer from the cathode, provides an opportunitynounced for the device which has a higher work function

to study the role of charge carrier injection on the Capaci_metal as the cathode, or in other words, the capacitance in-

tance of the device as a function of applied bias during th&"€ased most for the devices with Au as the cathode, fol-
device operation. lowed by Al, and Ca. This suggests that the capacitance of

Figures 3a) and 3b) show the normalized capacitance PLEDs under forward bias maybe .dependent on thg charge
(C/C,) for the devices at 100 Hz, with different metal cath- injection across the metal/polymer interface. From Fidp) 3
odes, as a function of the bias voltagereC, is the capaci- it can be seen that the value of capacitance remains almost

tance of the device at zero bjass seen from Fig. @), the ~ constant during applied reverse bias. _
To explain this phenomenon, we propose a simple expla-

nation for the origin of capacitance in PLEDs. At zero bias,

10 [~x—ca the capacitance of the device is same as the geometrical ca-
j==a pacitance,Cy=es,A/d,"” wheree, g5 A and d are relative
10" dielectric constant of the polymer, permittivity of the free
T space, area of the device and the thickness of the polymer
% 200 film, respectively. The constant capacitance of a PLED at
é 10° ., reverse bias suggests that there exists a depleted region
3 08, across the polymer film in the device, which in turn suggests
10°4 that the device has a flat band structure in reverse birs.
] applying a small forward bias, there is no apparent change in
107 e the value of capacitance, and it remains equalCtp the

5 4 3 2 -1 . 0 1 2 3 4 5 geometric capacitance described above which is because of
Bias V] the dielectric properties of the polym]é"r.This capacitance

FIG. 2. Current density as a function of applied bifmward and reverse ~ '€Mains almO_St constant Un_t“. a point Where the majority
for PLEDs with different metal electrodé€a, Al, Au). charge(holes, in this examp)anjection begins from the an-
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ode. This majority carrier injection marks a sharp increase in 800 T " T y
the capacitancérFig. 3. On further increasing the bias, the —x~¢Ca Bias =30V
minority charge injection occurs, which results in recombi- 6004 [—o—Au j
nation of electrons and holes in the polymer and emission of
photons and the amount of charge that is present in the poly-
mer decreases significantly. This explains the decrease in the
capacitance at a higher bias. This decrease in capacitance is \\
not only because of the neutralization of trapped charges as 2004 t& 1
suggested by Campbetit al,*® but mainly because of the -‘x& K ;3
recombination of electrons and holes, resulting in decrease in ol . § ' . . K
the amount of charges present in the polymer significantly. 0 300 600 800 1200 1500
The above assumption is supported by the fact that the rela- Z'[Ohms]
tive increase in the capacitance is more for the device with a
higher work function metal as the cathode. While the onse
voltage of majority charge injection from the andteles is
same for all the devices and independent of the kind of cath- )
ode selected, the minority injection from the cathdétec- Figure 5 shows a typicaC-V curve for a PLED and
trons in this casewill take place at a much higher bias when four distinct regions are marked in the figure corresponding
the cathode has a higher work function. Until that point thel0 neutral regime, dark current regime, majority charge-
charge accumulation in the polymer will keep on increasing,'nJeCt'O” regime, and charge recombination regime. The volt-
thereby increasing the capacitance. Also the bias at whicA9e V1 is the bias voltage at which the majority charge in-
capacitance starts decreasing is lowest for devices with Ca d&ction into the polymer, holes in this case, starts in forward
the cathode, and highest for Au, which again can be exbias. Below this voltage the polymer is basically neutral with
plained by the fact that a higher bias is required for minority2 Very small amount of charge trapped in the defect sites near
charge injection, in case of devices with higher work func-the interface. The polymer layer can be thought of as com-
tion cathode. posed of small charge regions near the interface and a large
It has been reported that PLEDs behave like a pure cdleutral region elsewhere. The capacitance now is the geo-
pacitor for low applied bia& but for a dc bias higher than Metric capacitance due to the dielectric properties of the
the energy gap of the polymé2.1 eV for MEH-PPV in this  Polymer layer, as explained above. Abdvg a sharp capaci-
cas@ the Z” vs Z' plot of PLED is a semicircle with a small tance increase is observed corresponding to the majority
tail at low frequencies. The complex impedance of the decharge injection as explained above as well. The volidge
vice, Z can be expressed @sZ'-jZ", whereZ’ is the real ~ corresponds to the device-turn on voltage, at which the light
part and Z’ is the imaginary part of the complex gmission from the polymer begins anq marks a sharp d_ecline
impedance’ In order to explain the complex impedance of In the value of the measured capacitance of the device. It
the device, the equivalent circuit of a PLED is shown below,Should be noted that bot, andV, lie below 3 V and the

consisting of a capacitdiCp) and a resistofRp) in parallel ~ capacitance and the resistance components of the impedance
in series with a resistand®g). are independent of the frequency at these bias points as ex-
plained on the basis of the Cole—Cole plot in Fig. 4.

4001

Z' [ohms}

IG. 4. Cole—Cole plot$Z” vs Z’) with frequency as the implicit variable
r PLEDs with Ca, Al, and Au as the cathode at a forward bias of 3 V.

R . .
" In order to study the relationship between the charge
Rs —1 injection and the capacitance, it is important to understand
o— ——o0 the behavior of current density and capacitance change be-
i} tween voltaged/; andV, for our devices. The values &f;
Cr
Region | Region Il Region lil
The complex impedance, along with the real and imaginary s g z o @ i 2
o ) N £ o5 i )
part, of the above circuit is expressed as below: 28 3g I8 g\ o &
(&) c
— £ g s G5
Rp - jwRECp T 5% g8 5%
Z=Ret e 2 8 Com 28-A 8
1+ wReCh g2 =7 =&
3 58
. g H
wR5Cp 5] o
Z'=R +—P, andZ'= ————. © g2
S 1+0?REC3 1+?R3C3 as
c
Figure 4 shows the Cole—Cole plot for PLEDs with Ca, Al, o :
and Au as the cathode for an applied forward bias of 3 V. 0 v, v,
The Z" vs Z' curves with frequency as the implicit variable Applied Bias [V]

are semicircle for all three devices. This suggests that bOtIh—IG. 5. AtypicalC-V curve for a PLED device under forward applied bias

C_P and RI? are independent of the frequency for a forward shows three distinct regions corresponding to the amount of charge present
bias as high as 3 V. in the polymer film.
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FIG. 6. Measured values of current density and capacitance for a typical
PLED with Al cathode, for applied forward bias betwe¥n and V, and
curve fit according to the SCLC model.

and V, for Al devices are found to be 1.4V and 2.4V,
respectively. The dependence of current densitypn the
applied bias)V, for semiconducting polymers has been ex-
plained by several models, of which space-charge limited
current(SCLC) modet®?is widely accepted. According to
the SCLC model, the relation betwedrandV is given by

Joc 210 Figure 6 shows the measured current density and
capacitance values betwe¥nandV, for the device with an

Al cathode. As can be seen from the figure, the curve fit '
according tal = V2 matches well with the measured values of :tgg;;dm
current density. Also the measured values of capacitabce,

fit well according toC= V2. The fact that both current den-
sity and capacitance depend on the square of applied bias
proves that the capacitance increase betwéeandV, can

be attributed to the majority charge injection into the
polymer.

This explanation is further supported by observing the
current-light-capacitance curves as a function of the applied
forward bias for the three different devices, as shown in Figs.
7(a)-7(c). The bias where capacitance starts decreasing i, 7. current-light-capacitance curve for MEH-PPV based PLEDs with
observed to be same as the device turn-on voltage, at whiaPe, Al, and Au as metal electrodes.
the light emission from the device is observed. This is ob-

served for all the three different devices, with Ca, Al, and Au, ions?® Theref h . q
as the cathodes. This clearly suggests that the capacitance/fictions:” Therefore the ac impedance measurements were
erformed on the devices, with the goal of detecting impuri-

single carrier devices not only depends on the space charge; o :
but also on the recombination, just like in case of doubleli€S throughC—V characteristics. For this purpose, we pur-

carrier devices, even though the amount of recombination i§0Sely added salt impurities into highly purified MEH-PPV
significantly less in single-carrier devices. The forward biag?olymer to be used as the active layer in the device. The
capacitance behavior of our diodes is very different from thefurrent-voltagel —V) characteristics of the PLEDs with dif-
reverse bias behavior. In reverse bias the junction capacferent amount of salt concentrations in the polymer are
tance is the dominant, whereas in case of forward bias, difshown in Fig. 8a) in forward and reverse bias. An increase
fusion capacitance is dominar@—V curve for our device in the reverse bias current with the increase in the amount of
suggests that PLED is a short-base diode where the minorit§@lt present in the polymer agrees well with the fact that the
charge carrier diffusion lengths are much longer that thesalt, which is present in the polymer as ionic impurity, con-
length of the diode. The current-voltage dependence of &ibute more to the ionic conduction, in addition to the charge
PLED is different from an inorganic diode because the curconduction because of the charge already present in the poly-
rent is space charge limited. This suggests that the increase finer, thereby increasing the dark current. This degradation in
the capacitance for PLED is not necessarily exponential, buievice performance with increasing salt concentration is also
proportional to square o¥, similar to J-V dependence in reflected in the electroluminescen@el) brightness and EL
the SCLC model. This gives us an opportunity to compareefficiency measurements. The EL-voltage and the EL quan-
and differentiate PLED from the inorganpz-n junction. tum efficiency measurements for the devices are shown in
The measurement of junction capacitance is often use#ig. 8b).
as a tool to determine the doping concentration in In order to further study the effect of ionic impurities

Current [mA]

Capacitance [nF]

T
[N
Q

Current [mA]
o o
Capacitance [nF]

T
o

(c) Bias [V]
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FIG. 8. |-V characteristics of ITO/PEDOT/MEH-PPV/Ca PLEDs with a (b) Bias [V]
different amount of ionic salt impuritied iCF;SO;) added to the polymer.

w

FIG. 9. Capacitance as a function of voltage and frequency for two different

. . . ._kinds of devices{a) salt conc.=0.00 wt. %, antb) salt conc.=0.20 wt. %
present in the device and the role they play while the devicgs \yen-ppy. @ ®

is biased, the capacitance measurements were done on

PLEDs with varying salt concentration. The capacitance WaS: it added to the polymer at frequencies 100 Hz, 10 kHz,
calculated from the measured complex impedanead the

phase angle, as follows: and 1 MHz, resp_ectively. I_:rom the figure it can be obs_erved
' ' that the geometric capacitan€® is 2.8 nF for the device
sin(6) with no added salt and increases to 8.1 nF for device with
B 27'rf—><|Z| 1 wt. % added salt. This increase in zero-bias capacitance is
because of two reasons: one, the salt Ly€6; has a higher
where,f is the frequency, anfZ| is the modulus of complex dielectric constant than MEH-PPV; and two, more initial
impedanceZ. charged defects are present near the interface in the polymer
Figure 9 shows th€-V characteristics for a device with layer because of ionic electrolyte. The junction capacitance
no added salta), and for a device with 0.20 wt. % sdlt), in  depends on the amount of charge density according to
the polymer for frequency range of 100 Hz—100 kHz. For all« \s’Nd.ZO This gives the increase in the capacitance of about
applied frequencies, the capacitance of the PLED increasesl times on increasing the salt concentration from
with bias, when the devices are biased in the forward direc.1 wt. % to 1.0 wt. %, which is close to the value of 2.9
tion, attains a maximum value and then decreases sharp(¥8.1/2.9 as measured. On the other hand, the amount of
thereafter. In the reverse bias the capacitance of the devidajected charge present in the polymer after majority charge
remains almost constant for all the frequencies. The absolui@jection is lesser in the polymer layer which contains added
value of capacitance is higher, for a given device at a givesalt, as some of the charge is trapped and recombined. This
applied bias, for lower frequency and it decreases with intesults in smaller increase in the value of capacitance after
creasing frequency. Also the relative increase in the value ahajority charge injection bias for the devices with added salt
capacitancefrom capacitance at 0 V to the maximum ca- as compared to the device without any salt.
pacitance attained during forward biasinig significantly
smaller _for higher freq_uenm_es. _The capacitive response q(/. CONCLUSION
the device to the applied bias is relatively low for higher
frequencies. On addition of salt to the device, the absolute In conclusion, we have demonstrated that the onset volt-
value of capacitance is higher for a given frequency and ages of increase and decrease the capacitance of a typical
given applied bias. More the amount of salt added to thd°LED correspond to the majority and minority charge-
polymer, more is the capacitance. Figure$al010(c) show injection voltage under forward biased condition. Also the
the measure€—V curves for PLEDs with different amount relative increase in the capacitance of the device depends on

Cp:
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16_ - T . - : present in the polymer layer will worsen the performance of
14 Efiaﬁ%ao‘ij’"a Frequency = 100 Hz ] the PLED, not much is known about the behavior and
12 —m—0.10% mechanisms that these ions play in the polymer. In order to

{[—=0—1.00% study the effect of ionic impurities in PLEDs, we have made

an attempt to study the effect of ions by going in a backward
direction, i.e., by adding salt to initially pure polymer. We
discussed the effect of addition of salt into the polymer with
the help of various characterization techniques such-a86
characteristics, luminescence measurements, ac impedance
measurements, arfd—V measurements.
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