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The quenching of excitons at the poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid)

(PEDOT:PSS) anode in blue polyalkoxyspirobifluorene-arylamine polymer light-emitting diodes is

investigated. Due to the combination of a higher electron mobility and the presence of electron

traps, the recombination zone shifts from the cathode to the anode with increasing voltage. The

exciton quenching at the anode at higher voltages leads to an efficiency roll-off. The voltage

dependence of the luminous efficiency is reproduced by a drift-diffusion model under the condition

that quenching of excitons at the PEDOT:PSS anode and metallic cathode is of equal strength.

Experimentally, the efficiency roll-off at high voltages due to anode quenching is eliminated by the

use of an electron-blocking layer between the anode and the light-emitting polymer. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903952]

I. INTRODUCTION

Organic electronics based on semiconducting polymers

have garnered significant attention because of a number of

advantages, including potentially cost-effective solution

processability and flexibility of the final product. An attrac-

tive example of a device based on conjugated polymers is

the polymer light-emitting diode (PLED). To fabricate a

PLED with optimal performance, it is crucial to understand

the physical processes that govern device operation. These

processes include the injection, transport, and recombination

(radiative and nonradiative) of charge carriers, as well as

exciton quenching and surface recombination at the electro-

des.1 It was shown that the hole transport in many conjugated

polymers shows trap-free behavior, while electron transport

is strongly limited by the presence of electron traps. For a

range of conjugated polymers, these electron traps were

observed to be situated at an energy of �3.6 eV below the

vacuum level with a typical density of �3–5� 1023 m�3.2

The apparently universally present electron traps not only

limit the electron transport but the trapped electrons also

recombine with free holes via a nonradiative trap-assisted

recombination process, which competes with the emissive

bimolecular Langevin recombination.1 A direct consequence

of the trap-limited electron transport is that the exciton

recombination zone is situated near the cathode in a PLED.

The excitons formed near the metallic cathode are quenched

by the metallic electrode, thereby reducing the efficiency.

With increasing voltage, the electron traps are gradually

filled and the excitons are generated more homogeneously in

the active layer, leading to an increase of the efficiency with

voltage. In the first PLED device models, this increase of

efficiency with voltage was used to estimate the width of the

cathode quenching (CQ) region. A width of approximately

10 nm was found.3 Using time-resolved photoluminescence,

it was observed that the quenching by direct radiationless

energy transfer to the metal is further enhanced by diffusion

of excitons into the depletion area of the exciton population

at the polymer/metal interface.4 For an aluminum electrode

on a layer of poly(p-phenylene vinylene) derivative, it was

found that strong exciton quenching occurs within a region

of about 15 nm, which can be decomposed in a characteristic

energy-transfer range x0 of 7.5 nm and an exciton diffusion

length LD of 6 nm.

In contrast to cathode quenching, the role of anode

quenching in PLEDs is less clear, since in many PLEDs, the

recombination zone is situated in the vicinity of the cathode

due to the trap-limited electron transport. In addition, there

exists a controversy about whether or not the doped conduc-

tive polymer poly(3,4-ethylenedioxythiophene):poly(styre-

nesulfonic acid) (PEDOT:PSS), which often serves as a

hole-injection layer in PLEDs, efficiently quenches excitons

that are formed near the anode. Lee et al. studied both gra-

phene oxide and PEDOT:PSS as hole-injection layers and

concluded that PEDOT:PSS is a highly quenching anode.5

Kim et al. and Yim et al. showed that severe luminescence

quenching occurs near the interface between PEDOT:PSS

and the polymer poly(9,90-di-n-octylfluorene-alt-benzothia-

diazole) (F8BT).6,7 This issue could be overcome by inser-

tion of an electron- (and exciton-) blocking layer between

PEDOT:PSS and the emissive layer. Such a layer is fre-

quently applied to fabricate efficient PLEDs.14,19,20 Contrary

to these findings, K€ohnen et al. observed a strong yellow

emission for a very thin layer (<1 nm) of cross-linked

poly(p-phenylene vinylene) derivative Super Yellow on top
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of PEDOT:PSS, subsequently coated by an 80 nm layer of

blue-emitting polymer.8

To investigate the influence of anode quenching in an

operating PLED, it is necessary that excitons are formed

near the anode. A necessary requirement for this is that the

electron transport is superior to the hole transport. It has

been reported that the electron mobility in an efficient

blue-emitting polyalkoxyspirobifluorene copolymerized with

N,N,N0,N0-tetraaryldiamino biphenyl (PSF-TAD, shown in

Fig. 1(a)) copolymer is at least an order of magnitude higher

than the hole mobility.9 Even though the mobility of free

electrons is higher than the mobility of free holes, at low vol-

tages, the electron transport is still limited by deep trapping

sites, as usually found in conjugated polymers. However, at

higher voltages, the electron transport becomes dominant

due to filling of the traps with charge carriers. In a PLED,

this results in a voltage-dependent position of the recombina-

tion zone, shifting from the cathode all the way to the anode

with increasing bias voltage. Therefore, it is expected that

anode quenching plays a role at higher voltages and light

intensities.

Here, we investigate the influence of anode quenching

in PSF-TAD PLEDs using numerical device simulations and

compare the results with a reference polyalkoxyspirobifluor-

ene (PSF) polymer where the charge transport is fully hole-

dominated. Anode quenching is found to limit the efficiency

of PSF-TAD PLEDs at high voltages. We find that the

PEDOT:PSS anode quenches excitons as efficient as the

metallic Ba/Al cathode. This loss mechanism is subsequently

eliminated by using an additional electron blocking layer on

the anode side.

II. EXPERIMENTAL

PLEDs and single-carrier devices were fabricated on

glass substrates with a patterned indium-tin oxide (ITO)

layer. The substrates were cleaned, dried, and treated with

UV-ozone. The emissive polymer polyalkoxyspirobifluor-

ene-N,N,N0,N-tetraaryldiamino biphenyl (PSF-TAD) and

optional poly(9-vinylcarbazole) (PVK, shown in Fig. 1(b))

electron-blocking layers were spin-coated in a nitrogen

atmosphere from toluene and chlorobenzene solutions,

respectively. To measure the electron transport, the polymer

layer was sandwiched between thermally evaporated Al

(30 nm) and Ba/Al (5/100 nm) contacts on a glass substrate,

resulting in an electron-only device. For measuring the hole

transport, hole-only devices were fabricated in which the

polymer layer was sandwiched between ITO/PEDOT:PSS

(Clevios
TM

P VP AI 4083) and MoO3/Al electrodes, which

both have sufficiently high work functions for Ohmic hole

injection, while blocking the injection of electrons. For

double-carrier devices, ITO/PEDOT:PSS was used as the

anode and Ba/Al as the cathode.

III. RESULTS AND DISCUSSION

To analyze the effect of anode quenching in PLEDs, we

first investigate the electron and hole transport. Therefore,

electron- and hole-only devices have been prepared with

PSF and PSF-TAD. The current density-voltage characteris-

tics are shown in Figs. 2(a) and 2(b), respectively. For PSF,

the electron current is lower than the hole current over the

complete voltage range. By contrast, a crossover voltage is

observed for PSF-TAD, above which the electron current is

dominant. Since the intrinsic electron mobility of both poly-

mers is similar the difference in the measured electron cur-

rent originates from a different trap density. Modeling of the

electron transport with a drift-diffusion model results in

electron-trap densities of 3� 1023 m�3 and 1.3� 1023 m�3

for PSF and PSF-TAD, respectively, with a trap depth Et of

�0.65 eV below the LUMO and a Gaussian distribution rt of

�0.1 eV.10 The electron and hole mobility are described by

the extended Gaussian disorder model (EGDM), which

includes the effect of electric field and carrier density on the

mobility.1 Contrary to electron transport, hole transport can

be described without additional charge trapping.

With the parameters for hole and electron transport

known, the spatial distribution of the recombination zone in a

PLED can be simulated, as shown in Figs. 2(c) and 2(d). Due

to the more balanced transport in PSF-TAD as compared to

PSF, the recombination zone is distributed across a signifi-

cantly larger part of the layer thickness. Furthermore, it is

observed that the recombination zone shifts more to the an-

ode at higher voltages for PSF-TAD, whereas recombination

remains near the cathode in PSF. Therefore, it is expected

that anode quenching only plays a role in PSF-TAD at higher

current densities and is virtually absent in PSF.

By including the loss mechanisms of cathode and anode

quenching of excitons, next to the nonradiative trap-assisted

recombination loss mechanism, the efficiency of the PLED

as a function of driving voltage can be simulated.10 Fig. 3

shows the experimental and simulated current efficiencies

for PLEDs of different thicknesses. Fig. 3(a) shows the

results for PSF, which has a higher trap density compared to

FIG. 1. (a) Chemical structure of the PSF host copolymer and the TAD hole transport unit. The composition of the PSF copolymer is m¼ 50% and n¼ 50%.

In the PSF-TAD copolymer has a TAD concentration of 10%, resulting in a composition of m¼ 50%, n¼ 40%, and o¼ 10%. (b) Chemical structure of PVK.
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PSF-TAD [Fig. 3(b)]. For the PSF polymer, the efficiency

initially increases with voltage in the low-voltage regime

due to reduced nonradiative trap-assisted recombination

losses and reduced cathode quenching. To model the cathode

quenching, a one-dimensional exciton diffusion model is

used with input parameters x0 and LD.4 It has recently been

observed that the electron traps are also responsible for the

quenching of excitons in a range of conjugated polymers and

small molecules.11 As a result, the average exciton diffusion

length LD is equal to half of the distance between the elec-

tron traps. From the measured electron trap concentration of

3� 1023 m�3, we find for PSF an exciton diffusion length of

6.3 nm. The only remaining parameter is x0, the characteris-

tic range of energy transfer toward the metal, which we

determine to be 4 nm. For PSF, it makes no difference

whether we take anode quenching into account or not, since

the recombination takes place near the cathode over the com-

plete voltage range.

The PSF-TAD polymer with a trap density of

1.3� 1023 m�3 shows a markedly different behavior in the

plot of efficiency vs. voltage. Due to the lower trap density

in PSF-TAD compared to PSF, the amount of trap-assisted

recombination and cathode quenching (due to enhanced

trap-filling) is reduced, resulting in a steeper slope in the

efficiency-voltage plot. Moreover, a drop in efficiency is

observed at higher voltages for PSF-TAD, which is not

observed in PSF PLEDs. The shift of the efficiency maxi-

mum toward higher voltages with increasing layer thickness

is a natural result of the lower electric fields (and current

densities) in thicker films.

As a first step to model the efficiency of PSF-TAD

PLEDs, we only take cathode quenching into account, as

done for PSF. We again set x0 equal to 4 nm, whereas the

exciton diffusion length is increased to 11 nm due to the

reduced electron trap density of 1.3� 1023 m�3. As can be

observed from the dashed lines in Fig. 3(b), the simulated

efficiency curves consistently describe, without any addi-

tional parameter, the efficiency rise of the thick samples,

where, in the voltage range considered, most of the excitons

are still generated at the cathode. This shows that in both

PSF and PSF-TAD PLEDs the cathode quenching is identi-

cal. However, for thinner devices, the model using only

cathode quenching does not explain the efficiency of the

PSF-TAD PLEDs. Therefore, as a next step, we also include

quenching at the PEDOT:PSS anode, using the same quench-

ing parameter x0 of 4 nm, as also used for the metallic

FIG. 2. (a) and (b) Experimental (sym-

bols) and simulated (solid lines) cur-

rent density-voltage characteristics of

hole-only (HO) and electron-only (EO)

devices for PSF (a) and PSF-TAD (b).

(c) and (d) Normalized recombination

profile (recombination rate vs distance

from cathode) inside a simulated

PLED (double-carrier) device of

300 nm for PSF with an electron-trap

density of 3� 1023 m�3 (c) and PSF-

TAD with an electron-trap density of

1.3� 1023 m�3 (d).

FIG. 3. Experimental (symbols) and

simulated (lines) thickness-dependent

current efficiency versus voltage for (a)

the reference PSF polymer with a trap

density of 3� 1023 m�3, where only

CQ is important, and (b) PSF TAD

with a trap density of 1.3� 1023 m�3.

The solid lines represent simulations

with equal quenching at both electrodes

(CQþAQ), whereas dashed lines rep-

resent the simulated current efficiency

when only cathode quenching is intro-

duced. (Experimental data were nor-

malized to calculation).
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cathode. As shown by the solid lines in Fig. 3(b), taking into

account identical exciton quenching for both electrodes, we

can fully model the PLED device performance for all layer

thicknesses.

From the numerical simulations, it is clear that the effi-

ciency decrease at higher voltages can be attributed to

exciton quenching at the anode. To confirm this model pre-

diction, a further experimental validation is required.

Fabrication of bilayer PLEDs with an additional electron

blocking layer with proper energy levels should prevent

excitons from being formed near the anode and also should

prevent subsequent diffusion of the exciton toward the

anode. If the efficiency roll-off at high voltages is indeed

caused by anode quenching, this feature should be sup-

pressed upon inclusion of an electron blocking layer. The

use of a multilayer structure to confine charge recombination

to the emitting layer and eliminate exciton quenching in

order to improve OLED efficiency has been widely

applied.6,12–21 Fabricating a multilayer device with solution-

processing techniques is complicated by the fact that deposi-

tion of a second layer will result in partial or complete

dissolution of the previously deposited layer. To overcome

this problem, researchers have proposed different techniques

like cross linking the first layer(s),12,13 using a liquid buffer

layer,14 using water-alcohol soluble materials,15–17 and using

orthogonal solvents, i.e., the solvent of the next layer should

not dissolve the previous one.18–21

Here, we follow the orthogonal solvent approach by

using an electron blocking layer based on the polymer PVK,

which has a relatively low solubility. PVK is a well-known

conducting polymer, which, when it has a high molecular

weight, is not soluble in toluene, especially after the depos-

ited layer is annealed at 150 �C. In addition, PVK has a very

high LUMO (� �2.2 eV for PVK22 compared to � �2.6 eV

for PSF23), which makes it suitable to use as an electron-

blocking layer.

For the fabrication of these bilayer PLEDs, a 15 nm

layer of high molecular weight PVK (Mw� 1 100 000, Sigma

Aldrich) was spin coated on top of PEDOT:PSS and subse-

quently annealed at 150 �C. As a next step, a layer of PSF-

TAD was spin coated on top of the PVK layer from toluene

solution. To verify the influence of the PVK electron-

blocking layer on the charge transport, hole-only and

electron-only devices of such bilayer devices were fabri-

cated. From Fig. 4(a), it appears that hole transport is not

affected by the presence of the additional PVK layer. The

small drop in hole current can be attributed to the slightly

increased total thickness. The electron transport for single-

and bilayers is shown in Fig. 4(b). For the electron-only

devices, an Al bottom electrode is used to prevent hole injec-

tion, while the Ba/Al top electrode injects electrons into the

PSF-TAD LUMO. The electron current is indeed blocked by

the PVK layer, as evidenced by the reduction in current of

more than an order of magnitude compared to the single-

layer device. This shows that PVK should be effective in

reducing anode quenching.

Fig. 5(a) shows the J-V characteristics for single and

bilayer PLEDs. For the first scan up to 4.5 V, the bilayer

device yields much lower currents compared to the single-

layer device. After consecutive scans to higher voltages, it

appears that around 4 V the current starts to increase sharply

and light output is measured. A counter-clockwise hysteresis

is observed, where the up scan follows the down scan of

the previous measurement. Scanning to sufficiently high

voltages (7–8 V in this case), results in saturation of the cur-

rent and the hysteresis is no longer present in subsequent

FIG. 4. (a) Hole and (b) electron cur-

rents of PSF-TAD single-layer

(squares) and PVK/PSF-TAD bilayer

(circles) hole- and electron-only devi-

ces. The thickness of the PVK and

PSF-TAD layer amounted to 15 nm

and 205 nm, respectively.

FIG. 5. (a) J-V characteristics of

single-layer and bilayer PLEDs, show-

ing 5 consecutive voltage scans for the

bilayer device. (b) Efficiency versus

voltage for single-layer and bilayer

devices with equal thickness, the PVK

layer thickness is �15 nm.
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scans. The saturated current is only slightly lower than the

current of the single-layer reference device. This effect is

known as electron-enhanced hole injection, addressed by van

Woudenbergh et al. for the PEDOT:PSS/PFO interface.24

According to this effect, the accumulation or trapping of

electrons at the interface between PVK and PSF-TAD enhan-

ces the hole injection from PEDOT:PSS into PVK and subse-

quently into the light-emitting polymer. Fig. 5(b) shows the

current efficiency vs. voltage for the bilayer device, com-

pared to a single-layer device with equal total layer thick-

ness. We clearly observe that the efficiency roll-off at higher

voltages, as observed in the single layer device, has disap-

peared. As predicted in the absence of anode quenching

[dashed line Fig. 3(b)], the efficiency reaches a plateau

value. This experimental result clearly proves that the

decrease in efficiency at high voltages (and therefore high

luminance) in PSF-TAD is due to anode quenching. The

results show that implementing a suitable electron blocking

layer eliminates energy transfer of the exciton into the

anode.

IV. CONCLUSION

It was demonstrated that quenching of excitons at the

PEDOT:PSS anode is responsible for the efficiency roll-off

at higher voltages in blue-emitting PLEDs. This effect could

be simulated with a numerical device model, which was able

to reproduce the experimental results. The quenching of

excitons at the polymeric anode and metallic cathode were

observed to be equally efficient. The role of anode quenching

was further validated through the application of an electron-

blocking layer between the anode and the emitting layer.

Application of a PVK blocking layer eliminated the effi-

ciency roll-off at higher voltages, resulting in more efficient

PLEDs at higher voltage and luminance.
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