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defects.[11] Ladder-type poly(p-phenylene) 
polymers (LPPP) are an interesting class 
of conjugated polymers due to their 
purity and low degree of structural and 
energetic disorder.[12] The reduced dis-
order is reflected in the sharp spectral 
features of the absorption and fluores-
cence spectra as well as a low amount of 
aggregate formation that could lead to 
trapping.[13] Time-of-flight measurements 
revealed that the hole transport in ladder-
type methyl-substituted poly(p-phenylene) 
(Me-LPPP) is non-dispersive, combined 
with a hole mobility in the 10−7 m2 V−1 s−1 
range, which is much larger as compared 
to other poly(p-phenylene vinylene) (PPV) 

derivatives.[14] The very small dependence of the mobility on 
temperature furthermore reflects the small inhomogeneous 
width of the density of states (DOS) as a result of reduced 
disorder.

Next to blue singlet emission, this class of materials also 
exhibits some additional spectral features at higher wave-
lengths. At low temperatures, triplet emission has been 
observed using gated detection.[15] The observed phosphores-
cence spectrum was shifted with respect to the fluorescence 
spectrum by ≈0.6 eV and exhibited similar vibronic replica. Fur-
thermore, a featureless broad excimer-like band was observed 
at an intermediate energy with respect to the fluorescent and 
phosphorescent spectra. In a later study, electrically induced 
phosphorescence even at room temperature was found in a 
diaryl (diphenyl)-substituted LPPP derivative.[16] It was proposed 
that the room temperature phosphorescence was the result of 
triplet diffusion toward sites where residual traces of palladium 
are covalently bound to the polymer. Probing the sensitivity of 
the spectra to oxygen confirmed that the phosphorescent fea-
tures were quenched by oxygen, whereas the broad feature-
less peak got stronger.[16] The latter indicates that this broad 
peak is the result of oxidative defects similar to fluorenone in 
polyfluorenes (PFO), as also reported in later studies on LPPP 
polymers.[17–19]

In spite of extensive optical characterization, the device opera-
tion of LPPP-based PLEDs has not been addressed so far. In this 
study, we address the electron and hole transport of Me-LPPP 
as well as the voltage dependence of the electroluminescence 
(EL) spectra of Me-LPPP-based PLEDs. We observe that the 
electron current is severely limited by trapping, which leads to 
highly unbalanced charge transport. Similar to Lupton et al.,[16] 
we also observe room temperature electro-phosphorescence 

The charge transport and recombination in light-emitting diodes (LEDs) 
based on a methyl-substituted poly(p-phenylene) ladder polymer (Me-LPPP) 
are investigated. The transport is characterized by a high room-temperature 
hole mobility of 2 × 10−8 m2 V−1 s−1 combined with anomalously strong 
electron trapping. Their electroluminescence (EL) spectrum is characterized 
by a blue singlet emission, a broad green featureless peak, and a yellow-
orange triplet emission. The voltage dependence of the EL spectrum and 
negative contribution to the capacitance indicate that the triplet-emission is 
of trap-assisted nature, consistent with the strong electron trapping. Conse-
quently, the color purity of the blue emissive Me-LPPP polymer LEDs can be 
strongly improved using trap dilution.

Dr. E. Khodabakhshi, Dr. C. Ramanan, Dr. J. J. Michels, 
Prof. P. W. M. Blom
Department of Molecular Electronics
Max Planck Institute for Polymer Research
Ackermannweg 10, Mainz 55128, Germany
E-mail: blom@mpip-mainz.mpg.de
S. Bonus, Dr. D. Hertel, Prof. K. Meerholz
Institute of Physical Chemistry
University of Cologne
Greinstrasse 4-6, Cologne 50939, Germany
M. Forster, Prof. U. Scherf
Institute for Polymer Technology
Bergische Universität Wuppertal
Gaußstraße 20, Wuppertal 42119, Germany

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aelm.202000082.

1. Introduction

Conjugated polymers are of considerable interest as potential 
active materials in organic electronic applications such as poly-
meric light-emitting diodes (PLEDs), plastic lasers, photovoltaic 
devices (solar cells), and field-effect transistors.[1–5] One of the 
main goals of materials development for OLEDs is obtaining 
stable pure blue emission, which is required for full-color dis-
plays, combined with good charge transporting properties.[6–10] 
However, charge transport in organic semiconductors is typi-
cally reduced by energetic disorder and trapping sites due to 
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for Me-LPPP. The electroluminescence spectra are strongly 
dependent on the bias voltage, with the relative contribution of 
the phosphorescent triplet emission being weakened at higher 
bias. Such behavior is characteristic for trap-assisted recombi-
nation. The presence of trap-assisted triplet emission is further 
manifested by a negative contribution to the PLED capacitance. 
The trap-assisted character of the triplet-emission allows us to 
completely suppress the phosphorescence using trap dilution 
by blending Me-LPPP with low-molecular-weight polystyrene 
(PS), resulting in pure blue emission.

2. Results and Discussion

2.1. Single-Carrier Devices

Understanding the operation of PLEDs requires a thorough 
characterization of charge transport, charge injection, and 
recombination mechanisms. Single-carrier devices are excel-
lently suited for exploring the hole and electron transport inde-
pendently. Hence, as a first step, we study the electron and hole 

current in Me-LPPP-based single carrier devices, of which the 
device architecture is given in Experimental Section.

In Figure 1, the measured hole and electron current densi-
ties of Me-LPPP are plotted (symbols) as a function of voltage 
(log J–log V). The observed slope of two in the log J–log V plot 
for V ≥ 1 V shows that, as has been observed for many semi-
conducting polymers,[20] the hole current is space-charge lim-
ited (quadratic dependence of current on voltage) and trap-free. 

Applying Childs law J V

L
εµ=

9

8

2

3
, with ε the permittivity and 

μ the mobility, leads to an estimated room temperature hole 
mobility for Me-LPPP of 3  ×  10−8 m²  V−1  s−1 (Figure  1, solid 
black line). In order to gain more quantitative information on 
the hole transport in Me-LPPP, the hole-only devices were also 
measured at different temperatures (symbols in Figure S1a, 
Supporting Information). To model the trap-free hole current, 
the extended Gaussian disorder model (EGDM) was used that 
contains as relevant parameters μ0, a mobility prefactor con-
taining the electronic overlap between transport sites, the ener-
getic disorder σ, and a, the average distance between two trans-
port sites.[21,22] These parameters then define the dependence 
of mobility on temperature, charge carrier density, and electric 
field. From the modeling (solid lines in Figure S1a, Supporting 
Information), we found μ0 = 120 m² V−1  s−1, σ = 0.06  eV, and 
a = 2.5 ×  10−9 m. At room temperature and zero electric field, 
these parameters result in a hole mobility of 2 × 10−8 m² V−1 s−1, 
which is one order of magnitude lower as compared to earlier 
time-of-flight data.[14] The weak temperature dependence, as 
also reported in literature,[14] originates from a low value for the 
energetic disorder of σ = 0.06  eV, which is significantly lower 
than values found for other PPV derivatives, typically ranging 
from σ = 0.12 to 0.15 eV.[21]

In contrast, the electron transport in Me-LPPP is strongly sup-
pressed and exhibits a steeper voltage dependence, which is char-
acteristic for trap-limited currents. Figure  1 reveals that for the 
Me-LPPP device, the hole- and electron current differ by nearly 
five orders of magnitude. Such a large difference is ten to hun-
dred times larger than observed for other PPV derivatives[23,24] 
or PFO-based[10] semiconductors. In an earlier study, it has been 
reported that the electron current in conjugated polymers is 
mediated by universal electron traps, with a typical density of ≈5 × 
1023 m−3.[20] The extraordinary low electron current observed in 
Me-LPPP could point to the fact that next to these universal traps 
additional trap centers are present in the band gap of Me-LPPP.
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Figure 1. Hole and electron current density versus voltage for Me-LPPP 
hole- and electron-only devices. Symbols are experimental results; the 
solid lines are fits using EGDM (free electrons and holes) and electron 
traps consisting of universal electron traps (dashed line) and an addi-
tional single-level trap (solid line). The inset shows the chemical structure 
of Me-LPPP with R1 = n-C6H13 and R2 = 1,4-(C6H4)-n-C10H21.

Figure 2. a) Current and photocurrent density of a PLED based on a 120 nm active layer of Me-LPPP. b) Electroluminescence spectrum (solid line) and 
photoluminescence spectrum (dash line) of the same device.
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2.2. Steady State Electro- and Photoluminescence

As the next step, dual carrier devices were fabricated to inves-
tigate the recombination properties of the Me-LPPP-based 
PLEDs. Figure 2a shows the current and photocurrent density 
of the PLED. These characteristics correspond to an external 
quantum efficiency of 1%. Furthermore, Figure  2b shows the 
electroluminescence and photoluminescence (PL) spectra of 
Me-LPPP devices, normalized to the 0–1 peak. Both spectra 
exhibit the typical spectral PL characteristic of LPPPs: The S0-S1 
(0-0) transition band of the PL spectrum peaks at 460 nm and 
is followed by a vibronic fine structure.[25] However, in the EL 
spectrum, the intensity of the 0–0 peak is much lower than the 
one in PL, which might originate from self-absorption. Besides 
the vibronic peaks of the singlet to ground state transition, the 
EL spectrum reveals two additional features observed at higher 
wavelength: i) a broad green emission band more or less cen-
tered around 560  nm and ii) a vibronically structured feature 
with a peak maximum at 590 nm. Strikingly, both features are 
absent in PL. As discussed in the introduction, the broad green 
emission at 560  nm may be due to the presence of a small 
amount of ketone defects, similar to PFO[10] or excimers.[15,26]

The second additional feature at 590 nm bears strong resem-
blance with the structured long wavelength emission observed 
in the EL spectrum measured for Ph-LPPP, which was ascribed 
to electrophosphorescence due to triplet diffusion toward 
covalently attached palladium centers, remaining in the mate-
rial after the Suzuki polycondensation.[16] The lower emission 
intensity observed for the long wavelength feature for Me-LPPP 
compared to Ph-LPPP is consistent with the lower Pd content 
in our sample of ≈2 ppm, compared to 80 ppm for Ph-LPPP.[16] 
A question that arises is whether these Pd centers that give rise 
to triplet emission are also responsible for the anomalously low 
electron current in Me-LPPP. In that case, the triplet emission 
is expected to be of trap-assisted nature.

A typical fingerprint of trap-assisted recombination is that 
the EL spectrum is voltage dependent. In Figure 3, the EL spec-
trum is shown for various voltages (5–8 V). When normalized 
to the blue (singlet) bimolecular recombination, we observe 
that the triplet emission at higher wavelength is relatively 

weakened. There are two possible explanations for this nega-
tive voltage dependence: i) enhanced annihilation of triplets 
upon increasing the operating voltage as a result of an increase 
in excitation density,[16,27,28] and ii) emissive recombination of 
trapped electrons with free holes.[10] In case of the latter, since 
the number of trapping sites is fixed, the rate of trap-assisted 
recombination is only dependent on the hole density in the 
PLED, that is, linearly dependent on the charge carrier density. 
In contrast, the recombination rate of free electrons and holes 
leading to the blue singlet emission is bimolecular as it is a 
function of both the electron and holes density and hence quad-
ratically dependent on the charge carrier density, making the 
blue bimolecular emission dominant at higher voltages. As a 
result of this difference in scaling of the trap-assisted and bimo-
lecular (Langevin) recombination rates on the charge carrier 
density, the light emission resulting for these processes scales 
with the current density as ≈J1/2 and ≈J.[29]

To evaluate this further, we deconvoluted the EL spectra 
recorded at four different voltages (Figure  4a–d). The total 
emission was reconstructed by using three Gaussian peaks to 
describe the singlet spectrum, an additional peak for the broad 
green emission band (green line) centered at ≈2.2 eV, and two 
more (vibronic) peaks to account for the structured red emit-
ting feature (red and blue lines). We note that the energy split-
ting between the latter is almost identical to the splitting of the 
zeroth and first vibronic transition in the singlet spectrum (i.e., 
≈0.15 eV), which supports the triplet nature of the long wave-
length feature.[16]

Plotting the peak area as a function of the current density for 
the red (1.8–2.2 eV) and blue (2.4–2.8 eV) regions of the emis-
sion spectrum on a double logarithmic scale produces lines 
with slopes of, respectively, ½ and 1, demonstrating the trap-
assisted origin of the long wavelength emission feature (see 
Figure 5).

2.3. Impedance Spectroscopy

In order to further investigate the recombination mechanism 
in Me-LPPP-based PLEDs, we performed impedance spectros-
copy (IS) measurements. IS is a powerful technique to study 
charge transport and recombination in semiconductors at dif-
ferent time scales.[30] In a recent study, it has been demonstrated 
that trap-assisted recombination gives rise to a negative contri-
bution in the PLED capacitance.[31] For a single exponential tran-
sient recombination current, J t J tr rτ= − −( ) exp( / )0  with J0 the 
prefactor and τr the relaxation time, the capacitance is given by

C Cω ατ
ω τ

= −
+

( )
1

0
r

2
r
2

 (1)

with C0 the geometrical capacitance ε0εrA/d, ω the angular fre-
quency, and α a proportionality factor that scales with the PLED 
current density. The relaxation time τr observed in the IS spectra 
is a measure for the inverse rate for trap-assisted recombina-
tion. When only bimolecular recombination is present, by sup-
pressing trap-assisted recombination using trap-dilution, the 
negative capacitance effect disappears.[31] As it can be observed 
in Figure  6, the capacitance of PLEDs based on Me-LPPP 
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Figure 3. Voltage sweep of normalized electroluminescence spectra for a 
PLED with Me-LPPP as emissive layer.
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exhibits a very strong negative contribution compared to, for 
instance, typical PPV-based LEDs. This strong negative contri-
bution is qualitatively consistent with the severe electron trap-
ping observed in Me-LPPP (Figure  1). In PPV-based PLEDs, it 
was shown that the relaxation time τr is given by r N Ct p

2τ = , with 
Cp representing the hole capture coefficient given by (q/ε0εr)μp, 
with μp the hole mobility, and Nt the total amount of electron 
traps. By applying Equation (1) to the experimental data with τr 
and α as fitting parameters, the frequency dependence of the 
capacitance at various voltages (Figure  6a) is fitted. We obtain 

a voltage-independent relaxation time τr of 20  ms for the Me-
LPPP-based PLED. This time constant is orders of magnitude 
larger than the typical expected time constant for nonradiative 
trap-assisted recombination using the hole capture coefficient. 
The high hole mobility of Me-LPPP results in a large capture 
coefficient Cp of typically ≈1 × 10−16 m3 s−1. Combined with a uni-
versal trap density of ≈5 × 1023 m−3, this would result in a relaxa-
tion time τr of only ≈30 ns. It should be noted that the use of a 
hole capture coefficient Cp  = (q/ε0εr)μp implicitly assumes that 
the slowest step in the trap-assisted recombination is the time 
that the hole needs to find the trapped electron. If, however, the 
recombination process itself is much slower than this time, this 
relation is not valid. In that case, it is also not possible to derive 
a trap concentration from the observed relaxation time. The 
observed relaxation time of 20 ms is therefore characteristic for 
a very slow trap-assisted recombination process. The fact that 
this observed relaxation time is in very good agreement with the 
life time reported for triplet emission in ladder-type polymers[32] 
is a further proof that the recombination observed at longer 
wavelength originates from trap-assisted triplet recombination.

2.4. Trap-Dilution

In PFO-based PLEDs, the singlet blue emission is often accom-
panied by a broad green emission band, originating from emis-
sive ketone defects. The voltage dependence of the EL spectra 
demonstrated that the green emission has a trap-assisted 
origin.[10] A direct consequence of the trap-assisted nature of 
the green emission is that it is clearly visible in EL spectra, 
but far less pronounced in photoluminescence. It has recently 
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Figure 5. The light output of the singlet (2.4–2.8  eV) and triplet (1.8–
2.2 eV) peaks as function of PLED current density.

Figure 4. Deconvolution of EL Spectra recorded at various voltages: a) 5 V, b) 6 V, c) 7 V, and d) 8 V.



www.advancedsciencenews.com
www.advelectronicmat.de

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000082 (5 of 6)

been shown that trapping effects can be strongly suppressed 
by blending the semiconductor with a large band gap host.[24] 
In this initial study, polyvinylcarbazole (PVK) has been used as 
large band gap material. To demonstrate that the trap-dilution 
concept is fully independent of the semiconductive proper-
ties of PVK, PS also has been used as a large band gap host. It 
has been shown that trap-dilution also occurs when blending 
a semiconductor with the strongly insulating material PS, as 
long as intimate mixing of semiconductor and insulator is war-
ranted.[33] Furthermore, trap dilution with PS nearly eliminates 
the contribution of emissive green trap-assisted recombination 
in the EL spectra of PFO.[10] As a final step, we therefore pro-
ceed with investigating the trap dilution effect using PS on the 
EL spectra of Me-LPPP-based PLEDs. Figure 7 shows that upon 
increasing the PS content in the blend, a strong decline in the 
yellow-orange triplet emission occurs. For the Me-LPPP:PS 
blends with a 1:6 ratio, the EL spectrum is nearly equal to the 
PL spectrum of Me-LPPP in which the trap-assisted emission 
is absent. The suppression of the triplet emission as compared 
to the singlet emission by trap dilution is also consistent with 
the trap-assisted nature of the triplet emission in ME-LPPP. 
The fact that the triplet emission is trap-assisted also explains 
why in electroluminescence the triplet emission is far more 

pronounced as compared to photoluminescence and can even 
occur at room temperature.[10,16] As a result, trap dilution can 
be used to eliminate the negative effect of the triplet emission 
on the color purity of the EL spectra for blue Me-LPPP PLEDs.

3. Conclusions

In conclusion, the hole transport in Me-LPPP is characterized 
by a trap-free space-charge limited current with a high mobility 
of 2  ×  10−8 m²  V−1  s−1 due to reduced energetic disorder. The 
electron transport is strongly trap-limited; additional traps 
are required on top of the universal trapping sites in order to 
explain the large difference between electron and hole currents. 
The EL spectrum shows next to the blue singlet peaks, addi-
tional features at longer wavelengths, including yellow-orange 
triplet emission. The triplet emission shows a weaker depend-
ence on voltage as compared to the singlet emission and Me-
LPPP PLEDs show a strongly pronounced negative capacitance 
governed by a long time constant of 20 ms. Both features indi-
cate that the triplet emission is of trap-assisted nature, which is 
further confirmed by trap-dilution experiments.

4. Experimental Section
Materials: Me-LPPP was synthesized in a sequence of Suzuki-type 

polycondensation and subsequent post-polymerization cyclization 
according to literature ( wM  = 51 kDa, PDI = 1.96).[12] As large band gap 
material for trap dilution, PS was used. The PS (atactic, wM  = 1.1  kDa, 
PDI = 1.15) was synthesized via anionic polymerization of styrene. 
Me-LPPP:PS blend solutions were prepared by dissolving the polymers 
in chloroform using weight ratios of 1:0, 1:1, 1:3, and 1:6. Films of the 
unblended conducting polymer and its blend with PS were applied using 
standard spin-coating methods.

Device Fabrication: The electron current through the polymer was 
measured on electron-only devices having a glass/Al (30 nm)/polymer/
Ba (5  nm)/Al (100  nm) architecture. Here, Ba with a work function of 
2.7  eV provides an ohmic contact for electron injection, since it aligns 
with the LUMO of Me-LPPP located at 2.7 eV below vacuum. For hole-
only devices, the device structure glass/ITO/poly(3,4-ethylenedioxythiop
hene):poly(styrene sulfonic acid) (PEDOT:PSS) (Heraeus Clevios 4083)/
polymer/MoO3 (10 nm)/Al (100 nm) was used. Here, an ohmic contact 
for hole injection was formed on Me-LPPP (HOMO level of 5.3 below 
vacuum)[34] by MoO3 that exhibited a work function of 6.9  eV. After 
deposition, the PEDOT:PSS was annealed at 140  °C. Subsequently, the 
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Figure 6. a) Differential capacitance C versus frequency at various bias voltages. The symbols represent the experimental data, while the solid lines 
are a fit to Equation (1) using τr = 20 ms. b) C–V characteristics of a Me-LPPP PLED at different frequencies. c) α(V) values obtained from Equation (1) 
as a function of voltage.

Figure 7. Electroluminescence spectra of PLEDs based on ≈120 nm active 
layers of unblended Me-LPPP and Me-LPPP:PS blends with various blend 
ratios. All spectra have been recorded at 8 V.
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Me LPPP solution was deposited by spin coating. Finally, for PLEDs, 
the current was measured using the device structure glass/ITO/
PEDOT:PSS/polymer/Ba/Al. The top contacts for hole-only devices 
MoO3 (10 nm)/Al (100 nm) and for PLEDs Ba (5 nm)/Al (100 nm) were 
thermally evaporated.

Measurements: After device preparation, steady-state current–voltage 
measurements were performed in inert (N2) atmosphere using a 
Keithley 2400 source meter. Light output was recorded with a calibrated 
Si photodiode, and electroluminescence spectra were recorded with a 
USB4000 UV–Vis–ES Ocean Optic spectrometer. Photoluminescence 
spectra were recorded with a TIDAS Mono RS232 spectrometer. 
Impedance data were taken using an Agilent 4284a LCR meter, with 
the modulation frequency swept from 20  Hz to 8  ×  105  Hz at various 
voltages.
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