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Device Physics of White Polymer Light-Emitting Diodes
 The charge transport and recombination in white-emitting polymer light-
emitting diodes (PLEDs) are studied. The PLED investigated has a single 
emissive layer consisting of a copolymer in which a green and red dye are 
incorporated in a blue backbone. From single-carrier devices the effect of the 
green- and red-emitting dyes on the hole and electron transport is deter-
mined. The red dye acts as a deep electron trap thereby strongly reducing the 
electron transport. By incorporating trap-assisted recombination for the red 
emission and bimolecular Langevin recombination for the blue emission, the 
current and light output of the white PLED can be consistently described. The 
color shift of single-layer white-emitting PLEDs can be explained by the dif-
ferent voltage dependencies of trap-assisted and bimolecular recombination. 
  1. Introduction 

 Since the fi rst report of an effi cient organic light-emitting diode 
(OLED) by the Eastman Kodak group more than two decades 
ago, [  1  ]  the research fi eld has progressed rapidly. OLEDs based 
on small molecules are nowadays widely used as pixels in 
mobile phone displays and prototypes of televisions employing 
OLEDs have been presented by several display manufacturers. 
The progress of polymer light-emitting diodes (PLEDs) is lag-
ging behind, which can be understood from the different 
techniques used for the fabrication. In small-molecule-based 
OLEDs, the active layers are generally deposited by thermal 
evaporation. With this technique it is relatively straightforward 
to fabricate multilayer devices so that for all the processes that 
govern the device operation a separate layer can be used, which 
is individually optimized for that specifi c task. Polymers, on the 
other hand, are generally deposited using technologies based 
on solution processing, such as spin-coating or printing. Conse-
quently it is more diffi cult to manufacture polymeric multilayer 
devices and PLEDs have not been able to match the effi ciencies 
of small molecule OLEDs. 

 Thermal evaporation, however, requires relative expen-
sive vacuum technology while solution processing holds the 
promise of cost effi cient fabrication of large area devices. 
Solution-processed PLEDs may therefore hold a competitive 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhewileyonlinelibrary.com
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edge over small molecule OLEDs for 
large area applications, such as lighting. 
The latter requires a broad emission 
over the full visible spectrum, which can 
be achieved in a number of ways. One 
approach is the fabrication of multilay-
ered devices, where each layer emits light 
with a specifi c color so that the combined 
output is perceived as white. [  2–4  ]  As men-
tioned above, multilayer devices are dif-
fi cult to process from solution due to 
the required solvent incompatibilities, 
which negates the advantage of simple 
and low-cost solution processed fabrica-
tion. Another approach is to use a blend 
of materials each emitting in a different 
color. [  5–9  ]  This approach requires absolute control over the mor-
phology and suffers from phase segregation. An attractive way 
to avoid these complications is the use of a copolymer, in which 
red and green dyes are incorporated into a blue backbone. [  10–13  ]  
In such a copolymer a small concentration of narrow bandgap 
dyes are copolymerized in a wide bandgap host polymer. The 
current is then carried by the polymer backbone and excitons 
formed on the backbone may transfer to the dyes, yielding 
simultaneous emission from the backbone and from the dye. 
Additionally, due to the smaller bandgap of the dyes, they 
may act as charge traps for the charge transport through the 
wide bandgap backbone and promote direct recombination 
on the dyes. As a result, in practice only a small concentration 
( <  < 1%) of dyes is required to obtain white light emission. By 
adjusting the dye concentrations, the color coordinate of the 
emission may be tuned. [  14  ,  15  ]  The main advantage of using a 
white-emitting copolymer is that white light emission can be 
obtained using only one emissive layer that can be spin-coated 
or printed. This layer is then responsible for the injection of 
charges, the transport, and recombination. However, the fact 
that all these processes, and the emission of several colors, 
take place in a single-layer also severely complicates the under-
standing of the device operation.   

 An apparently inherent issue of single-layer white PLEDs is 
the color shift. It is usually observed that the emission spectrum 
exhibits a voltage dependence, ranging from red-white towards 
a blue-white with increasing bias. [  5  ,  8  ,  9  ,  16  ,  17  ]  Such a color shift 
is undesired since it makes PLEDs less suitable for dimmable 
lighting. The color shift of white PLEDs has been explained 
both by a saturation of the dyes [  18  ,  19  ]  as well as by a shift of 
the recombination zone. [  20  ]  Gather et al. showed that the color 
shift in a single-layer white-emitting OLED can be explained by 
charge trapping and recombination on the dye. [  21  ]  In that work, 
the relative contributions from blue and red could be described 
by a simple model taking into account the trapping rate on the 
red dye. 
im Adv. Funct. Mater. 2012, 22, 2040–2047
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    Figure  1 .     The structure of the polymers investigated. The components  p  and  q  are the green and red dyes, respectively. The composition of the blue 
polymer (B) is  m   =  50%,  n   =  40%,  o   =  10%,  p   =  0%,  q   =  0%. For the blue-green copolymer (BG):  m   =  50%,  n   =  39.90%,  o   =  0%,  p   =  0.1%,  q   =  0% and 
for the white-emitting copolymer (BGR):  m   =  50%,  n   =  39.88%,  o   =  10%,  p   =  0.1%,  q   =  0.02%.  
 The bimolecular recombination in PLEDs is shown to be 
limited by the diffusion of free electrons and holes toward each 
other in their mutual Coulomb fi eld, which is described by the 
Langevin relation [  22–24  ]

  
RLan = q

ε
(μe + μh)

(
np − n2

i

)

  (1)   

with  q  the elementary charge,   ε   the dielectric constant,   μ   e  and 
  μ   h  the electron and hole mobilities,  n  and  p  the free electron 
and hole densities, and  n  i  the intrinsic carrier concentra-
tion. Whereas the hole transport in semiconducting polymers 
is generally observed to be trap-free, the electron transport is 
often found to be reduced by traps. As a result, a substantial 
part of the electron concentration is therefore localized in traps 
and does not contribute to the electron transport. [  25–27  ]  It has 
recently been demonstrated that an additional recombination 
process involving these trapped electrons constitutes a signifi -
cant loss mechanism in PLEDs. [  28  ]  Recombination involving 
trapped carriers is described by the Shockley–Read–Hall (SRH) 
formalism [  29  ,  30  ] 

 
RSRH = CnCp Nt

Cn (n + n1) + Cp (p + p1)

(
np − n2

i

)

  (2)   

with  C  n  and  C  p  the capture coeffi cients for electrons and holes, 
respectively,  N  t  the density of electron traps, and  n  1  and  p  1  the 
electron and hole densities in the case that the Fermi level 
coincides with the trap level. The most prominent difference 
between the Langevin and SRH mechanism is the different 
dependence on the charge carrier densities and consequently 
they exhibit a different voltage dependence in PLEDs. [  28  ]  

 In a conventional PLED based on poly( p -phenylene vinylene) 
(PPV), the trap-assisted recombination is non-radiative and 
therefore constitutes a loss mechanism. It was shown that SRH 
recombination competes with Langevin recombination and that 
SRH recombination is dominant over Langevin recombination 
at low bias. [  28  ]  However, due to the different voltage dependence 
Langevin recombination eventually surpasses SRH recombina-
tion. Furthermore, it has been demonstrated that the current 
ideality factor of the diffusion regime is a measure for the 
strength of trap-assisted recombination, with an ideality factor 
of 2 indicating that trap-assisted recombination is dominant 
and an ideality factor of unity that Langevin recombination is 
dominant. [  31  ,  32  ]  The measurement of the luminance ideality 
factor in conventional PLEDs revealed that the light emission 
originates from Langevin recombination, as expected. However, 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2040–2047
the luminance ideality factor of white PLEDs revealed different 
ideality factors for blue and red light. While the blue emission 
exhibits an ideality factor of unity (indicating Langevin recom-
bination), the luminance ideality factor of the red emission 
amounts to 2, demonstrating that the red emission originates 
from trap-assisted recombination. [  32  ]  

 In this study we apply a numerical device model [  33  ]  to 
describe the device operation of a single-layer white-emitting 
PLED. The device model solves Poisson’s equation and the 
continuity equations using an iterative scheme and includes 
both drift and diffusion of charge carriers, the effect of charge 
traps, [  26  ,  27  ]  and a mobility that depends on both electric fi eld and 
the charge carrier density. [  34  ]  Both Langevin and SRH recombi-
nation are included. The mobility is described in the form of 
the extended Gaussian disorder model (EGDM), which is based 
on hopping in a Gaussian density of states (DOS). [  35  ]  In this for-
malism the mobility is described by three parameters: the site 
spacing  a , the width of the Gaussian DOS   σ  , and the mobility 
in the limit of zero fi eld, zero carrier density, and infi nite tem-
perature   μ   0   ∗  . In addition to the mobility parameters, the para-
meters describing the trap states are essential constituents of 
the device simulation because they determine the strength of 
the trap-assisted recombination. The large number of relevant 
parameters renders it a great challenge to achieve a quantitative 
description of the device operation. 

 In order to disentangle the various processes we investigate a 
set of three polymers (Merck KGaA) that contain an incremental 
number of dyes incorporated in the blue backbone: the blue 
backbone polymer (B), the backbone polymer with a green dye 
(BG), and the white-emitting polymer with both a green and red 
dye (BGR). [  36  ,  37  ]  The structure of the white-emitting copolymer 
BGR is shown in  Figure    1  . The concentration of the green dye 
in the BGR and BG polymer is 0.1%, while the concentration 
of the red dye in the BGR polymer is 0.02%. The fact that the 
dyes are incorporated in a systematic way enables us to stepwise 
unravel the device operation of the white-emitting PLED.   

 2. Results  

 Figure   2  shows the photoluminescence (PL) and electrolumines-
cence (EL) spectra of the three polymers investigated. Despite 
the low concentration of the green and red dye, a clear emis-
sion from the green dye can be observed upon the excitation of 
the blue backbone, demonstrating the energy transfer from the 
backbone to the dyes. Anni et al. have shown that the energy 
transfer is intermolecular and that energy transfer occurs from 
2041wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  2 .     a) The photoluminescence spectra of B, BG, and BGR. The excitation was at the maximum of the absorption at 370 nm. The inset shows a 
schematic representation of the band diagram of the white-emitting copolymer. b) The electroluminescence of 90 nm PLEDs, driven at a bias of 5 V, nor-
malized to the blue emission peak at 450 nm. The arrows indicate the energy offset between the blue emission peak and the green and red emission.  
blue to green to red and from blue to red directly. [  38  ]  In the 
EL spectrum, the contribution from the green peak is much 
stronger and the red emission is better discernible. The concen-
trations of the dyes are too low for guest-to-guest transport to 
occur. [  39  ,  40  ]  Consequently, the device current in the copolymer is 
carried by the blue backbone. Emission from the dyes can then 
originate from either recombination on the blue backbone and 
consecutive energy transfer to the dyes or from charge trapping 
and recombination on the dyes. Since the latter mechanism is 
not present in PL, the stronger contribution of the dyes in the 
EL spectrum can be attributed to charge trapping and recombi-
nation on the dyes. As a result, it can be expected that the elec-
tronic processes are dominant in determining the spectrum of 
the white-emitting diode. For white-emitting OLEDs containing 
a blend of dyes it has been concluded previously that emis-
sion due to trapping and recombination on dyes is dominant 
over energy transfer. [  7  ,  9  ,  12  ,  14  ,  17  ,  41–43  ]   Figure    3   shows the voltage 
dependence of the EL spectrum of a 90 nm white-emitting BGR 
PLED, normalized to the blue emission peak. A clear color shift 
is observed; with increasing bias the relative contribution of 
red decreases and the emission shifts towards blue. Our device 
042 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

    Figure  3 .     The voltage dependence of the electroluminescence spectrum 
of an 90 nm BGR PLED. The bias ranged from  V   =  3.5 V to  V   =  6.0 V and 
the intensity was normalized to the blue emission peak at 450 nm.  

400 450 500 550 600 650
0.0

0.5

1.0

1.5

2.0

2.5
3 2.8 2.6 2.4 2.2 2 1.8

V = 6.0 V

E
le

c
tr

o
lu

m
in

e
s
c
e
n
c
e
 (

A
.U

.)

Wavelength (nm)

V = 3.5 V

 Energy (eV)
model enables us to quantify the voltage dependencies of the 
Langevin (blue) and SRH (red) recombination mechanisms and 
their role in the observed color shift.   

 2.1. Charge Transport 

 As a fi rst step towards a quantitative description of a white-
emitting PLED we analyze the electron and hole transport in 
the host and host-guest systems. In earlier work we have inves-
tigated the charge transport in the blue backbone material. [  44  ]  
The hole transport could be described as trap-free with a hole 
mobility of   μ   h   ≈  1  ×  10  − 11  m 2  V  − 1  s  − 1 . The intrinsic mobility of 
the free electrons was found to be at least one order of mag-
nitude larger than the hole mobility although the electron 
current was hampered by electron traps, assumed to be dis-
tributed exponentially in the bandgap. We have recently found 
that the electron transport in PPV derivatives can alternatively 
be described with a Gaussian distribution of electron traps, [  27  ]  
which justifi es a re-examination of the electron transport in 
the blue polymer.  Figure    4   shows the current–voltage ( J – V ) 
characteristics of electron-only devices of the blue-emitting 
polymer with three different thicknesses. A fi t procedure was 
used to determine the optimal set of mobility parameters and 
trap parameters describing the electron transport in the blue 
backbone polymer. The thickness and temperature dependence 
of the electron transport could be described with a density-
dependent mobility according to the EGDM with   σ    =  0.09 eV, 
 a   =  0.93 nm, and   μ   0   ∗    =  4.2  ×  10  − 8  m 2  V  − 1  s  − 1 , and a Gaussian 
trap located at 0.81 eV below the lowest unoccupied molecular 
orbital (LUMO) of the blue-emitting polymer with a trap density 
of  N  t   =  1  ×  10 23  m  − 3 . To limit the number of unknown para-
meters, the width of the Gaussian trap distribution was 
assumed to be equal to the width of the density of states (DOS) 
of the LUMO at   σ   t   =  0.09 eV. We note that especially at low bias, 
the quality of the fi t is improved signifi cantly by assuming a 
Gaussian trap density compared to an exponential trap density.  

 Since the green and red dyes by defi nition have a smaller 
bandgap than the blue backbone, they are expected to intro-
duce charge traps for the transport through the blue backbone. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2040–2047
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    Figure  4 .     The room temperature electron transport of the blue backbone 
polymers. The lines are fi ts of the numerical device model, including a 
density-dependent mobility with parameters   σ    =  0.09 eV,  a   =  0.93 nm,   μ   0   ∗    =  
4.2  ×  10  − 8  m 2  V  − 1  s  − 1  and a Gaussian trap distribution with parameters  
E  t   =  0.81 eV,   σ   t   =  0.09 eV, and  N  t   =  1  ×  10 23  m  − 3.   
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    Figure  6 .     Electron transport of the three polymers investigated. The 
active layer thickness is 135 nm. The inset shows a schematic density of 
states of the LUMO and the green and red dyes. The concentrations of 
the dyes are exaggerated by a factor 1000.  
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 Figure    5  a shows  J – V  characteristics of 130 nm double carrier 
devices (PLEDs) of the three polymers. A clear decrease in 
device current is observed upon the inclusion of the dyes. The 
question now arises whether the dyes act as hole traps, electron 
traps, or perhaps as both. Figure  5 b shows the  J – V  characteris-
tics of hole-only diodes of the three polymers with a thickness 
of 130 nm. It is apparent that the hole transport is essentially 
unaffected by the inclusion of the dyes, which was also con-
fi rmed by time-of-fl ight measurements. [  45  ]  This demonstrates 
that the dyes do not act as hole traps and that the highest occu-
pied molecular orbital (HOMO) levels of the dyes are thus 
located energetically at, or below, the HOMO level of the blue 
backbone. For recombination on the dyes to occur the hole can 
either originate directly from the blue backbone HOMO or via 
the dye HOMO level. The latter case would be improbable if the 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2040–2047

    Figure  5 .     a) Device current of 130 nm PLEDs of B, BG, and BGR and b) d
inset of (a) shows a schematic representation of the possible alignments o
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dye HOMO level would lie well below the host HOMO level. It 
can therefore be concluded that both the green and red dye are 
relatively well aligned with the HOMO level of the blue back-
bone material. From this result it can already be anticipated 
that the dyes should function as electron traps.    

 Figure 6   shows the  J – V  curves of 135 nm electron-only 
devices. Indeed, the incorporation of the green dye causes a 
dramatic decrease of the electron current. The inclusion of the 
red dye reduces the electron current even further. This clearly 
demonstrates that the dyes behave as electron traps for the elec-
tron transport through the blue backbone. Because the HOMO 
levels of the dyes and the blue backbone are well aligned, the 
energy offset between the LUMO levels from the blue backbone 
LUMO can be directly estimated from the emission spectrum 
(Figure  2 ). From this, we estimate the trap depths at  ≈ 0.35 eV 
2043wileyonlinelibrary.commbH & Co. KGaA, Weinheim

evice current of hole-only devices of 130 nm B, BG, and BGR devices. The 
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    Figure  7 .     Temperature-dependent electron transport of the polymers a) BG and b) BGR measured in a 135 nm electron-only device. The lines are fi ts 
of the device model, including a Gaussian electron trap to represent the green and red dye.  
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and  ≈ 0.75 eV for the green and red dyes, respectively. Further-
more, the density of the dyes may be roughly estimated from 
the feed ratio of the monomers during the syntheses of the 
polymers. Based on the assumption of a density of 1 g cm  − 3 , 
the densities of the green and red dye amounts to 1  ×  10 24  m  − 3  
and 2  ×  10 23  m  − 3 , respectively.  

 Since the dye concentration is considerably below the perco-
lation limit, the electron current is carried solely through the 
blue host polymer LUMO. It is therefore reasonable to assume 
the same mobility parameters as determined for the blue 
backbone polymer. To describe the temperature-dependent 
electron transport in the BG and BGR polymers ( Figure    7  ) we 
incorporate Gaussian distributed electron traps representing 
the green and red dye. Again, the width of the trap distribu-
tions is assumed to be equal to the width of the LUMO DOS 
at   σ   t   =  0.09 eV. The only free parameters remaining are then 
the trap density  N  t  and the trap depth  E  t . The temperature-
dependent electron transport in the BG polymer (Figure  7 a) 
can be accurately described using the parameter set  E  t   =  
0.41 eV and  N  t   =  3  ×  10 23  m  − 3 . Although the fi tted trap depth 
agrees very well with the estimated trap depth, the obtained 
trap density is lower than one might expect from the feed 
ratios. The reason for this discrepancy is yet unknown. One 
explanation would be that not all monomers involved in the 
synthesis are electrically active in the polymer. Finally, keeping 
all parameters fi xed and including an additional trap distri-
bution representing the red dye, the temperature-dependent 
electron current in the BGR polymer can be described (Figure 
 7 b). For this case the quality of the fi t that could be achieved 
is slightly less. We do not know the reason for this discrep-
ancy. However, it should be noted that the electron currents 
as measured in the BGR electron-only devices are rather low, 
which makes it more sensitive to the infl uence of leakage cur-
rents or noise. The trap parameters found for the red dye are 
a trap depth of  E  t   =  0.73 eV and a trap density of  N  t   =  3  ×  10 23  
m  − 3 . Both the trap depth and density are in good agreement to 
the expected values.    
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 2.2. Device Modeling 

 At this point, all the ingredients for a complete device simu-
lation of the white-emitting PLED have been determined. As 
mentioned above, the hole transport of the BGR polymer is 
equal to the hole transport of the blue backbone polymer. We 
can therefore adopt the hole transport parameters as obtained 
previously. [  44  ]  The electron transport can be described as the 
electron transport in the blue backbone material, with the inclu-
sion of two additional electron trap distributions representing 
the green and red dye. The recombination rate of the blue light 
is then given by the Langevin equation, while the emission from 
the green and the red dye is calculated using the SRH relation. 
Note that the trap-assisted recombination for the electron traps 
that are already present in the blue backbone polymer is taken 
as non-radiative, similar to PPV-based PLEDs. [  28  ]  For the SRH 
recombination only the capture coeffi cients  C  n  and  C  p  remain 
as free parameters.   

 Figure 8   shows the room temperature  J – V  characteristics of 
BGR PLEDs with three different thicknesses of the active layer. 
Using a capture coeffi cient of  C  n   =   C  p   =  5  ×  10  − 18  m 3  s  − 1  an 
excellent fi t is obtained for the device current of the BGR PLED. 
This coeffi cient is slightly larger than the coeffi cient reported 
for poly(2-methoxy-5-(2 ′ -ethylhexyloxy)- p -phenylene vinylene) 
(MEH-PPV) ( C  n   =  9  ×  10  − 19  m 3 s  − 1 ). [  28  ]  Having established a 
numerical description of the white-emitting PLED, we can use 
our device model to evaluate the spatial distribution of internal 
quantities such as the electron and hole density. Of direct rel-
evance for the photon outcoupling effi ciency is the position 
of the recombination zone. The spatially resolved recombina-
tion rate is calculated by the Langevin relation ( Equation 1 ) 
for the blue emission, while the red emission is attributed 
to SRH recombination on the red dye ( Equation 2 ).  Figure    9   
shows the distribution of the recombination rate of blue and 
red in a 130 nm thick RGB PLED at biases of  V   =  3 V and 
 V   =  8 V. It was previously found that the blue backbone PLED 
changed from hole dominated to electron dominated with 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2040–2047
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    Figure  10 .     The ratio of red emission relative to the blue emission of a 
90 nm BGR PLED, as obtained from the spectrum in Figure  3 . The line is 
the calculated ratio of SRH recombination to Langevin recombination.  
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    Figure  8 .     Device current of BGR PLED with three different thicknesses. 
The lines represent the fi ts of the device model.  
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increasing bias, leading to a shift of the recombination zone. [  44  ]  
In contrast, due to the electron trapping dyes, the white-
emitting BGR PLED is hole dominated over the entire voltage 
range and the recombination zone is located close to the cathode. 
A recombination zone close to the cathode is disadvantageous 
for the device effi ciency because a part of the formed exitons will 
be lost due to quenching by the metallic cathode. [  46  ,  47  ]  As a result 
the performance of the materials system studied is strongly 
hindered by the unbalanced charge transport. For an optimized 
device, the recombination should lie in the middle of the emis-
sive layer. It is therefore important to engineer the backbone 
and the dyes in such a way that, not only the output spectrum 
is observed as white, but also that the charge transport remains 
well balanced. This may be achieved by tuning the energy levels 
of the dyes and backbone polymer. For example, shifting the 
energy levels of the present host polymer down will reduce the 
electron trapping and will induce or enhance hole trapping.   
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2040–2047

    Figure  9 .     Distribution of the blue and red recombination in a 130 nm 
thick white-emitting PLED, for voltages of  V   =  3 V and  V   =  8 V.  
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 As a fi nal step, we examine the proportion of red emission 
relative to the blue emission. We extract the ratio red/blue 
from the EL spectra shown in Figure  3 , defi ned as the intensity 
of the red emission at 575 nm divided by the intensity of the 
blue peak. The total blue and red emission is calculated as the 
integral of Langevin recombination (blue) and SRH recombi-
nation (red). Over the voltage range measured, the measured 
ratio red/blue decreases from  ≈ 1.8 to  ≈ 1.5. The numerically 
calculated ratio exhibits a similar decrease over that voltage 
range ( Figure    10  ). We took into account that both Langevin 
and SRH recombination are simultaneously enhanced at high 
bias voltage due to a mobility increase. [  48  ]  Only an approximate 
fi t is achieved, however it should be noted that there are sev-
eral factors that inhibit a complete quantitative description of 
the output spectrum. First, it cannot be assumed that the blue 
backbone and the dyes have an equal luminescence effi ciency. 
As a result, the calculated recombination rate cannot be directly 
translated into the emission intensity. Second, the contribution 
of energy transfer from the blue backbone to the red dye is not 
taken into account in the model. However, assuming that the 
energy transfer is independent of the applied bias, the voltage 
dependence of the red/blue ratio is not infl uenced by energy 
transfer. Finally, for a similar copolymer it was found that the 
fi eld dependence of exciton quenching also introduces a small 
voltage dependence of the spectrum. [  15  ]  Considering the many 
effects contributing to the emission spectrum of a PLED, we 
consider the result as shown in Figure  10  to be reasonably sat-
isfactory. As can be observed in the EL spectra in Figure  3 , the 
emission from the green dye (relative to the blue emission) 
exhibits a considerably weaker voltage dependence than the 
red emission. While the clearly different voltage dependencies 
of the red and blue emission point to different recombina-
tion mechanisms, the same cannot be claimed for the green 
emission. It would therefore be questionable to attribute the 
green emission solely to SRH recombination on the green dye. 
As a result, we cannot apply the same analysis to the green 
emission peak.     
2045wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 3. Conclusion 

 In conclusion, we have presented a complete electrical device 
description of a single-layer white-emitting PLED. All para-
meters involved in the description of the charge transport and 
recombination in the PLED, i.e., the mobility parameters and the 
trap parameters of the dyes, have been determined independ-
ently from single-carrier devices. By incorporating trap-assisted 
recombination the electrical characteristics can be consistently 
modeled and the recombination rates on the dyes and on the 
blue backbone can be calculated. The observed color shift of the 
white PLED can qualitatively be reproduced by the ratio of red to 
blue emission. Since a (fl uorescent) red dye in a blue-emitting 
backbone is, by defi nition, expected to act as a charge trap, the 
competition of the two different recombination mechanisms is 
expected to be a general behavior in single-layer white-emitting 
PLEDs. In the polymer studied here, the incorporation of SRH 
recombination for the red emission suffi ces to explain the shift 
of the emission spectrum. However, this does not exclude that a 
shift of the recombination zone may contribute to the color shift. 
In this work only a minor shift of the recombination zone was 
observed, so that the optical effects of a shift of the recombina-
tion zone are not signifi cant for the emission spectrum.   

 4. Experimental Section 
 PLEDs and hole-only devices were fabricated on glass substrates with 
a patterned indium tin oxide layer. The substrates are ultrasonically 
cleaned and treated with UV-ozone. A layer of poly(3,4-ethylene 
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (Clevios P VP Al 
4083, supplied by H.C. Starck) was spin-coated from solution and baked 
(140  ° C). The polymer layers were spin-coated in a nitrogen atmosphere 
from a toluene solution. For the PLEDs and electron-only devices, 
the cathodes consisted of a Ba layer (5 nm) and an Al capping layer 
(100 nm) and were deposited by thermal evaporation (chamber pressure 
 ≈ 10  − 6  mbar). For hole-only devices, the cathode consisted of a Pd layer 
(20 nm) capped with an Au layer (80 nm). Electron-only devices were 
fabricated on glass substrates with an Al bottom contact (30 nm) 
functioning as the anode. No electroluminescence was observed for 
the single carrier devices, which confi rms the unipolar transport. The 
devices were characterized in a nitrogen atmosphere using a computer 
controlled Keithley 2400 SourceMeter. Emission spectra measurements 
where performed with an Ocean Optics USB2000 spectrometer.  
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