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Abstract This paper is based on the analysis of white
organic electroluminescent device electroluminescent
spectrum to explain the regular pattern of carrier radiation
distribution. It has proved electron that is injected from
cathode is satisfied with the regularity of radiation
distribution on the organic emitting layer. This radiation
distribution is related to several factors, such as electron
injection capabilities, applied electrical field intensity,
carrier mobility, etc. The older instruction design is ITO/2-
TNATA/NPB/ADN:DCJTB:TBPe/Alq3/cathode. Get to
change electron injector capabilities through using differ-
ent cathode and also find electroluminescent spectrum to
produce significant changes. Simultaneously, electron
radiation quantity has some limitation, and electrolumi-
nescent spectrum reflects that spectral intensity does not
change anymore when the ratio of cathode dopant reaches
a value, namely, the quantity of electron’s radiation
distribution gets to a saturated state on the organic emitting
layer. It also shows the same spectrum variational
phenomenon while changing the applied electrical field
intensity. To put forward of the carrier radiation distribu-
tion is good for organic light emitting diode (OLED)
luminescence properties analysis and research.

Keywords carrier radiation distribution, organic light
emitting diode (OLED), multiple dopants emission

1 Introduction

Organic light emitting diodes (OLEDs) have attracted
considerable attentions due to their highly promising use in
full-color flat-panel displays, liquid-crystal-display back-
lighting, and area illumination [1]. The mechanism for
electroluminescence in OLEDs differs in detail from
conventional devices made from inorganic semiconduc-
tors, in which photon production occurs through the
radiative recombination of charged polaron excitons.

Electrons and holes, injected from the contacts into the
organic layer, form negatively and positively charged
polarons in the organic layer. These polarons migrate under
the influence of the applied electric field, forming a polaron
exciton with an oppositely charged species and subse-
quently undergoing radiative recombination [2,3]. Both
band-based models and exciton-based models have been
proposed to explain recent measurements. Then, the
mechanism of carrier injection have been put forward;
the mechanism include carrier tunneling, interfacial
dipoles, interface chemistry, etc. [4–8]. The carrier
radiation distribution has been used in other fields [9];
yet, the ideal of carrier radiation distribution in the OLEDs
was not put forward so far.
The carrier radiation distribution mechanism has been

proposed to explain recent measurements. Support for the
mechanism comes from the following:
1) It helps analyze the transport effects of electron and

hole within material in the device and then explain the
distribution of carriers for the device performance.
2) Increase the carrier intensity within the device, thus

increasing the probability of exciton formation to increase
the brightness of light-emitting device.
3) Adjust the balance of electron and hole transport to

avoid or reduce a weak current induced fluorescent
quenching.
In this paper, we presented the mechanism of electron

radiation distribution studied by electroluminescent (EL)
spectrum and the Commission Internationale de L’Eclai-
rage (CIE) color coordinates and discussed the change in
the spectra of the white organic lighting emitting diodes
(WOLEDs). Due to the ultrathin profile of the organic
layers, we cannot detect the number of electrons in the
organic layer. In this study, we developed a white OLED
featuring multiple dopants emission layers by separating
the recombination zones into red-, green-, and blue-
emitting layers [10]. The cathode plays an important role in
the overall performance of OLEDs. The paper investigated
devices with different cathode for electronic radiation
distribution in the triply doped structure. In these devices,
the anodes and hole transport layers are the same so that the
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current-density-voltage (J-V) characteristics are deter-
mined by the electron injection efficiency. The theoretical
mechanism proposed is helpful to analyze and study the
correlation characteristic of OLED and is a good reference
for further study of carrier injection mechanism.

2 Experimental details

We report in this paper, using triply doped structure, the
structure of this device as follows:
2-TNATA (15 nm)/NPB (20 nm)/ADN:TBPe (2 wt%):

DCJTB (1 wt%) (30 nm)/Alq3 (20 nm)/cathode.
The organic layer stack consists of 4,4′,4′′-tris[2-

naphthyl(phenyl)amino]triphenylamine (2-TNATA) as
the anode buffer layer, N,N′-bis(naphthalen-1-yl)-N,N′-
bis(phenyl)ben-zidine (NPB) as the hole transport layer
(HTL), 9,10-di(2-naphthyl)anthracene (ADN) as the blue
emitter, and tris-(8-hydroxyquinoline) aluminum (Alq3) as
the electron transporting layer (ETL).

4-(dicyanomethylene)-2-t-butyl-6(1,1,7,7-tetramethyl-
julolidyl-9-enyl)-4H-pyran (DCJTB), 2,5,8,11-tetra-
tertbutylperylene (TBPe), Alq3 are red, blue, and green
dyes, respectively. To investigate different cathode for the
electron radiation distribution, we constructed two kinds of
cathode devices: LiF/Al and Ca:Al alloy. The structures are
given as follows:
2-TNATA (15 nm)/NPB (20 nm)/ADN:TBPe (2 wt%):

DCJTB (1 wt%) (30 nm)/Alq3 (20 nm)/LiF (1 nm)/Al
(100 nm)
2-TNATA (15 nm)/NPB (20 nm)/ADN:TBPe (2 wt%):

DCJTB (1 wt%) (30 nm)/Alq3 (20 nm)/Ca:Al (xwt%)
(100 nm)
Figure 1 shows the molecular structure of the used

organic materials and the configuration of the devices.
OLEDs were fabricated on indium-tin-oxide (ITO)-

coated glass substrates with a nominal sheet resistance of
20Ω/sq. Substrates were cleaned in ultrasonic baths of
acetone, isopropyl alcohol, and methanol, dried in a stream
of nitrogen, and then treated with a plasma etcher

Fig. 1 Configurations of devices and molecular structures of organic materials used
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immediately prior to device fabrication. The organic layers
and the cathode were sequentially deposited by conven-
tional vacuum vapor deposition in the same chamber. The
composite film was prepared from simultaneous co-
deposition of host and dopants from three separate sources.
The concentrations (wt%) of the dopant materials were
estimated from the rations of the evaporation rates. The
pressure of the chamber was 10–6 Torr without breaking the
vacuum. The thickness of the organic layers was measured
by using quartz-crystal monitors. Typically, organic layers
2-TNATA, NPB, emitting material layer (EML), Alq3, and
compound cathode LiF/Al were thermally deposited on the
substrates treated at a rate of 0.3 nm/s and 1 nm/s,
respectively. The active area of the OLED was 2.1 cm2.
The devices were not encapsulated, and the measurements
were carried out at room temperature under ambient
conditions.
The electroluminescent (EL) spectrum and the CIE color

coordinates were measured by PMS-80 spectra scan; the
current, voltage, and luminance were performed using a
PS-3003D source meter and a ST-900B luminance meter.

3 Results and discussion

Figure 2 shows the dependence of current density and
luminance on different voltages.
It can be seen in Fig. 2 that with the addition of Ca into

Al cathode, the current density of the devices were sharply

increased by increasing the concentration of Ca in Al from
5 wt% to 15 wt%. Apparently, the 20 wt% Ca:Al device
was the lowest current density with the same voltage.
Because the work function of the cathode was decreased
with increasing the concentration of Ca, the alloy is
believed to lower injection barrier and increase the electron
injection to Alq3, so the current density was continuously
increased. However, the 20 wt% Ca:Al device has a higher
barrier height because the Ca diffuses and reacts with Alq3
to form CaO at the interface [11], crystallization of the
Alq3 layer [12], and delamination at the interface [13]. LiF
cathode device shows higher luminance than Ca:Al alloy
cathode, as shown in the inset of Fig. 2. Obviously,
the luminance of Ca:Al alloy device were increased by
increasing the concentration of Ca from 5 wt% to 15 wt%,
and the luminance of 20 wt% Ca:Al alloy device shows the
lowest luminance. This implied that the 20 wt% Ca:Al
alloy device had lower efficiency.
Figure 3 gives the dependences of efficiency on the

current density of five devices. It can be seen that the
device with LiF cathode shows the highest efficiency and a
flat dependence of efficiency on the current density, e.g., a
weak current induced fluorescent quenching [14]. It
reached a current efficiency of 12.7 cd/A and a power
efficiency of 2.92 lm/W.
As shown in Fig. 4, the energy levels of TBPe located

between that of ADN and DCJTB, its absorption spectrum
overlays with the emission spectrum of and, as well as its
emission spectrum overlays with the absorption of DCJTB

Fig. 2 Current density versus voltage and luminance versus voltage for LiF and Ca:Al alloy cathode
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[15]. The cascade energy transfer in co-doping system was
proved to have higher energy transfer efficiency and
reported in other papers [16–19].
Figure 5 gives the absolute spectra of devices with the

different concentration Ca:Al alloy devices at 0.02 and
0.04 A. It can be seen that in Fig. 5(a) there is the same
increasing tendency at emission of 460 and 490 nm, it
shows that the 10 wt% of Ca:Al device has the highest EL

intensity and the 20 wt% of the device has the lowest EL
intensity. However, the 15 wt% Ca:Al device shows the
highest EL intensity at the emission of 573 nm, and the EL
intensity of other devices were increased by increasing the
concentration of the Ca:Al alloy. These changes can be
explained by the mechanism of electronic radiation
distribution, it was already reported that the different
concentration of Ca:Al alloy cathode shows the different

Fig. 3 Efficiency versus current density curves for LiF and Ca:Al alloy cathode

Fig. 4 Energy-level diagram of devices (energy level values of ADN, TBPe, and DCJTB are quoted from Refs. [20,21])
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Fermi levels [14], and the organic emitting material has
different work function. Therefore, the number of electrons
injected from cathode into organic material is not equal.
For example, the Fermil level of the 10 wt% of the Ca:Al
cathode is closer to lowest unoccupied molecular orbital
(LUMO) of Alq3 (3.0 eV). Therefore, there are more
numbers of electrons that radiate into the LUMO of Alq3
because both of them have a lower barrier height. In this
case, more electrons can be injected into the ADN layer as
a result of having the same barrier height between the
emitting layer and Alq3. More excitons will be created on
the ADN, which will form a relatively high spectral
intensity by the emitting radiation. However, the shoulder
and the red peak show that lower EL intensity due to
existed higher barrier height between cathode and the
emitting layer. Therefore, it can clearly analyze spectra
variation. The CIE coordinates changed from (0.276,
0.298) to (0.405, 0.396) upon increasing the concentration
of the Ca:Al alloy from 5 wt% to 20 wt%. Thus, when the
concentration of the Ca:Al alloy was 10 wt%, we obtained
near-white light (0.331, 0.353).
Figure 5(b) shows an interesting situation. At the

wavelength of ~460 nm, the red peak (5 wt% Ca in Al
cathode device) approximately coincides with the green
one (10 wt% Ca in Al cathode device), and the light blue
and dark blue peaks fit well together. At the shoulder peak
(490 nm), these lines have the tendency to follow the
descriptions at the left main peak. As for the wavelength of
573 nm, the green peak departs from the red one, and for
the meantime, the other two crests coincide with each
other. It is difficult to explain the EL spectra. It may be
interpreted that the coincidence spectrum is attributed to
the electronic radiation distribution that reaches a satura-
tion point.
Figure 6 shows the EL spectra of the four devices with

different concentrations of Ca:Al alloy cathode, and the EL
spectra of LiF cathode recorded at various driving current.
The normalized EL spectra in Fig. 6(a) displays two major
emission: one at 490 nm arising from the blue-emitting
layer (TBPe) and the other at 573 nm arising from the red-
emitting layer (DCJTB). It is obviously found that different
concentrations of Ca:Al alloy cathode had different EL
intensities. The spectra are analyzed by the electric
radiation distribution mechanism, under the same one of
the applied electric field intensity; we can see that at peak
wavelengths, it shows that the EL intensities of the devices
are obviously enhanced with increasing the of concentra-
tion Ca:Al alloy cathode at 573 nm. The electronic
radiation distribution is influenced by the type of cathode.
The amount of electron radiation distributed to the emitting
light layer is attributed to the different cathodes.
The normalized EL spectra in Figs. 6(b) and 6(c) show

the similar tendency in Fig. 6(a). Different cathode shows
different electron injection ability. Therefore, electronic
radiation distribution was determined by the molecular
structure and the electron mobility of organic material or

other factors. In the applications of light emission and
photoconduction, the carrier mobility of the organic
material plays an important role. Depending on the detailed
molecular structures, the morphology, and the electric field
intensity applied, the carrier mobility in typical organic
semiconductors is in the range of 10–7 to 10–2 cm2/(V$s)
[22].
Figure 6(d) reveals that the EL spectra of the device with

LiF/Al varied significantly over the driving current rang
from 0.03 to 0.09A. We can see that at peak wavelengths,
their intensities are dramatically enhanced by increasing
the applied electric field. Besides, the EL intensity
enhancement of long wavelength is larger than that of
short wavelength. The spectra show that most of the
electrons are trapped in the DCJTB layer by the effect of
applied electric field to form exciton, resulting in the
emission of red light. The EL intensity of the blue and
green light are weaker than that of the red light. We can
obtain that the EL intensity of the devices that have the
same cathode increase as the driving current increase. The
electrical field intensity plays an important role on the
electronic radiation distribution [23].

Fig. 5 Absolute EL spectra of Ca:Al alloy cathode at a driving
current of (a) 0.02 A and (b) 0.04 A

Lei DING et al. Carrier radiation distribution in organic light-emitting diodes 391



4 Conclusion

In conclusion, the paper gives the carrier radiation
distribution mechanism that means electron and hole are
satisfied with the regularity of radiation distribution on the
LUMO and the highest occupied molecular orbital
(HOMO) of the organic emitting layer, respectively,
under applied electrical field intensity. The carrier radiation
distribution mechanism is according to the electrolumi-
nescent spectrum of multiple dopants WOLED comes up
with regular variation by the changing of the electron
injection capability and applied electrical field intensity. In
the applied electrical field’s role, the electron quantity is
satisfied with the distribution regularity that injects each
organic emitting layer from the cathode. The more electron
radiation distribution quantity, the bigger recombination
exciton probability on the organic emitting layer is formed,
and the higher the exciton radiation luminous intensity, and

the electroluminescent spectrum shows that the organic
layer relevant peak is high. The mechanism’s proposal
contributed to the correlated characteristics of OLED
analysis and research and is also a good reference for
further study of the carrier injection theory.
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