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In this paper, we successfully improved the spectral stability in blue/orange complemen-
tary white organic light-emitting diodes (OLEDs) by utilizing hole-type single host double
emissive layer structure. The demonstrated double emissive layer structure effectively
suppresses the direct recombination of electron-hole pairs on the hole-trapping orange
phosphor and thus reduces the deteriorated effect of charge trapping on electrolumines-
cence spectrum stability by controlling exciton recombination zone. It is shown that the
white light emission is a cascade energy transfer process from host to blue phosphor
Color stability and then to orange phosphor, which seems to be less affected by the driving conditions.
Double emissive layer Thus, the change in Commission Internationale de L'Eclairage coordinates (CIE) in the
White white OLEDs is less than (+0.010, £0.007) as the voltage increases from 4V to 9 V, which
correspond to the luminance increasing from 200 cd m~2 to about 20,000 cd m~2. This is
superior to that of co-doped single emissive layer devices, which show much larger CIEs
variation of (+0.05, £0.02) in the same driving voltage range. We gave detailed analysis
on the exciton recombination processes and well elucidated the working mechanism of
the fabricated double emissive layer structure white OLEDs.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Organic light-emitting diodes (OLEDs) [1] with white
emission spectra are promising candidates for future light-
ing sources [2-5]. They potentially offer high efficiency and
excellent color quality, allowing for substantially lower
power consumption for lighting applications compared to
traditional lighting sources. Recent advances have greatly
improved the performance of white OLEDs, and today’s
state-of-the-art white OLEDs can even beat the fluorescent
tube in efficiency [6,7].

It was known that due to their high-lying highest
occupied molecular orbital (HOMO) and/or low-lying
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lowest unoccupied molecular orbital (LUMO) than host
materials, most guest dyes, especially red and green, in
host-guest systems can trap holes and/or electrons
[8-14]. Charge trapping can lead to direct recombination
of holes and electrons on guests, which is beneficial to
eliminate the energy losses of energy transfer from hosts
to guests, thus realizing high efficiency [5,11,15]. It was
found recently that a limited charge trapping effect in
fluorescent host/guest systems by the guest leads to a
higher OLED electroluminescence efficiency, a phenome-
non attributed to the role of triplet-triplet annihilation
(TTA) in converting triplet excitons into additional singlet
excitons [16].

Actually, the charge trapping was also reported to have
a deteriorated effect on the color stability of white OLEDs
with multi-doped single emitter [14,17,18]. It can be calcu-
lated that the charge carrier trapping rate t~' would
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change with the driving voltages, which can be written as
[17]:

LD pU-U
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where D is the diffusion coefficient of the charge carriers, y
is the charge carrier mobility, Ly is the average distance a
charge travels before reaching a trapping center, d is the
emitter thickness, U is the voltage applied to the device
and Ug is the built-in field. The estimated transit rate
Tiasie (the inverse of the average time it takes for a charge
to transit through the emitter) can be expressed as:

U-U
T;rlansit = % (2)

Then the ratio of the trapping rate 7! and the transit rate

Toinsic 1S in the form of:
1 D/d\* 1 d
qU) = — == <—> +—. 3
( ) TTansient K Lr) U-Uo Lr ( )

This indicates that g(U) is inversely proportion to U. As q(U)
is proportional to the ratio between the emission intensity
of guest based on charge carrier trapping (and then direct
electron/hole recombination) and that based on energy
transfer, so the ratio between the emission intensity of
different guests is also inversely proportion to U, which is
the criminal for color instability. For the problem of
spectral change due to charge carrier trapping effect,
Wang et al. [14,18] gave experimental examples in their
white OLEDs, where two phosphorescent dyes, namely,
iridium(III)[bis(4,6-difluorophenyl)-pyridina-to-N,C20]-
picolinate (FIrpic) for blue emission and bis(2-(9,9-diethyl-
9H-fl-uoren-2-yl)-1-phenyl-1H-benzoimidazol-N,C3)irid-
ium(acetylacetonate) ((fbi),Ir(acac)) for orange emission,
into 1,3-bis(9-carbazolyl)benzene (mCP) or 4,4',4”-tri(N-
carbazolyl)triphenylamine (TCTA) as the emission layer
(EML). They have well explained the spectral instability
by the hole trapping effect of (fbi),Ir(acac) in emissive
layer.

With respect to the doped single emissive layer struc-
tures, the bi- [10] or multi-emissive layer [7,19-21] struc-
tures seem to relatively stabilize the electroluminescent
spectrum of the fabricated white OLEDs. Though they did
not give detailed analysis on why these devices can keep
constant Commission Internationale de L’Eclairage coordi-
nates (CIEs), it shed light on that color-stable white OLEDs
featured multi-emission layer structure. Recently, Hsiao
et al. demonstrated [22] that by putting the charge carrier
trapping dopant outside the recombination zone and thus
preventing the direct exciton formation on these dopants,
it is possible to suppress the poor color stability generally
observed in white OLEDs. This seems to be a controllable
method to realize color stable white OLEDs.

In this paper, we fabricated double EML structure white
OLEDs and found that the spectral stability of the resulting
white OLEDs is greatly improved, which showed CIEs
variation less than (0.010, 0.007) as the driving voltages
increase from 4V to 9V. This is realized by controlling
the exciton recombination region within the blue phos-
phorescent EML and thus preventing direct electron-hole

recombination on the orange emitting dopants. The de-
tailed electrical and optical analysis clearly showed that
energy transfer is the main working mechanism for the or-
ange emission from (fbi),Ir(acac) and the blue emission
from Flrpic, which seems to be less affected by the driving
voltage. And we also found that the width of the exciton
recombination zone in our white OLEDs is less than
3 nm, which is the key parameter to the device design.

2. Experimental

The fabricated devices were grown on cleaned glass sub-
strates pre-coated by a 180 nm thickness of ITO with a sheet
resistance of 10 Q per square. The ITO surface was treated
by oxygen plasma for 2 min, following a degrease in an
ultrasonic solvent bath, and then was dried at 120 °C before
loaded into an evaporator. All layers were grown by thermal
evaporation in a high-vacuum system with a pressure of
less than 5 x 10~% Pa without breaking the vacuum. The
various device structures were described in the text. For
the case of doping, the deposition rates of both host and
guest were controlled with their correspondingly indepen-
dent quartz crystal oscillators. The evaporation rates were
monitored by a frequency counter and calibrated by a
Dektak 6M profiler (Veeco). The overlap between ITO and
Al electrodes was 4 mm x 4 mm which is the active emis-
sive area of the devices. The current-voltage-brightness
characteristics were measured by using a set of Keithley
source measurement units (Keithley 2400 and Keithley
2000) with a calibrated silicon photodiode. The electrolumi-
nescence (EL) spectra were measured by a Spectrascan
PR650 spectrophotometer. All the measurements were
carried out in ambient atmosphere at room temperature.

The samples for transient photoluminescence (PL) mea-
surements were prepared on SiO, wafer. The samples were
excited by a Quanty-ray DCR-2 pulsed Nd:YAG laser with
THG (third harmonic generation) 355 nm output and ca.
3 ns pulse width. Transient PL signals were then collected
and transformed to electrical signal by a photomultiplier
tube (PMT) after filtered by a monochromator. The final re-
sults were then displayed on an oscilloscope (Agilent
Model 54825A, 500 MHz/2 Gs/s). The PL lifetimes were
then obtained by an exponential fit of emission decay
curves.

3. Results and analysis

3.1. Performance comparison of single EML and double EML
white OLEDs

The fabricated single and double EML structure white
OLEDs in our study are ITO/MoO3 (10 nm)/NPB (80 nm)/
TCTA (5nm)/TCTA: 8 wt.% Flrpic: 1wt.% (fbi)lr(acac)
(10 nm)/TPBi (50 nm)/LiF (1 nm)/Al (150 nm) and ITO/
MoOs; (10 nm)/NPB(80 nm)/TCTA (5 nm)/TCTA: 6 wt.%
(fbi)Ir(acac) (5 nm)/TCTA: 8 wt.% Flrpic (5 nm)/TPBi
(50 nm)/LiF (1 nm)/AI(150 nm), respectively. It should be
mentioned that the concentration of (fbi),Ir(acac) in the
single EML device must be less than 1.25 wt.% in order to
get an accepted white emission. However, it can be seen
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that the concentration of (fbi),Ir(acac) in the double EML
device is much higher, making the controlling of doping
concentration more easily. In our devices, TCTA with a trip-
let energy of 2.82 eV, which is higher than that of Flrpic
(2.65 eV) and (fbi),Ir(acac) (2.22 eV), is selected as the host
material. From the large difference between hole mobility
(about 3 x 1074 cm?V~!s7! at 0.5 MV cm™!) and electron
mobility (<1078 cm? V' s71) of TCTA [23,24], it can be con-
cluded that the recombination zones in both white OLEDs
are suited at the vicinity of the interface between the EML
and TPBi. And the incorporated FIrpic may move the
recombination zones further into the EML [25] due to the
dominant electron transporting property of Flrpic [14]
and the small LUMO level difference of Flrpic with respect
to TPBi (Flrpic LUMO is 3.0 eV, TPBi LUMO is 2.9 eV). To
effective block excitons in recombination region, 5 nm
TCTA between NPB and EML is used.

Fig. 1(a) shows the current density-voltage (J-V) and
luminance-voltage (L-V) curves of the two white OLEDs.
It can be seen that they show approximate properties of
J-V and L-V, indicating that the difference of EML structure
does not significantly change the transport and recombina-
tion properties of the charge carriers in the EMLs. Of
course, although the improvement is not very large, it is
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Fig. 1. (a) Voltage-current-luminance curves and (b) EQE & PE & CE vs.
current density curves of single EML white OLED (circle) and double EML
white OLED (square).

clear that the efficiency at higher luminance in the double
EML white OLED is higher than that in the single EML
white OLED, as shown in Fig. 1(b). This indicates that the
charge carrier recombination in the double EML white
OLED should be further effective than that in the single
EML white OLED. This should also be identical to the fact
that, as shown in Fig. 2(b and d), the single EML white
OLED shows larger increment at wavelength around
410 nm, which is much possibly from the emission of the
electron transporting material TPBi (see Section 1,
Supporting information), at high voltages compared with
the double EML white OLED.

The EL spectra of the two devices at different driving
voltages are shown in Fig. 2(a and c). It can be seen that
as the driving voltage increases from 4V to 9V, the blue
to orange emission ratio in the single EML white OLED
shows a pronounced change, which is the same case as that
in Wang’s white OLEDs [14,18]. However, it is clear that
the double EML white OLED keeps almost unvaried spectra
with voltages. Fig. 3 shows the CIE behaviors of the two de-
vices at different driving voltages. The CIE of the single EML
white OLED changes from (0.417, 0.469) at 4V to (0.362,
0.448) at 9V, whereas the CIE variation in the double
EML white OLED is only (0.010, 0.007) from (0.308,
0.426)at 4V to (0.318, 0.433) at 9 V. Obviously the spectral
stability of the double EML white OLED is greatly improved
relative to the single EML white OLED. The higher effi-
ciency, reduced efficiency roll-off and improved color sta-
bility in the double EML devices indicate that the double
EML white OLED should have different EL processes from
the single EML white OLED.

3.2. Energy transfer processes

It was reported that energy transfer would affect the
exciton lifetime [26]. If the energy transfer from the donor
to acceptor occurs, the lifetime of the donor would
decrease. To examine the energy transfer processes in
our double EML white OLEDs, the transient PL [27] behav-
iors of two films with composition of quartz/TCTA: 8 wt.%
Flrpic (4 nm) (Film 1) and quartz/TCTA: 8 wt.% Flrpic
(4 nm)/TCTA: 8 wt.%(fbi),Ir(acac) (4 nm) (Film 2) are inves-
tigated. The transient PL decay curves of the two films
monitored at 480 nm (emission of Flrpic) are shown in
Fig. 4. As can be seen, the lifetime of Film 1 is fitted to be
about 0.91 ps. However, the lifetime in Film 2 is decreased
to about 0.43 ps. If not considering TTA, the lifetime of trip-
let excitons on Flrpic in Film 1 can be expressed as:

T1 = 1/(Kr + Knr), (4)

where kg and iy are the rate constants of the radiative and
non-radiative processes. However, in Film 2, as the 4 nm
TCTA: 8 wt.%(fbi),Ir(acac) layer is deposited on TCTA:
8 wt.% Flrpic, the energy transfer from Flrpic to (fbi),Ir(acac)
should be considered and the lifetime of triplet excitons on
FIrpic in Film 2 can then be written as:

Ty = 1/(ig + Kng + Ker), (5)

where g is the rate constant of the energy transfer from
Flrpic to (fbi),Ir(acac). From Eq. (4) and (5), we can derive
the energy transfer efficiency as:
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Fig. 2. EL spectra of single EML and double EML white OLEDs at different driving voltages.
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Fig. 3. CIE variations of single EML (circle) and double EML (square)
white OLEDs at different driving voltages.

Ner = Ker/(Kr + Kng + Ker) = 1 — 172/T1 = 52.7%. (6)

This means that there exists a strong energy transfer
between the TCTA: 8 wt.% Flrpic layer and the TCTA:
8 wt.%(fbi)Ir(acac) layer in Film 2 and more than half trip-
let excitons in TCTA: 8 wt.% FIrpic layer are transferred to
TCTA: 8 wt.% (fbi),Ir(acac) layer. This also indicates that
there should be a strong energy transfer between the or-
ange EML and the blue EML in our double EML white OLED.
Also shown is the PL transient decay curves of quartz/
TCTA: 8 wt.% (fbi),Ir(acac)(4 nm) (Film 3). As can be seen,
the transient PL signal of Film 3 monitored at 560 nm,
which corresponding to the emission from (fbi),Ir(acac),
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Fig. 4. Transient photoluminescence decay curves of quartz/TCTA: 8 wt.%
Flrpic (4 nm) (Film 1), quartz/TCTA: 8 wt.% Flrpic (4 nm)/TCTA: 8 wt.%(fbi),
Ir(acac) (4nm) (Film 2) and quartz/TCTA: 8 wt.%(fbi),Ir(acac) (4 nm)
(Film 3).

has a lifetime of 1.21 ps. This lifetime is a little longer than
that of Flrpic (0.91 ps). This indicates that even the lifetime
of the orange dopant is longer than the blue dopant, there
can be energy transfer from the blue dopant to the orange
dopant as well.

To further demonstrate the existence of the energy
transfer in our double EML white OLED, we studied the
influence of the concentration of Flrpic and (fbi),Ir(acac)
dopants at the interface between blue EML and orange
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EML on the EL spectrum. For the case of changing the
Flrpic concentration, the used device structures are
ITO/MoO5(10 nm)/NPB(80 nm)/TCTA(5 nm)/TCTA: 6 wt.%
(fbi),Ir(acac) (5 nm)/TCTA: x wt.% Flrpic (1 nm) (x=0, 4,
8, 12)/TCTA: 8 wt.% FIrpic (4 nm)/TPBi(50 nm)/LiF(1 nm)/
Al. As shown in Fig. 5, as the concentration of Flrpic in-
creases, the blue emission decreases with respect to the or-
ange emission. This is completely different from the case
that if just considering exciton diffusion on TCTA mole-
cules, the blue emission would increase by harvesting
more excitons from TCTA in the case of higher Flrpic con-
centration. For the case of 0 wt.% Flrpic in TCTA, partial
excitons will be blocked in the blue EML. As the concentra-
tion of Flrpic increases, more excitons can diffuse out the
blue EML into the orange EML. The percentage of calcu-
lated orange photon number to the total photon number
emitted by the white light increases from 51.6% to 58.1%
as the FIrpic concentration increases from 0wt.% to
12 wt.% (see Fig. S5, Supporting information). This means
that there does exist an efficient energy transfer from the
blue EML to the orange EML, leading amounts of energy
formed in blue EML to the orange EML.

Similarly, the influence of (fbi),Ir(acac) concentration on
EL spectra in double EML white OLED can also prove this
point. The used device structures are ITO/MoO3(10 nm)/
NPB(80 nm)/TCTA(5 nm)/TCTA: 6 wt.% (fbi),Ir(acac) (4 nm)/
TCTA: x wt.% (fbi),Ir(acac) (1 nm) (x=0, 4, 8, 12)/TCTA:
8 wt.% Flrpic (5 nm)/TPBi(50 nm)/LiF(1 nm)/AlL. As shown
in Fig. 6, the influence of (fbi),Ir(acac) concentration on
the emissive spectra is more significant. The percentage of
calculated orange photon number to the total photon num-
ber emitted by the white light, in this case, increases from
42% to 65% as the (fbi)Ir(acac) concentration increases
from 0 wt.% to about 12 wt.% (see Fig. S6, Supporting infor-
mation). The higher the (fbi),Ir(acac) concentration is, the
larger the orange emission from (fbi),Ir(acac) is. Because
the exciton recombination is within the blue EML, the much
more orange emission with the increase of (fbi),Ir(acac)
concentration indicates that the (fbi),Ir(acac) molecules
capture the more excitons from the blue EML. This should
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Fig. 5. Effect of Flrpic concentrations on emissive spectra in double EML

white OLED measured at 0.4 mA cm 2.
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Fig. 6. Effect of (fbi).Ir(acac) concentrations on emissive spectra in
double EML white OLED measured at 0.4 mA cm 2.

be identical to the spectral variation by changing the con-
centration of FIrpic.

3.3. Exciton recombination region and its effect

To determine the exciton recombination region within
the EML near the ETL in our double EML white OLEDs, we
made the following devices where a thin orange emissive
layer of 0.05 nm (regarded as 3-OEML), which was called
delta-doping method [28-30], is inserted between two blue
EMLs [a schematic diagram is shown in the inset of
Fig. 7(a)]. The structures of the four devices here are: ITO/
Mo0s3(10 nm)/NPB(80 nm)/TCTA(5 nm)/TCTA: 8 wt.% FIr-
pic(10 — x nm)/(fbi),Ir(acac)(0.05 nm)/TCTA: 8 wt.% Flrpic
(x nm)/TPBi (50 nm)/LiF(1 nm)/AI(150 nm), where x =1, 3,
5 and 7. As shown in Fig. 7(a), the position of the 3-OEML
does not affect the J-V characteristics of the devices. This
should be favor in the study on the comparison of the opti-
cal property in the case of unchanging electrical property in
fabricated devices. Fig. 7(b) shows the EL spectra of the 4
devices at a constant current density of 9 mA cm 2 with dif-
ferent 5-OEML distances from the EML and the ETL inter-
face. It can be seen that the orange emission intensity
decreases gradually and the blue emission increases
accordingly with the increase of the 5-OEML distance until
the emission shows mainly a blue emission as the 3-OEML
distance reaches 7 nm. This means that the exciton recom-
bination region is indeed localized in the blue EML near the
interface between blue EML and ETL. Furthermore, as
shown in Fig. 7(c-f), it can be seen that the EL spectra are
almost unchanged with the increase of bias voltages when
the 3-OEML distance is more than 3 nm. This indicates that
the orange emission from the (fbi)Ir(acac) molecules is
completely due to the energy transfer from the excitons
near the EML/ETL interface because the spectra should be
changed if there exists direct charge carrier trapping on
(fbi),Ir(acac) molecules. Accordingly, the electron injection
depth from the interface between the blue EML and ETL
into the blue EML should also less than 3 nm before totally
recombining with holes.

We do further study on the exciton recombination zone
effect by changing the thickness of blue EML in our double
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EML white OLEDs. The detailed device structures are ITO/
Mo03(10 nm)/NPB(80 nm)/TCTA(5 nm)/TCTA: 6 wt.%(fbi),
Ir(acac)(5 nm)/TCTA: 8 wt.% Flrpic (1, 2, 3 and 4 nm)/TPBi
(50 nm)/LiF(1 nm)/Al(150 nm). Fig. 8(a-d) shows the spec-
tra of these white OLEDs with blue EML thicknesses of
1 nm, 2 nm, 3 nm and 4 nm, respectively. It can be clearly
seen that the devices with 1 nm and 2 nm blue EML show
obvious spectral variation with bias voltages, whereas the
devices with 3 nm and 4 nm blue EML almost does not
change the spectra at different bias voltages. This further
demonstrates that the width of exciton recombination in

the blue EML should be less than 3 nm and the electron
transport distance in the blue EML should be no more than
3 nm before totally recombining with holes (see Fig. S9,
Supporting information). In our double EML white OLEDs,
we have used 5 nm thickness of blue EML, which not only
avoids the direct electron-hole recombination on the or-
ange dopants, but also guarantees the effective energy
transfer from the blue EML to the orange EML across the
interface between the blue EML and the orange EML,
finally leading to the simultaneous emission of blue and
orange light. As a good evidence, all the eight devices used
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Fig. 8. Influence of blue EML thickness on color stability of double EML white OLEDs.

in Fig. 5 and 6, which have blue EML thickness larger than
3 nm, show very good color stability with driving voltages
(see Fig. S7 and S8, Supporting information).

Clearly, the thickness of ETL should also have strong ef-
fect on the spectral stability due to the role of ETL in the
electron transport. The thinner the ETL is, the deeper the
electrons are injected into the blue EML. This means that
the thinner ETL will greatly increase the possibility the
electrons are injected into the orange EML(see Fig. S10,
Supporting information). As stated above, this will lead to
a poor spectral stability. As shown in Fig. 9, the emissive
color indeed shows more pronounced variation with bias
voltage as the thickness of ETL is gradually reduced from
50 nm to 20 nm. This indicates that as the thickness of
the ETL decreases to about 30 nm, the electrons will pene-
trate the blue EML into the orange EML, leading to
the direct recombination of holes and electrons on the
(fbi),Ir(acac) molecules. This further verifies the impor-
tance of removing the electrons far from the orange EML.

3.4. Working mechanism

The working processes of our optimized double EML
white OLEDs are summarized in Fig. 10. It also is not

difficult to see from the energy diagram that the recombi-
nation region should be localized in the blue EML near to
the interface between the blue EML and the ETL, because,
as we know, the utilization of MoOs; [31-34] interface
can greatly enhance the hole injection and TCTA is used

Voltage increase direction
4Vto11 Vv

08 |

CIE-Y

04
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0-0 - | i 'l " L i L " 'l i 1 A 'l i 'l "
00 01 02 03 04 05 06 0.7
CIE-X

Fig. 9. CIEs variations of double EML white OLEDs with varying ETL
thickness (voltage ranges from 4V to 11 V).
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Fig. 10. Proposed energy diagram and exciton dynamics for the optimized double EML white OLEDs.

as host in EML, which generally shows two orders higher of
hole mobility than electron mobility [15,24]. In this case,
except that the partial holes are trapped by (fbi),Ir(acac)
molecules in the orange EML, the most of injected holes
are transported into the blue EML along TCTA molecules
and accumulated at the region near the interface between
the blue EML and the ETL. As electrons are injected into
the blue EML from cathode, they would recombine with
the accumulated holes on TCTA and FIrpic molecules. As
we know, the width of the recombination region is about
3 nm. Then the partially formed excitons in the recombina-
tion zone will lead to the blue emission, and the partial
excitons will diffuse on TCTA and FIrpic molecules, and
immigrate into the orange EML across interface between
the blue EML and the orange EML, leading to the orange
emission by energy transfer. Because the injected electrons
cannot be transported into the orange EML, the direct
recombination of electrons with the holes trapped on the
orange dopant is greatly suppressed, resulting in stable
white emission.

It is worthy pointing out that the fabrication of the dou-
ble EML white OLEDs here is much easier than the multi-
doped single EML white OLED counterparts due to the
unnecessary of precisely controlling the orange dopant’s
concentration. It is much easier and practical to get the re-
quired color from the double EML white OLEDs by simple
thickness adjustments. Moreover, the double EML white
OLEDs also show superior color rendition and efficiency
roll-off properties.

4. Conclusion

We have systematically investigated the working mech-
anism of a color stable white OLEDs. The white OLEDs are
realized by using a double emissive layers consisted of a

blue EML and an orange EML and by controlling the exciton
recombination in the blue EML. It can be seen that the di-
rect recombination on orange dopant molecules by charge
carrier trapping is greatly suppressed, which is the real
reason that leads to the color variation with bias voltage
in multi-doped white OLEDs. The orange light emission
in our double EML white OLEDs is originated from the en-
ergy transfer from the blue EML. Obviously, controlling the
position of exciton recombination region is great impor-
tant in keeping the color stability and realizing high effi-
ciency for the fabrication of white OLEDs.
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