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By adopting an ultra-thin non-doped orange emission layer sandwiched between two blue emission

layers, high efficiency white organic light-emitting diodes (WOLEDs) with reduced efficiency roll-off

were fabricated. The optimized devices show a balanced white emission with Internationale de

L’Eclairage of (0.41, 0.44) at the luminance of 1000 cd/m2, and the maximum power efficiency, current

efficiency (CE), and external quantum efficiency reach 63.2 lm/W, 59.3 cd/A, and 23.1%, which

slightly shift to 53.4 lm/W, 57.1 cd/A, and 22.2% at 1000 cd/m2, respectively, showing low efficiency

roll-off. Detailed investigations on the recombination zone and the transient electroluminescence

(EL) clearly reveal the EL processes of the ultra-thin non-doped orange emission layer in WOLEDs.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4886179]

I. INTRODUCTION

Recently, white organic light-emitting diodes (WOLEDs)

have been receiving extensive attention in both research and

industry by their capability to emit white light with high

efficiency and to be applied to color displays and solid state

lighting owning to the unique features of organic semicon-

ducting materials such as flexibility over large area, low cost

fabrication, and tunable colors.1–5 To maximize the intrinsic

efficiencies of WOLEDs, phosphorescent molecules are often

used as emitters, which allow for efficient light emission from

both excited singlet and triplet states and can lead to a nearly

100% internal quantum efficiency (IQE) compared with fluo-

rescent materials (25%).6 Therefore, all phosphorescent

WOLEDs often show higher performance than the fluorescent

counterparts. In the fabrication of high efficiency phosphores-

cent OLEDs, it is necessary to generally dope phosphores-

cence dyes into relative host by proper concentration in order

to suppress the efficiency degradation caused by concentration

quenching as well as to make the full use of the generated

excitons.1 As we know, the utilization of complementary col-

ors or three primary colors is necessary to realize the white

emission. Up to now, several emission layer (EML) structures

have been proposed to fabricate high efficiency phosphores-

cent WOLEDs such as multilayer structures consisted of re-

spective red, green, and blue doped emission layers,4,7–12 and

single-layer structures by doping red, green, and blue dyes in

single host.13–15 It can be seen that either the multilayer struc-

tures or the single-layer structures are complicated in process-

ing technique, where the emissive layer sequence in

multilayer and doping concentration in single-layer have to

accurately control and the white emission color often exhibits

strong change with the applied voltages in doping single-layer

structure.13 Therefore, further simplifying the device struc-

tures but yet realizing high efficiency has been a trend in the

fabrication of WOLEDs. Comparatively, by introducing an

ultra-thin non-doping phosphorescent dye layer within the

EML seems a simple and effective method for WOLEDs,16–21

where not only the processing is greatly simplified but also

the high efficiency can be well realized. For example, Lee

et al.21 has demonstrated a WOLED by dispersing an ultra-

thin host-free, yellow phosphorescent layer in between double

blue phosphorescent emitters. The device exhibited a power

efficiency (PE) of 35 lm/W at the brightness of 1000 cd/m2,

which is a comparable value to that of using a complicated

host-guest doping system to realize the yellow emission in

WOLEDs. Zhao et al.20 has fabricated two colors, three

colors, and four colors WOLEDs by using the ultra-thin non-

doped emissive layer method. Here, they introduced thin non-

doped red, yellow, green, and blue emission layers into the

hole transport layer in proper position and at the interface

between hole transport layer and electron transport layer to re-

alize the white emission. The power efficiencies of 37 lm/W,

29 lm/W, and 19 lm/W at brightness of 1000 cd/m2 for the

two-color, three-color, and four-color WOLEDs, respectively,

have been well obtained. However, it is clearly seen that the

power efficiency of WOLEDs based on the ultra-thin non-

doped emissive layer concept is far from the requirement of

practical lighting applications and lower than the traditional

WOLEDs,4,22 which is urgent to further improve, and its

emission mechanism and effect factors are also necessary to

deeply understand and elucidate.

In order to simplify the structure of WOLED as well as

to maintain the high efficiency, in this paper, we fabricated
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high power efficiency two-color all phosphorescence

WOLEDs by simply inserting an ultra-thin non-doped or-

ange emission layer in between two doped blue emission

layers. It can be found experimentally that the optimized

devices show a good white emission and high efficiency with

near 100% internal quantum efficiency and low roll-off, fully

indicating the advantage of the simple and cost-saved ultra-

thin non-doped emissive layer method on constructing high

efficiency WOLEDs. Furthermore, by examining the exciton

density through the EML, the reason for the high efficiency

is revealed.

II. EXPERIMENTAL

All the devices were fabricated on glass substrates

pre-coated with 180 nm indium tin oxide (ITO) with a sheet

resistance of 10 X/sq. The ITO substrates were degreased in

ultrasonic solvent bath and then dried at 120 �C for 30 min.

Before loaded into the deposition chamber, the ITO surface

was treated with UV-ozone for 15 min. All the layers were

grown by thermal evaporation in a high-vacuum system with

a pressure of less than 5� 10�4 Pa without breaking vacuum.

The various device structures were described in the text. The

organics and metal oxide were evaporated at the rate in a

range of 1–2 Å/s except that the evaporation rate of ultra-thin

layer is 0.02 Å/s, and the metals were evaporated at the rate

of 8–10 Å/s. The overlap between ITO and Al electrodes was

4 mm� 4 mm, which is the active emissive area of the devi-

ces. 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 electroluminescence (EL) spectra

were measured by a Spectrascan PR650 spectrophotometer.

All the measurements were carried out in ambient atmos-

phere at room temperature.

For the transient electroluminescence measurements, the

devices were electrically excited by a pulse generator

(Agilent 8114 A, 100 V/2 A) with a duration of 10 ls, and

the transient EL signals pass through a monochromator and

collected by a photomultiplier tube (PMT). The results were

then displayed on an oscilloscope (Agilent Model 54825A,

500 MHz/2 GSa/s). The EL lifetime was obtained by a single

exponential fit of emission decay curves.

III. RESULTS AND DISCUSSION

The fabricated WOLED structure was ITO/MoO3

(10 nm)/1,10-bis[4–(di-p-tolylamino)phenyl]cyclohexane (TAPC):

MoO3 (20%, 50 nm)/TAPC (30 nm)/4,40,400-tri(N-carbazolyl)

triphenylamine (TCTA): bis(3,5-difluoro-2–(2-pyridyl)phenyl-

(2-carboxypyridyl))iridium III (FIrpic) (10%, 5 nm)/bis(2-phenyl-

benzothiozolato-N,C20)iridium(acetylacetonate) (Ir(bt)2(acac))

(x nm)/2,6-bis(3–(carbazol-9-yl)phenyl)pyridine (26DCzPPy):

FIrpic (20%, 5 nm)/1,3-bis(3,5-dipyrid-3-yl-phenyl)benzene

(BmPyPB) (10 nm)/BmPyPB: Li2CO3 (3%, 30 nm)/Li2CO3

(1 nm)/Al (100 nm), where x¼ 0.02, 0.04, 0.06, and 0.08 nm,

respectively, as shown in Figure 1(a). The chemical struc-

tures of the involved materials are depicted in Figure 1(b).

Here, TAPC and BmPyPB are served as effective carrier

(hole and electron) transport layers and exciton blocking

layers. The double blue layers are composed of 10% FIrpic

doped TCTA and 20% FIrpic doped 26DCzPPy. The thick-

ness of Ir(bt)2(acac) is increased from 0.02 nm to 0.08 nm in

order to adjust the ratio of blue emission to orange emission

in the white spectra. Figure 2(a) shows the current density-

voltage-luminance (J-V-L) characteristics of the resulting

devices. The J-V curves are almost independent on the varied

thickness of orange emission layer, suggesting that the

change of the orange emission layer will not affect the trans-

port properties in the devices. And in the L-V curves, the de-

vice with 0.02 nm orange layer shows slightly lower

luminance than the other three devices, which might be

originated from the emission saturation of orange dye due to

thin orange layer. Table I summarizes the CE (current

FIG. 1. (a) Structure of the resulting

WOLEDs. (b) Chemical structures of

the materials used in this study. (c)

Proposed energy diagram of the device.
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efficiency, cd/A), PE (lm/W), and EQE (external quantum

efficiency, %. EQE¼ IQE*gout, here IQE is defined as the in-

ternal quantum efficiency, gout is the out-coupling efficiency)

characteristics of the devices from Figure 2. All the devices

show turn-on voltage of 2.7 V, which is as low as the triplet

energy gap (T1� 2.62 eV) of phosphorescent dopant, FIrpic.

The four devices show maximum EQE of 22.3%, 23.1%,

22.4%, and 22.3%, respectively, which indicate that the IQE

is nearly 100% if the out-coupling efficiency is about

20%–30%. From the slightly increasing orange emission

layer thickness from 0.02 nm to 0.08 nm, PE and CE increase

gradually from 48.4 lm/W to 55.1 lm/W and 52.9 cd/A to

59.1 cd/A at 1000 cd/m2, respectively. It is our best known

that this performance should be the best results among state-

of-the-art complementary color WOLEDs.

The EL spectra of these four devices at different lumi-

nances are shown in Figure 3. It is clearly seen that they all

show excellent white emission, and the orange emission

increases with increasing the orange emission layer thick-

ness. Obviously, the orange emission at 560 nm peak and

600 nm shoulder is originated from Ir(bt)2(acac), while the

blue emission centered at 472 nm is originated from FIrpic.

The four devices show, respectively, Internationale de

L’Eclairage (CIE) of (0.31, 0.40), (0.35, 0.42), (0.41, 0.44),

and (0.42, 0.45) at the luminance of 1000 cd/m2. The relative

intensity of orange emission to blue emission decreases with

the increase of luminance, which is probably due to the crea-

tion of more triplet excitons on FIrpic with the voltages,23 or

the saturation of emission from Ir(bt)2(acac) molecules.

For the resulting WOLEDs based on ultra-thin non-

doped orange emission layer, the control of exciton recombi-

nation zone (RZ) position is obviously very important. The

fact that the orange emission from Ir(bt)2(acac) and the blue

emission from FIrpic are simultaneously obtained in our

WOLEDs, as shown in Figure 3, indicates that the exciton

recombination zone should be localized in the region at the

interface between TCTA:FIrpic and 26DCzPPy:FIrpic

layers. In order to evaluate the concrete position of recombi-

nation zone and the possible exciton density distribution in

EML, we fabricated OLEDs based on the same structure as

the resulting WOLEDs only by changing the position of a

0.06 nm Ir(bt)2(acac) thin layer in TCTA:FIrpic/26DCzPPy:

FIrpic EML. Thus, a series of spectra of varied orange layer

positions were obtained. Figure 4 plots the ratio of the or-

ange emission peak intensity to the blue intensity as a func-

tion of the position of orange thin layer at a driving voltage

of 3.9 V. The position at the interface between TCTA:FIrpic

and 26DCzPPy:FIrpic layers is set to zero. It is clearly that

the strongest orange emission can be obtained as the thin or-

ange layer is posited at the interface between TCTA:FIrpic

FIG. 2. EL performance of the resulting

WOLEDs. (a) Current density-voltage-

luminance characteristics of devices

with varied thicknesses of Ir(bt)2(acac).

(b) Current efficiency, (c) power effi-

ciency, and (d) external quantum effi-

ciency as a function of luminance at

different thicknesses of 0.02 nm

(square), 0.04 nm (circle), 0.06 nm (up

triangle), and 0.08 nm (down triangle).

TABLE I. Summary of the EL performance of the WOLEDs with different thicknesses of orange emission layer. Here, CRI in in the last column represents

color rendering index.

Device Von (V) PE (lm/W) max/1000/5000a CE (cd/A) max/1000/5000a EQE (%) max/1000/5000a CIE 1000b CRI 1000b

0.02 nm 2.7 59.2/48.4/36.7 55.3/52.9/46.8 22.3/21.3/19.2 0.31,0.40 63

0.04 nm 2.7 63.2/53.4/40.3 59.3/57.1/50.4 23.1/22.2/19.9 0.35,0.42 65

0.06 nm 2.7 63.4/53.6/38.7 59.7/57.6/51.1 22.4/21.6/19.5 0.41,0.41 62

0.08 nm 2.7 64.8/55.1/41.2 61.1/59.1/52.0 22.3/22.0/19.6 0.42,0.45 60

aThe maximum efficiency/the efficiency at 1000 cd/m2/the efficiency at 5000 cd/m2.
bAt the luminance of 1000 cd/m2.

244512-3 Zhu et al. J. Appl. Phys. 115, 244512 (2014)
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and 26DCzPPy:FIrpic layers, and the orange emission inten-

sity is gradually decreased with the thin orange layer far

from the middle interface. This means that the exciton

recombination zone should be in the middle range of EML,

as shown in Figure 4, from 2 nm in TCTA:FIrpic layer to

3 nm in 26DCzPPy:FIrpic, and the exciton density should

also be the maximum at the interface, showing approximate

Gaussian distribution. This kind of effective exciton density

profile greatly increases the exciton recombination efficiency

and significantly reduces the exciton quenching caused by

the exciton diffusion into transport layers. This can also be

used to explain the reason why using a very thin orange

emission layer in EML can obtain a strong orange emission,

too. The exciton recombination zone contribution may also be

well explained by the energy levels and transport properties of

TCTA and 26DCzPPy. As we know, TCTA is a good hole

transport organic material with mobility of 3� 10�4 cm2/V s

(electron mobility is about 10�8 cm2/V s),24 and 26DCzPPy

is a good bipolar transport organic molecule with equivalent

electron and hole mobility of 2� 10�5 cm2/V s.25 Therefore,

according to the energy levels of TCTA (LUMO¼ 2.43 eV,

HOMO¼ 5.83 eV) and 26DCzPPy (LUMO¼ 2.56 eV, HOMO

¼ 6.05 eV), as shown Figure 1(c), the holes from anode eas-

ily transport along the HOMO of TCTA to the interface of

TCTA/26DCzPPy, and then the parts are injected into the

HOMO of 26DCzPPy by a barrier of about 0.2 eV and trans-

port along 26DCzPPy molecules due to its good hole trans-

port property. Similarly, the electrons from cathode first

transport along the LUMO of 26DCzPPy and easily arrive at

the interface of TCTA/26DCzPPy due to the good electron

transport property of 26DCzPPy. Because of the electron

injection barrier of 0.13 eV and poor electron transport prop-

erty of TCTA, few electrons at interface will transport into

TCTA layer and most of them will accumulate at the thin

region of TCTA layer adjacent to the interface. Evidently,

this electron and hole contribution in EML also leads to a

narrower exciton recombination zone in TCTA:FIrpic layer

than in 26DCzPPy:FIrpic layer.

To fully understand the EL processes of the resulting

WOLEDs based on an ultra-thin orange emission layer, we

further studied the EL mechanism of orange emission from

Ir(bt)2(acac) in EML. As we know, in doped OLEDs, host-

guest energy transfer and direct charge trapping followed by

exciton formation on dopants are two main emission mecha-

nisms. A distinction between the two emission mechanisms

can be drawn from the dependence of current density-voltage

(J-V) on guest concentration. For the direct charge trapping

process, the dopant molecules may be considered as shallow

trapping centers, which will trap the injected charge carriers

and change the charge density, resulting in a dependence of

J-V characteristics on the doping concentration. For the

energy transfer counterpart, however, the J-V characteristics

are not influenced by the variation of the doping concentra-

tion. From the energy levels of the device in Figure 1(c), we

can see that the HOMO and LUMO levels of Ir(bt)2(acac) are

within those of TCTA, FIrpic, and 26DCzPPy. This means

FIG. 3. Normalized EL spectra of the

four WOLEDs at the luminance from

100 cd/m2 to 10000 cd/m2.

FIG. 4. Relative orange emission intensity in OLEDs by inserting an ultra-

thin orange layer at the different positions in EML. The applied voltage is

3.9 V. The middle position between TCTA:FIrpic and 26DCzPPy:FIrpic

layers is set as 0 nm.

244512-4 Zhu et al. J. Appl. Phys. 115, 244512 (2014)
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that the Ir(bt)2(acac) orange emission in EL may include the

charge carrier trapping process. To elucidate this point, we

fabricated OLEDs with orange layer thickness from 0 nm to

0.2 nm, which is similar to increasing the Ir(bt)2(acac) concen-

tration in host. Figure 5 shows the J-V characteristics of the

devices. The inset of Figure 5 gives the double logarithmic

plot. It is clearly seen that the J-V characteristics do not

change with the Ir(bt)2(acac) thickness, implying that the pri-

mary emission mechanism of Ir(bt)2(acac) in EL is actually

the energy transfer process rather than the carrier trapping

effect.

Considering the T1 level of the involved hosts and

guests, the exothermic energy transfer from higher T1 of

TCTA, 26DCzPPy, and FIrpic to lower T1 of Ir(bt)2(acac) is

reasonable. There have been reports about the exciton life-

time change in energy transfer process.12,15 The lifetime of

the donor will decrease if the energy transfer process from

the donor to the acceptor happens. Here, we examined the

transient EL characteristics of two devices with (white de-

vice) or without (blue device) a 0.06 nm orange Ir(bt)2(acac)

layer. Figure 6 displays the transient EL spectra of the two

devices monitored at a wavelength of 472 nm. The lifetime

of blue device is fitted to be 1.74 ls (s1), and the lifetime of

white device is decreased to 1.34 ls (s2). The lifetime of trip-

lets in the blue device can be expressed as follows if triplet-

triplet annihilation (TTA) is not considered:

s1 ¼ 1=ðjR þ jNRÞ: (1)

Here, jR and jNR are the rate constants of the radiative and

non-radiative processes. While in the white device, the

energy transfer from FIrpic to Ir(bt)2(acac) has to be consid-

ered, then the lifetime of the triplets on FIrpic should be

s2 ¼ 1=ðjR þ jNR þ jETÞ; (2)

where jET is the rate constant of the energy transfer from

FIrpic to Ir(bt)2(acac). Then, we can derive the energy trans-

fer efficiency from Eqs. (1) and (2)

gET ¼ jET=ðjR þ jNR þ jETÞ ¼ 1� s2=s1 ¼ 23:0%; (3)

where gET is the energy transfer ratio from the donor to the

acceptor. It can be seen that there indeed exists an energy

transfer process in Ir(bt)2(acac) EL process, and if including

the energy transfer from the excitons on TCTA and

26DCzPPy, obviously the energy transfer is very efficient,

leading to a strong Ir(bt)2(acac) orange emission.

As shown in Figure 2, although the efficiency roll-off of

the resulting WOLEDs here is greatly improved, the roll-off

yet exists at higher luminance. The critical current density J0

is defined as the point where the quantum efficiency is

reduced to half its maximum value, which is proposed by

Baldo et al.26 In order to figure out the cause of efficiency

roll-off in our devices, we apply the models of TTA and tri-

plet-polaron quenching (TPQ) to the interpretation of the

high current density performance of our blue and white devi-

ces.6,26 When TTA happens, the reaction between triplet

excitons follows:

3M� þ 3M��!
kS

TT 1M� þM; (4)

3M� þ 3M��!
kT

TT 3M� þM; (5)

where 3M* represents triplet excited state, 1M* is the singlet

excited state, M is the ground state, and kTT is the TTA rate

parameter for singlet and triplet exciton. Then the concentra-

tion of triplet excited state can be expressed as

d½3M��
dt

¼
3M�½ �
s
¼ kTT

2
3M�½ �2 þ J

qd
; (6)

where J is the current density, q is the charge density, d is

the thickness of the carrier recombination zone, and s is the

phosphorescence lifetime. In addition, J/qd is the charge

density in the RZ.

For TPQ process, the quenching is described as

Mþðor M�Þ þ 3M��!Ke
Mþðor M�Þ þM; (7)

where Mþ(or M�) is the trapped charge carriers assumed to

annihilate the triplet excitons and ke is the TPQ rate parame-

ter. Then this process can be expressed as

FIG. 5. Current density-voltage dependence of the devices with Ir(bt)2(acac)

thickness from 0 nm to 0.2 nm. The inset gives double logarithmic curves of

the devices.

FIG. 6. Transient EL signals of devices without (blue device (diamond))

and with (white device (ball)) 0.06 nm Ir(bt)2(acac) layer. The driving volt-

age is 4 V.

244512-5 Zhu et al. J. Appl. Phys. 115, 244512 (2014)
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d 3M�½ �
dt

¼
3M�½ �
s
¼ ke

3M�½ �nt þ
J

qd
; (8)

where nt represents the concentration of the trapped charge

carrier. Based on trap limited space charge conduction,27

nt� J1/(1þm), then equation follows:

d 3M�½ �
dt

¼
3M�½ �
s
¼ �ke

3M�½ �J1= mþ1ð Þ þ J

qd
: (9)

From Eqs. (6) and (9), we can see that when the quenching is

TTA predominant, the quenching should increase quadratically

with the triplet exciton density while the TPQ predominant pro-

cess should increase linearly with the triplet exciton density.

The current density dependence of the EQE in both models can

be derived from Eqs. (6) and (9) and gives, respectively,

gTT

g0

¼ J0

4J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8

J

J0

� 1

r" #
; (10)

gPT

g0

¼ 1

1þ J

Je

� �mþ1
; (11)

where g0 is the external quantum efficiency in the absence of

triplet quenching, gTT is in the presence of TTA, gPT is in the

presence of TPQ, and J0 and Je are the critical current den-

sity for TTA and TPQ models. Among

J0 ¼
4qd

s2kTT
; (12)

Je ¼
1

kes

� �mþ1

: (13)

Then, we apply Eqs. (10) and (11) to our blue and

white devices. As shown in Figure 7, it can be seen that the

TTA model presents a good agreement with our devices

while the TPQ model cannot fit well. By TTA model fitting,

J0¼ 150.3 mA/cm2 and 120.5 mA/cm2, respectively, for

white and blue devices, are obtained. The above results indi-

cate that the roll-off in efficiency of our WOLEDs at high

luminance is primarily due to the TTA. Although the effi-

ciency roll-off at higher brightness yet exists in our devices,

however, as given, the achievement of high J0 is over

150 mA/cm2, which is higher than most of the previously

reported value in WOLEDs including all-phosphorescent15,22

and hybrid WOLEDs,28 indicates that the utilization of the

ultra-thin orange emission layer in our devices is still benefit-

ted to eliminate the TTA, thus improving the roll-off in effi-

ciency at high brightness.

IV. CONCLUSIONS

We have demonstrated highly efficient phosphorescent

WOLEDs by simply introducing an ultra-thin non-doped orange

emission layer in EML. The WOLEDs exhibit a maximum

power efficiency of 63.2 lm/W, current efficiency of 59.3 cd/A,

and EQE of 23.1%, which are slightly reduced to 53.4 lm/W,

57.1 cd/A, and 22.2% at 1000 cd/m2, respectively, showing

greatly improved roll-off in efficiency. Our results demonstrate

that ultra-thin non-doped emissive layer method on constructing

high efficiency WOLEDs is very effective and cost-saved. This

research provides a simple strategy in the design of high effi-

cient WOLED device and with the use of out-coupling techni-

ques, the performance of the device will be greatly enhanced.
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