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Abstract: A charge generation layer( CGL) of Liq/Al/HAT-CN is used to fabricate the blue-yellow comple-
mentary tandem white organic light-emitting device. A group of dual-color devices are used to illustrate the
working mechanism of CGL, and Lig/Al structure in the CGL is further studied. Under the current density of
10 mA/cm’, the operating voltage(8.3 V) and luminance (746 ¢d/m”) of the tandem device are both ap-
proximately the sum of those of blue device(4.2 V, 315 ¢d/m”) and yellow device(4.2 V, 426 cd/m”) , re-
spectively , confirming that the charge generating layer is effective. The maximum brightness of 11 420 c¢d/m’
is obtained at the current density of 240 mA/cm’, and the current efficiency and power efficiency are
7.2 ¢d/A and 2.6 Im/W under the luminance of 1 000 c¢d/m*, respectively. When driving current density
increases from 10 mA/cm’ to 30 mA/cm’, the ratio of blue light in spectra increases by 5% , which means
the stable performance of device. In view of the weak microcavity effect existing in the tandem device, we con-
ducted in-depth research by optical simulation based on the microcavity theory. The simulation results are
highly consistent with the actual spectra, demonstrating the accuracy of optical simulation calculation.
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1 Introduction

Organic light-emitting diodes( OLED) have the
advantages of self-illuminating, high contrast, wide
viewing angle, being thin, and controllable, making
them one of the most promising technologies for next-
generation solid-state lighting and large-area flat
panel displays'''. In 1993, J. Kido et al. prepared
the first high-brightness and high-efficiency white
light device'?'. After nearly three decades of devel-
opment, OLEDs
(WOLED) has made remarkable progress. At pres-

ent, most of the reported WOLEDs use a multi-emis-

people’ s research on white

sive layer structure, in which three primary colors
(red, green and blue)"*’ or two complementary col-
ors( blue and orange or yellow) are mixed in the

1t is easier to achieve white

multilayer structure
light emission by adjusting the thickness of each lu-
minescent layer or by doping the concentration of the
luminescent dye. From a practical point of view, the
spectrum of luminescence of the device remains sta-
ble over a large current density range, which is an
important factor in measuring the quality of
WOLEDs. However, when the driving current chan-
ges, the luminescence spectrum changes drastically
due to the movement and energy transfer of the excit-
on recombination region'’” A white light OLED with
a stacked structure can effectively solve the above
problems. The upper and lower two light-emitting u-
nits in the laminated structure device are not in di-
rect contact with each other, allowing stable lumi-
nescent performance to be achieved *”'. In addi-
tion, the stacked device also has the following ad-
vantages : (1) Since the operating current at the same

brightness is small, high efficiency can be main-

doi;10.3788/C0.20191202. 0382

tained under a higher brightness, which is advanta-
geous for weakening the quenching phenomenon of
the excitons and improving the life of the device,
and makes it is easy to meet the requirements of sol-
id-state lighting; (2) The organic layer of the lami-
nated device is thick, which can effectively avoid
the short-circuit problem often faced by large-area

[8]

devices'"’ , which is beneficial to the production of

large-area flat panel displays. The large area
WOLED is one of the future developments.

The charge-generating layer connected to the
light-emitting unit is the most critical part of the
laminated device. Under the applied electric field,
electrons and holes generated in the charge-genera-
ting layer are respectively injected into the adjacent
electron transport layer ( ETL) and hole transport
layer (HTL). In the light-emitting layer, photons
are generated in combination with holes on the anode
side and electrons on the cathode side. In this pa-
per, an electron injection layer ( EIL)/electron ac-
ceptor structure is used as a charge-generating layer,
which has good charge generation, good injection
performance and extremely high optical transparen-
cy. In this structure, an interface between an elec-
tron acceptor and an adjacent HTL generates an e-
lectric charge and electrons are injected from the e-
lectron acceptor into the adjacent ETL. Typical elec-
transition metal oxides

tron acceptors include

(MoO,, WO, and V,0,) and organics ( HAT-
CN) ") Commonly used EILs include metal com-
pounds and ultra-thin double layers of aluminum
( LiF/Al and Lig/Al)'"™"™ . Liq/Al/HAT-CN is
widely used in laminated white light devices due to
its excellent charge generation and injection abilities
and its extremely high optical transparency''. The

working principle is that Liq reacts with Al, and a



384 o DA

2%

d"'% which acts as an active

lithium atom is forme
alkali metal that dopes and enhances the electrical
conductivity in the organic film. The n-type doping
can effectively increase the carrier concentration in
the organic material'"”'. HAT-CN has no absorption
in the visible wavelength range and has the lowest
molecular unoccupied orbital ( LUMO ) depth, as
well as a strong electron absorption capacity "', Tt is
a highly efficient electron acceptor material.

We used fluorescent dyes DPVBi and Rubrene
to make blue and yellow monochromatic units, re-
spectively, and designed complementary color lami-
nated white light devices. The device exhibited good
source color stability and white light characteristics
over a wide range of operating current densities.
When the current density was increased from
10 mA/cm’ to 30 mA/cm’, the International Com-
mission on Illumination ( Commission Internationale
de LEclairage, CIE) color coordinates change only
from (0.311, 0.320) to (0.300, 0.313).

Although the charge-generating layer and the
ITO anode have high transmittance in visible light,
the multilayer OLED still has a relatively obvious
weak microcavity effect due to the large number of
layers in the laminated OLED""*’. We conducted an
in-depth study of the weak microcavity effect through
specific experiments and optical simulation calcula-

tions using SimOLED software.

2 Materials and Methods

An ITO(Indium tin oxide) glass substrate with
a scratch-free surface was used and washed with an
ultrasonic cleaner. The substrate was immersed in a
5% Decon 90 solution at 60 °C for 5 minutes,
washed twice with deionized water, and then im-
mersed in a 2% concentration of WIN-188 solution
for 10 minutes. It was then finally rinsed with abso-
lute ethanol and dried in an oven. The oxygen plas-
ma-treated substrate was fed to an LN-1103SC multi-

source vapor deposition system for thermal evapora-

tion coating. The gas pressure in the evaporation
chamber was kept below 5.0 x 10> Pa during the
production process to ensure quality in the organic
film. An SI-TM 216D quartz crystal film thickness
monitor was used to monitor the rate of evaporation
and the thickness of the film. The operating voltage ,
current, brightness and spectrum of the device were
measured using a Keithley 2400 programmable power
supply, a MA-
YA2000PRO fiber spectrometer, and a PR655 spec-

trometer. The test procedure was carried out in a

an LS-110 luminance meter,

glove box filled with high purity nitrogen at room
temperature.

In this paper, Ir( ppy); ( Tris (2-phenylpyridi-
nato) iridium ( Il ) ) is used as a green dye, Ru-
brene (5,6,11,12-Tetraph enylnaphthacene) as a
yellow dye, and DPVBi(4,4'- Bis(2,2-diphenyle-
thenyl) -1, 1'-biphenyl) as a blue light dye. Alg,
(Tris(8-hydroxy-quinolinato ) aluminium) is used as
a yellow light-doped parent material, BCP (4,7-di-
phenyl-1,10-phenanthroline ) is used as a hole bloc-
king layer, HAT-CN(1,4,5,8,9, 11-Hexaazatriph-
enylene-hexacarbonitrile) is used as a hole injection
layer and electron blocking layer, Bphen (4, 7-di-
phenyl-1,10-Phenanthroline ) is used for an electron
transport layer, Liq(8-hydroxy-quinolinato lithium)
is used as an electron injection layer, and metal Al

is used as cathode.

3 Working Mechanism of the Charge-

generating Layer

We designed a set of green and yellow two-color
stacked devices to illustrate the working mechanism
of charge-generating layer Liq/Al/HAT-CN. De-
vices 1, 2, 3, and 4 are no-charge-generating lay-
ers. HAT-CN (15 nm), Al (1 nm )/HAT-CN
(15 nm) and a complete charge-generating layer are
embedded between monochromatic units ;

(1) ITO/HAT-CN (5 nm )/NPB (60 nm )/
TeTa:Ir(ppy); (15% , 15 nm)/Bphen (65 nm)/
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NPB (60 nm)/Alq,: Rubrene (5% , 20 nm)/Bphen
(60 nm)/Liq(1 nm)/Al

(2) ITO/HAT-CN (5 nm )/NPB (60 nm )/
TceTa:Ir(ppy ), (15% , 15 nm)/Bphen (65 nm )/
HAT-CN ( 15nm )/NPB ( 60 nm )/Alq, : Rubrene
(5% , 20 nm)/Bphen(60 nm)/Liq(1 nm) /Al

(3) ITO/HAT-CN (5 nm )/NPB (60 nm )/
TeTa: Ir(ppy);(15% , 15 nm)/Bphen (65 nm)/Al
(1 nm)/HAT-CN (15 nm)/NPB (60 nm)/Alg,:
Rubrene ( 5% , 20 nm )/Bphen ( 60 nm )/Liq
(1 nm)/Al

(4) ITO/HAT-CN (5 nm )/NPB (60 nm )/
TcTa:Ir(ppy); (15% , 15 nm)/Bphen (65 nm )/
Lig(1 nm)/Al (1 nm)/HAT-CN (15 nm)/NPB
(60 nm )/Alq; : Rubrene (5% , 20 nm )/Bphen
(60 nm)/Liq(1 nm)/Al

1.1
— Liq(1 nm)/Al(1 nm)/HAT-CN(15 nm)
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g.1 Transmittance of the charge generation layer in

the visible spectrum
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Fig. 1 shows the transmittance of the charge-
generating layer, which exceeds 85% in the visible
range. This is very beneficial for the fabrication of
high-performance stacked devices. Fig. 2 shows the
spectrum and brightness of four devices at the same
current density of 5 mA/cm’. The spectrum was
measured using a PR655 spectrometer. The meas-
ured value is the absolute value of the brightness and
the integrated area of the spectral area indicates the
intensity of the luminous intensity. The HOMO level
of NPB is —5.4 eV, which is 1 eV different from
Bphen( —-6.4 eV). It is difficult for cavities to o-

vercome the injection barrier and reach the yellow

~—&— Bph
0 1 0 —— IATCN(1
W —A-F n)/HATCN(15 nm)
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Fig.2  Electroluminescence spectra of the green-yellow

dual-color device
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light unit. Therefore, device 1 emits only green light
with a brightness of 292 ¢d/m’ and a high voltage of
33.1 V. In device 2, a 15 nm thick HAT-CN is in-
serted between two monochromatic units. The LUMO
energy level of HAT-CN can reach -5.7 eV. Elec-
trons jump from the NPB HOMO level to the HAT-
CN LUMO and cavities are generated at the same
time. The cavities are transmitted to the yellow light
unit under the action of the electric field, causing
the yellow light component to appear in the spectrum
Since the LUMO level of Bphen
( =3.0 eV) is much higher than that of HAT-CN,

the generated electrons are difficult to inject into the

of device 2.

green light unit. The brightness and voltage of de-
vice 2 do not change much with respect to device 1.
Device 3 inserts a thin layer of Al between HAT-CN
and Bphen. The Al atoms form self-doping in the or-
ganic layer, which improves the mobilitiy of elec-
trons and facilitates electron injection into the green
light unit. Therefore, the brightness of the device 3
is higher at 1 165 cd/m”, the operating voltage
drops to 15.9 V and the carrier transfer characteris-
tics are significantly improved. After the addition of
the thin layer of Liq, the luminescence of device 4 is
significantly enhanced(2 855 c¢d/m’) in comparison
to that of device 3, with an operating voltage re-
duced to 8.3 V. The reason is that Liq reacts with
Al to form lithium, which acts as an active alkali

metal that dopes and enhances the electrical conduc-
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tivity of the organic functional layer. The detailed

process of charge generation and injection is shown

in Fig. 3.
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Fig.3 Working schematic of the charge-generating layer
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To further illustrate how the two-layer structure
Lig/Al improves electron injection efficiency, we
have fabricated the set of single-electron devices.
Fig. 4 shows the I-V curve for the set. The HOMO
level of BCP is nearly 1.4 eV higher than the work
function of ITO( —4.7 eV) , effectively blocking the
hole injection. Because of this, the current of this
group of devices can be considered as electron cur-
rent. The current density of device 1 increases rap-
idly with an increase in voltage, while device 2 has

almost no current because of the 2.7 eV electron in-

1200 1T0/BCP(30 nm)/X/Lig(1 nm)y/Al

—=&— Bphen(70 nm)

1000 | —e— Bphen(45 nm)/HAT-CN(15 nm)/Bphen(25 nm)

—a&— Bphen(45 nm)/Liq(1 nm)/HAT-CN(15 nm)/Bphen(25 nm)

800 | —¥— Bphen(45 nm)/Liq(l nm)/AI(1 nm)/HAT-CN(15 nm)/Bphen(25 nm)

Current density/(mA - cm~?)

600}
4001
200
0 |
2 4 6 8 10
Voltage/V

Fig.4 1-V characteristics of hole-excluded devices
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jection barrier between HAT-CN and BPhen. Device
3 has a thin layer of Liq inserted between the HAT-
CN and Bphen, wherein there is still no current,
which shows that the addition of Liq does not reduce
the effects of the electron injection barrier. When a
two-layer thin layer structure Lig/Al is inserted be-
tween the HAT-CN and Bphen, the current increa-
ses rapidly. This shows that the electron injection
barrier is significantly reduced and that a Liq/Al
double layer structure can effectively improve elec-
tron injection efficiency.

Based on the above conclusions, we have pre-
pared blue and yellow monochromatic devices and
blue-yellow complementary laminated white light de-
vices:

(1) ITO/HAT-CN (5 nm )/NPB (60 nm )/
DPVBi(15 nm)/Bphen(50 nm)/Liq(1 nm)/Al

(2) ITO/HAT-CN (5 nm )/NPB (60 nm )/
Alq;: Rubrene (5% , 15 nm )/Bphen (50 nm )/Liq
(1 nm)/Al

(3) ITO/HAT-CN (5 nm)/NPB (60 nm)/
DPVBi( 15 nm)/Bphen (50 nm)/Liq (1 nm)/Al
(1 nm )/HAT-CN (15 nm )/NPB (60 nm )/
Alq,: Rubrene (5% , 15 nm)/Bphen (50 nm)/Liq
(1 nm)/Al,

Fig. 5 shows the normalized electrolumines-
cence spectrum of a monochromatic device and a
laminated white light device at a current density of
10 mA/cm’. The peak wavelength of the blue light
is 470 nm and the peak value of the yellow light is
567 nm. It can be seen that the monochromatic units
in the laminated device are effectively illuminated.
The white light device has a CIE color coordinate of
(0.311, 0.320), which is very close to standard
white light of coordinate (0. 333, 0.333).

Fig. 6 shows the current efficiency and power
efficiency curves of the tandem white device at a lu-
minance of 1 000 cd/m’. Iis current efficiency was

7.2 ¢d/A and its power efficiency was 2.6 Im/W.
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746 ¢d/m’ and 1 378 c¢d/m*, respectively. These

were approximately the voltage and brightness of the
blue ( 4.2V and 4.5V; 315 cd/em®  and
603 cd/cm’>) and yellow (4.2 V and 4.6 V;
426 c¢d/cm’ and 763 c¢d/cm’) monochromatic de-
vices. The results confirm the efficiency of the

charge-generating layer.
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Tab.1 Luminous characteristics of the monochromatic
device and the tandem device at current densities of
10 mA/cm’ and 20 mA/cm’.

*1 HBERZTEH 10 mA/cm’F120 mA/ecm’ T
BEEHEEESRHLLENE

Voltage/V Luminance/ (e¢d-m ™)
J=10/20 J=10/20
(mA/cm®) (mA/cm®)
DPVBi 4.2/4.5 315/603
Rubrene 4.2/4.6 426/763
Tandem white 8.3/8.9 746/1 378

Fig. 8 shows the spectrum, color coordinates
and blue light ratio( BLR) of a white light device at
different operating current densities ( 10 mA/cm”,
20 mA/cm” and 30 mA/cm”). Tt can be seen that
when the current density is increased from
10 mA/em’ to 30 mA/em’, the spectral change is
small. The color coordinates only changes by
(-0.011, -0.007), and the blue component ra-
tio increases from 46.4% to 51.5%. The light
source is stable in the range of large driving current
density and both are in the white light region. The
color rendering index( CRI) is an important parame-
ter for evaluating white light sources. The CRlIs at
different current densities are 74. 4, 74. 4 and 74. 3,

respectively. This indicates that the tandem white

—— J=10 mA/cm? -
— 0mA/m JmAlm?)  CIE__ BLR CRI

—— 7230 mA/em? 10 (0.311,0.320) 46.4% 74.4
1.0F 20 (0.304,0.316) 47.5% 74.4
30 (0.300,0.313) 51.5% 74.3

Normalized

0.0 . L
300 400 500 600 700 800

Wavelength/nm

Fig.8 Electroluminescence spectra, color coordinates,
blue light ratios and CRI of tandem white device
at different current densities
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device has very stable color rendering performance

and is a good illumination device.

4 Analysis of Optical Weak Microcav-

ity Effect in Laminated Devices

The spectra of the tandem white device at an-
gles of 0°, 30° and 60° were measured. As shown
in Fig. 9, as the angle increases, the peak from
DPVBi undergoes a blue shift and the spectral
change is large. In the illustration, the white light
device is calculated for every 5° in the range of 0° to
90° and then compared with the Lambert law. It was
found that there is a large deviation between the ex-
perimental curve and the Lambertian curve. The lu-
minous intensity has a significant angular depend-
ence and there is a weak microcavity effect in the

device.

0.5

Normalized

0.0

400 500 600 700
Wavelength/nm

Fig.9 Luminous characteristics of tandem devices vary

with angles
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The resonant mode of the organic microcavity
satisfies the Fabry-Perot equation:
2L,cos0 = mA (1)
where A is the cavity resonance wavelength, m is the
mode number, 6§ is the exit angle of light from the
microcavity and L, is the effective cavity length. The
microcavity effect in the device is closely related to
the cavity length L_, as is the thickness of the de-
vice. We prepared a set of tandem white devices

with different thicknesses (d). As shown in Fig. 10,
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Fig. 10 Spectra of tandem devices vary with thickness
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as the thickness of the device increases, the spec-
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Fig. 11

trum changes and the yellow light emission is sup-
pressed.

Based on the microcavity theory, we conducted
in-depth research through optical simulation calcula-
tions. Using SimOLED software to simulate the spec-
trum of the same structure device as in the experi-
ment, the experiment and simulation results were
compared at 0° and 30° angles. As shown in
Fig. 11, the two are highly consistent, indicating
that the simulation calculation is accurate and that
the weak microcavity effect does exist. The small
difference between the experiment and its simulation
is a result of the deviation in film thickness during

the procedure.

1.0 angle=30°
—=— simulation
0.8f —e— experiment
=
X 06}
=
E
5 041
z
0.2
0.0f

350 400 450 500 550 600 650 700
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(b) 30° Z5 R LLAE

(b) Comparison results at angle of 30°

Comparison of experimental and simulated spectra at observation angles of 0° and 30°
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The electroluminescence spectra of devices with

microcavity effects can be described using the Fabry-

v TJ[1+R,+2/R_cos(

Perot formula .

471z;cos6),

Tﬂi)p)]

I(1) =]Nz

“"1+RR, -2/R.R.cos(p, + b, +

R, and R, are the internal reflectances of the two e-
lectrodes, ¢, and ¢, are the phase changes of the
beam after reflection, T, is the transmittance of the
anode, L is the total optical thickness, I, (z;,A) is
the radiation of the luminescent layer, /(A) is the
light radiation after passing through the substrate, z,
is the optical length between the light-emitting sub-
layer i and the cathode, and 6, is the angle at which

the light-emitting layer emits the light beam. The

4’TI'LC‘OS€O I()(zi’A> ’ (2>

)
spectrum can be obtained by calculating 7(A).

5 Conclusion

This paper explains the charge generation and
injection process in the charge-generating layer by
comparing the luminescence spectrum, brightness
and voltage of a laminated two-color device at a con-

sistent current density. Based on this, a complemen-
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tary tandem white device was prepared. At a current
density of 10 mA/cm”, the laminated device has an
operating voltage of 8.3 V and a luminance of
746 c¢d/m”,
vice(4.2 V, 315 ¢d/m’) and tandem yellow device
(4.2 V, 426 ¢cd/m’ ). This illustrates the effective-

ness of the charge-generating layer. When the cur-

which is the sum of the tandem blue de-

rent density is 240 mA/cm’, the laminated device
obtains a maximum luminance of 1420 c¢d/m’. At
the luminance of 1 000 ¢d/m’, the current efficien-
cy is 7.2 cd/A,
2.6 Im/W. The CIE color coordinates of the white
licht are (0.311, 0.320), which is close to the

and the power efficiency is

— IR IR ——

1 3]

e
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device. With regards to the weak microcavity effect
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ly studied it through optical simulations and obtained
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cal simulation calculation is accurate.
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