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Design and fabrication of two-stack tandem-
type all-phosphorescent white organic light-
emitting diode for achieving high color
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Abstract: White organic light-emitting diodes (WOLEDs) are regarded as the general
lighting source. Although color rendering index (CRI) and luminous efficacy are usually in
trade-off relation, we will discuss about the optimization of both characteristics, particularly
focusing on the spectrum of a blue emitter. The emission at a shorter wavelength is
substantially important for achieving very high CRI (> 90). The luminous efficacy of a
phosphorescent blue emitter is low as its color falls in the deeper blue range; however, that
does not show any significant influence on the WOLEDs. WOLEDs with different blue
dopants are compared to confirm the calculation of the CRI and luminous efficacy, and the
optimized WOLEDs exhibit luminous efficacy of 38.3 Im/W and CRI of 90.9.
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1. Introduction

General lighting has been closely involved with our lives. Through the era of incandescent
light bulbs and fluorescent lamps, inorganic light-emitting diodes (LEDs) have been a major
light source for general lighting these days. Despite several advantages of LEDs in terms of
efficiency and cost, organic light-emitting diodes (OLEDs) have attracted considerable
attention [1-3]. Recently, the market of OLED lighting extended to not only general lighting
but also specific lighting applications such as automobile lighting. This growth has stemmed
from the unique properties of the OLEDs such as self-emissive area lighting source, thin and
flexible form factor, and excellent color quality. Area lighting offers a uniform and smooth
light, which provides its users with more comfortability. The flexibility of area lighting using
OLEDs can unlock the potential from a design perspective against previous rigid lighting.
The emission spectra of the OLEDs are close to those of sunlight, and their color
temperatures are tunable over a wide range, opening possibilities of creating emotional
comfort and physiological soothing effect. In addition, OLEDs are considered to be human-
friendly lighting as they are completely free of UV light and involve lesser blue light risk than
the LEDs. Despite these advantages, operational lifetime and luminous efficacy are the weak
points of OLEDs as compared with LED light sources. In addition, the blue organic emitter
was the main obstacle in the realization of commercial OLED products. Several organic stack
structures have been suggested to generate white light: vertically stacked OLEDs, pixelated
monochrome OLEDs, single-emitter-based WOLEDs, blue OLEDs with down-conversion
layers, multiple-doped emission layers (EML), and single OLEDs with a sublayer EML [4—
13]. Among various device architectures for fabricating WOLEDs, vertically stacked tandem
structure has been regarded as the best solution because of its excellent luminous efficacy and
operational stability [6—8]. In a tandem structure, emitting layers are not positioned adjacently
but separated by charge generation layers, thereby providing electrically stable operations.
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Among the organic emitters, phosphorescent green and red emitters have been demonstrated
to impart sufficient efficiency and color. In contrast, color coordinate of phosphorescent blue
emission is not deep enough. Therefore, the hybrid structures consisting of both
phosphorescent red/ green emitters and fluorescent blue emitters are suitable for generating
white light in commercial OLED products [8]. From the perspective of energy transfer,
phosphorescent blue emitters offer inherently higher efficiency than fluorescent blue emitters.
Thus, in order to achieve high efficiency and wide color realization in the WOLEDs, studies
must be conducted on the efficiency and color of the phosphorescent blue emitters [14, 15].

In this paper, we discuss the relation between the CRI and luminous efficacy in tandem
WOLED:s. In particular, we focus on the role of a blue dopant for CRI and efficiency. Among
various characteristics of lighting, CRI and luminous efficacy serve as the pivotal parameters
in evaluating the lighting quality. Light sources with high CRI (> 80) can reveal the accurate
color of objects. Very high CRI (> 90) lightings are not only required for general lightings but
also for special lighting environments such as surgery, museums, and photography venues [9—
11]. In WOLEDs with tandem structures, it is difficult to realize a superior device that
satisfies high efficiency and high CRI simultaneously because there is generally a trade-off
between them [16—18]. Instead, the literatures reveal that these may be optimized in a single
device.

2. WOLED simulation
2.1 Optimization of CRI
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Fig. 1. (a) Electroluminescence (EL) spectra of Flrpic and Ir(itpim);. The EL spectra of red and
yellow-green are also plotted. (b) The example of arbitrary white spectrum constructed by the
relative portion of blue: yellow-green: red spectrum = 1:2:3. CRI of arbitrary white spectra
with (c) Ir(itpim)3 and (d) Flrpic dopant according to the portion of red (x-axis) and yellow-
green (y-axis).

In this study, two phosphorescent blue dopants were employed: bis[2-(4,6-
difluorophenyl)pyridinato-N,C* |(picolinato)iridium(III) (FIrpic) and a new material tris[2-(4-
fluorophenyl)-1-(5’-isopropyl-(1,1°:3’,1”-terphenyl)-2’-yl)-1H-imidazole] iridium(I1I)
(Ir(itpim);) [15]. The external quantum efficiency (EQE) of Ir(itpim); with the host material
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3,3-di(9H-carbazol-9-yl)biphenyl (mCBP) is higher than 20%. This value is comparable to
that of Flrpic. As it can be seen in Fig. 1(a), the emission of Ir(itpim); is in a deeper blue
range than that of Flrpic. The first emission peaks of Ir(itpim); and Flrpic are located at
wavelengths 460 nm and 472 nm, respectively. The emission spectra of yellow-green and red,
also plotted in Fig. 1(a), were used as the basis to obtain white spectra. Various white spectra
can be constructed by varying the portions of yellow-green (yg) and red (xg) emission as
follow:

Sy =XxSp + Y655 + S5, (D

where Sw, Sr, Sg, and Sy are the emission spectra of white, red, yellow-green, and blue,
respectively. For example, with a ratio of yellow-green to red as xp:yg = 2:3, one obtains an
Sw as shown in Fig. 1(b). Because the first peak of Ir(itpim); is at a shorter wavelength than
that of Flrpic, Sw using Ir(itpim); spans a wider wavelength region.

Figures 1(c) and (d) are the CRI contour plots of arbitrary Sw with Ir(itpim); and Flrpic,
and various relative ratios of red and yellow-green. Wide-ranging CRI values can be obtained
by varying the relative augmentation ratio of yellow-green and red. Both the figures share
common features. A high CRI is obtained at high portion of xz and low portion of yellow-
green yg. Both blue dopants can achieve very high CRI (> 90) if red and yellow-green
portions are well controlled. However, Ir(itpim); offers a wider latitude in achieving high CRI
than Flrpic. Comparing the Figs. 1(c) and 1(d), the area where the CRI of Sy is over 90 is
broader for Sy with Ir(itpim); than that with Flrpic, and its portion is 21.7% and 13.7%,
respectively. In addition, for a given pair of xg and yg, Ir(itpim); yields a larger CRI than
Flrpic. For instance, with xg = 350% and yg = 200% in Eq. (1), the CRI values of Sy using
Ir(itpim); and Flrpic are 94.3 and 92.2, respectively. The highest attainable CRI with
Ir(itpim); is 94.4 at xg = 380% and yg = 220%. On the other hand, the highest CRI with FIrpic
is 92.6, obtained at xg = 500% and yg = 250%. The results of Figs. 1(c) and 1(d) strongly
indicate the importance of the presence of emission at shorter wavelengths in achieving high
CRI WOLED:s.

2.2 Optimization of luminous efficacy

It is possible to obtain identical CRI with various combinations of red and yellow-green
ratios. In order to suggest a guideline for obtaining high CRI and luminous efficacy
simultaneously, it is useful to establish a relation between them. The luminous efficacy (7p)
can be calculated from the luminous flux (£) and electrical power (P) as [16—18]:

F 683.0[ E, (A)n,.V (4)dA

PP 1 gVi ’
E, (A)— dA
J‘ El( )nim hC

2

where Eg(4) and 7, are the normalized radiant flux and outcoupling efficiency of OLED
devices; #;, is the internal quantum efficiency, i.e., the amount of excitons needed to create
one photon; V(A) is the photopic response curve [19]; 4 is the Planck constant; ¢ is the light

speed; V is the operating voltage; 4 is the wavelength; and h% y 4 Tepresents the relation

between the optical power of the photon and energy for creating the exciton. In conjunction
with Eq. (2), we have used the spectral data of Figs. 1(c) and 1(d) to obtain the #,. This allows
us to establish the mutual relation between the CRI and luminous efficacy. Figures 2(a) and
2(b) show the luminous efficacy of arbitrary white spectrum Sy with Ir(itpim); and Flrpic.
For two-stacked tandem OLEDs, we have used 40% for #,., 100% for #;y, and 7 V for V,
respectively, and these values are based on our experimental results discussed in the section 3.
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Fig. 2. Luminous efficacy of arbitrary white spectra with (a) Ir(itpim); and (b) FlIrpic dopant
according to the red (x-axis) and yellow-green (y-axis) portions.

As shown in Figs. 2(a) and 2(b), emission ratios of yellow-green dominantly influence the
luminous efficacy. As the portion of yellow-green emission increases, the luminous efficacy
of the WOLEDs increases proportionally; however, the CRI decreases, as shown in Figs. 1(c)
and 1(d). Our calculation results of Fig. 2 are in accordance with the general trade-off
relationship between the CRI and luminous efficacy in the WOLEDs. On the other hand, blue
emission has a limited impact on the luminous efficacy in the WOLEDs. Unlike the results of
Figs. 1(c) and 1(d), the calculated luminous efficacies of two blue dopants are more or less
similar. In particular, the portion of blue emission is quite limited and their impact on the
luminous efficacy is marginal at CRI higher than 90. For instance, with xg = 350% and yg =
200%, the CRI values of the WOLEDs using Ir(itpim); and Flrpic are 94.3 and 92.2,
respectively. However, the luminous efficacies are almost identical at 36.4 Im/W and 36.5
Im/W. Because the photopic response of blue is fairly low [19], high EL emission at a short
wavelength does not necessarily yield a high luminous efficacy.

2.3 Optimization of a device structure

In this section, we aim to elaborate our two-stack tandem structure by locating the positions
of the emission layers and determining the thicknesses of common organic layers. First, to
achieve a high CRI, the location of red, yellow-green, and blue emitters is determined.
Because three colors were used in the two-stack tandem structure, at least two colors must be
located in a single stack. Referring to Figs. 1 (c) and 1(d), a high CRI is obtained with a high
red fraction. For example, WOLEDs with a CRI of 93.6 are obtained at a ratio of red: yellow-
green: blue = 3:2:1. Thus, to achieve a strong emission from red, it is preferred to insert red in
a single stack and the others in another stack.

In the next step, the thicknesses of common organic layers were determined to optimize
the optical effect. Figures 3(a) and 3(b) show the EQE contour plots of blue and red emissions
as functions of hole transporting layer (HTL) and electron transporting layer (ETL)
thicknesses using an optical simulation program (Setfos, Fluxim). The simulation parameters,
including the thicknesses of the HTL and ETL, range from 50 nm to 350 nm in a device
structure made of Glass/ indium tin oxide (ITO) (70 nm)/ HTL (x nm)/ EML (10 nm)/ ETL (y
nm)/ Al (100 nm). The spectral characteristics of blue (Flrpic) and red were obtained from
Fig. 1(a). For a given ETL or HTL thickness, the change in the EQE for each emission is
almost complementary. At x = 200 nm and y = 170 nm, the simulated EQE of blue is the
highest, while the EQE of its counterpart is the lowest. Using the simulation results of Fig. 3,
it is possible to deduce the ETL and HTL thickness pairs, which correspond to resonance
conditions. Because the ETL thickness determines the distance between the emissive layer
and reflective cathode, the effect of ETL thickness is more significant than the HTL thickness
[20].
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Fig. 3. External quantum efficiency (EQE) contour plots of (a) blue and (b) red emissions as
functions of the hole transporting layer (HTL) and electron transporting layer (ETL)
thicknesses.
Table 1. Two-stack tandem structure designs based micro-cavity approach
EML-1: Red, EML-2: Blue EML-1: Blue, EML-2: Red
Final Final
Blue Red thickness Red Blue thickness
ETL-2 50 nm 50 nm 70 nm 70 nm
EML-2 10 nm 10 nm 10 nm 10 nm
HTL-2
Charig_e 250 nm (2nd cavity) (128r(1)dncrzrilvit )
generation 190 nm Y 100 nm
layer
(CGL) 360 nm 300 nm
ETL-1 (3rd 2nd cavit
EML-1 cavity) 10 nm 10 nm (2nd cavity) 10 nm 10 nm
200 nm
90 nm (1st cavity) . . (2nd cavity) _
HTL-1 290 nm (2nd cavity) ~ 91SPaitY 360 nm 190 nm
(3rd cavity)

Generally, two-stack tandem OLEDs consist of ITO, two HTLs, two ETLs, two EMLs, a
CGL, and a cathode. The stack structure may be expressed as substrate/ ITO/ HTL-1/ EML-1/
ETL-1/ CGL/ HTL-2/ EML-2/ ETL-2/ Al. A red or blue emission layer could be placed in the
proximity of the substrate. The thicknesses of the emissive layers, EML-1 and EML-2, were
fixed as 10 nm each, which is a commonly used thickness in real device fabrication. We start
with the case of blue as the EML-2. First, based on Fig. 3(a), the first resonance thickness of
ETL-2 was determined as 50 nm. Next, based on Fig. 3(b), the second resonance thickness of
the ETL for red was determined as 250 nm. Because the thickness of EML-2 was fixed as 10
nm, the combined thickness of HTL-2, CGL, and ETL-1 was 190 nm. Therefore, the
thickness of the HTL for blue should be larger than 190 nm. The third resonance thickness of
the HTL for blue was determined to be 360 nm. Finally, this gives the thickness of HTL-1 as
160 nm. However, referring to Fig. 3(b), a thickness of 160 nm does not correspond exactly to
the resonance thickness of HTL-1 for red. (The first and second resonance thicknesses of the
HTL for red are 90 nm and 290 nm, respectively.) Thus, due to the disparity in resonance
conditions of blue and red emission, the thicknesses of organic part corresponding to HTL-1
have to be compromised on the basis of Fig. 3.

An approach identical to EML-2 can be applied to the other case of red. A red emission
layer is close to the Al cathode; therefore, the thickness of ETL-2 thickness selected as 70 nm
is regarded as the first cavity length for red. Using the same principal as stated above, the
total thickness of HTL-2, CGL, and ETL-1 is selected as 100 nm to optimize the blue
emission. Unlike the previous result, the thickness of HTL-1 satisfies both the second cavity
length for the blue and red emissions. Therefore, it is rational to have red and blue in the
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proximity of the Al cathode and substrate, respectively. Two suggested stack structures are

presented in Table 1.

3. Experiments & results
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Fig. 4. (a) Device structure of tandem WOLED and the EL spectra of (b) Ist and (c) 2nd EML
as a function of relative doping concentration. Inset: the EQE of 2nd EML-based unit device as
a function of relative doping concentration.

To fabricate WOLEDs with high CRI and high efficiency, the CRI and efficiency simulation
results were adopted as our guideline. The bluish emitting layer was positioned in the
proximity of the substrate and the reddish emitting layer in the proximity of the metallic
cathode. The actual stack structure of our WOLED device is Glass/ ITO (70 nm)/ HTL (190
nm)/blue: yellow-green EML (10 nm)/ ETL (20 nm)/ CGL (50 nm)/ HTL (45 nm)/ yellow-
green: red EML (10 nm)/ ETL (70 nm)/ LiF/ Al, whose cross-sectional schematics are shown
in Fig. 4(a). The information about used materials for blue: yellow-green unit [15] and
yellow-green: red unit were provided in previous works [21]. In addition, CGL consisted of
Li-doped ETL [21] and 1,4,5,8,9,11-hexaazatriphenylenchexa carbonitrile (HAT-CN). The
thickness of each organic component is based on the results of section 2.3. To achieve a high
CRI, the relative concentrations of the emitting dopants in the first and second emitting layers
were carefully adjusted as discussed in section 2.1. Figures 4(b) and 4(c) show the EL
intensity of each unit for different doping ratios. As the concentration of the low-energy
dopant increases, the energy transfer between two dopants increases, resulting in enhanced
emission of the low-energy dopant [22]. Unlike the structure used in the simulation, the
reddish EML in the actual device consisted of a mixture of yellow-green and red dopants
instead of the red-only dopant. As shown in the inset of Fig. 4(c), the unit device including
yellow-green dopants exhibited improved EQE of 15% than one with only red dopant. This is
because a yellow-green dopant can induce efficient energy transfer from host material to red
dopant and contribute to increase in the efficiency [23].

Figure 5(a) shows the current density (J)—voltage (¥)-luminance (L) characteristics of the
tandem WOLEDs. While the reddish EML is common, the blue dopants differ with respect to
Ir(itpim); and Flrpic. The measured J-V-L characteristics did not turn out to be strong
functions of the dopant type. Both devices have a turn-on and operating voltages of 5.5 V and
7 V, respectively. The former and latter correspond to voltages required to achieve luminance
levels of 1 cd/m” and 1,000 cd/m?, respectively. Optimized single stack red and green OLEDs
have a turn-on voltage of about 2.5 V [24]. Owing to the high energy requirement, the turn-on
voltage of the blue OLEDs is approximately 3 V [25]. Considering the turn-on voltages of
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these single stack OLEDs, our tandem OLEDs work almost ideally. We attribute the adequate
extent of electrical characteristics to our CGL, which enables seamless electrical transport.
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Fig. 5. (a) Current density (J)—voltage (¥)-luminance (L) characteristics and (b) the normalized
electroluminescence (EL) intensity of the WOLEDs.

Figure 5 (b) shows the normalized EL intensities of the WOLEDs measured by using an
integrating sphere. Measured efficiencies and CRIs are summarized in Table 2. As discussed
in Section 2.1, tandem WOLEDs with Ir(itpim); exhibit higher CRI than those with Flrpic.
The stronger emission in shorter wavelength makes it possible to achieve a CRI higher than
90. The device efficiency of tandem WOLEDs with Ir(itpim); is slightly higher than that with
Flrpic. This is because the blue unit itself has different efficiency for two dopants, although it
is less affected by a blue emitter, as discussed in the Section 2.2. Moreover, unlike the
arbitrary white spectra in simulation, by simply adding the spectra for each color, the actual
emission spectrum of the WOLEDs can be influenced by the cavity effect. This can also
cause a difference between the measured and calculated data.

Table 2. Efficiency and CRI of 2-stacked tandem WOLEDs at 2.5 mA/cm®

EQE (%) PE (Im/W) CRI Color coordinate
Ir(itpim); 39.86 38.34 90.94 (0.452, 0.439)
Flrpic 36.58 35.63 88.76 (0..475, 0.449)

4. Conclusion

As an effort to deduce guidelines for obtaining high luminous efficacy and high CRI
simultaneously in WOLEDs, optical simulations on two-stack tandem OLEDs were
conducted. The relative position of the EMLs in the tandem structure and the thickness of
common organics can be determined based on the microcavity approach. Because the
emissions from red and yellow-green are much stronger than that from blue, the overall
luminous efficacies of the WOLEDs are not dominated by the blue emission. From the
perspective of high CRI, it is, however, important to achieve a balanced emission. Our
simulations show that not only strong red emission is desirable but also the presence of deep
blue emission is crucial in obtaining high CRI. Both high luminous efficacy (38.3 Im/W) and
CRI (90.9) were achieved by blue phosphorescent Ir(itpim);-based device. Our design
approaches and experimental demonstration of two-stack tandem WOLEDs suggest a
practical guide for preparing high-quality WOLED light sources.
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