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Abstract

Although deep-red illumination light sources with an emission peak wavelength over 660 nm 

are optimal for plant growing and health monitoring systems, the stability and efficiency of 

organic light-emitting diodes (OLEDs) is insufficient for practical applications. In this study, 

we developed a novel exciplex host system to realize highly stable and efficient deep-red 

OLEDs by utilizing nBPhen, a phenanthroline derivative, as the n-type exciplex host partner 

and combined (DPQ)2Ir(dpm), a deep-red iridium complex, and -NPD, a conventional 

triarylamine derivative, as the p-type exciplex host partner. The proposed optimized device 

exhibits a lifetime that is 6.6 times longer when compared with the state-of-the-art deep-red 

OLEDs and maintains a high maximum external quantum efficiency of approximately 17% at 

a low operating voltage of 2.37 V; such performance is considered among the best in the 

scientific literatures.
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1. Introduction

  Organic light-emitting diodes (OLEDs) are considered as promising devices for next 

generation illumination light sources due to unique features that include low power 

consumption, thin paper-like thickness and flexibility, and area light sources.[1] Among visible 

light regions, deep-red OLEDs with an emission peak wavelength of over 660 nm are in high 

demand, especially for horticulture and health monitoring systems; however the stability and 

efficiency of these devices is insufficient for practical applications.[2]

  To demonstrate recent and relevant examples, in 2020, Chi and co-workers developed a series 

of square-planar Pt (II) complexes showcasing deep-red/near infrared (NIR) emissions with a 

peak wavelength of around 660–680 nm.[3] These complexes formed oligomer with ease and 

exhibited strong aggregation-induced emission upon realizing a maximum external quantum 

efficiency (EQE) of ~30%. However, the stability of these devices has not been reported. In the 

same year of 2020, Wong and co-workers reported a series of deep-red to NIR emitting iridium 

complexes.[4] These emitters exhibited moderate photoluminescence quantum yields (PLQY) 

of ca. 45% with a PL emission peak of around 700 nm in CBP, a carbazole-based host matrix. 

The corresponding OLED exhibited a maximum EQE of 10.6%, and a lifetime of 17 hours at 

50% initial luminance (LT50) at the initial luminance of 114 cd m-2. In 2018, Yasuda and co-

workers reported a series of highly efficient red thermally activated delayed fluorescence 

(TADF) emitters.[5] Among these emitters, Da-CNBPz exhibited an EQE of 15% at an EL peak 

wavelength of 670 nm using CBP as a host material, along with LT50 of 106 hours at the initial 

luminance of 100 cd m-2. As demonstrated above, although a few deep-red OLEDs exhibited 

extremely high EQE, their lifetime is limited and insufficient for the practical applications. 

  To resolve this shortcoming, Sasabe and Kido focused on the host material since CBP, a wide 

energy-gap host material, is not utilized in OLEDs with longer lifetimes, but frequently utilized 

in deep-red OLEDs.[6] They proposed to employ the narrow gap exciplex system based on a 

triarylamine-based p-type host and a triphenyltriazine-based (DBT-TRZ) n-type host partner. 
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By employing bis(2,3-diphenylquinoxaline)iridium(dipivaloylmethane) [(DPQ)2Ir(dpm)], a 

deep-red iridium complex in the exciplex host system, the optimized device exhibited an EL 

peak wavelength of 670 nm and EQE of 12% along with a longer lifetime at 80% initial 

luminance (LT80) of approximately 1500 hours at an initial luminance of approximately 300 cd 

m-2 (current density: 25 mA cm-2).[6c] However, the n-type host material DBT-TRZ exhibited 

a shallow electron affinity (Ea) of –2.8 eV that is 1.0 eV shallower than that of the emitter (Ea 

= –3.8 eV), thereby causing the loss of carrier balance and the high-operating voltages. In 

addition, the potential electromer formation of the triphenyltriazine derivative may limit the 

operational lifetime.[7] Therefore, a thermally and electrically stable n-type host material based 

on a non-triphenyltriazine derivative with deeper Ea is considered to be a more suitable 

alternative.

  In this study, we developed a novel exciplex host system for realizing highly stable and 

efficient deep-red OLEDs using nBPhen, a phenanthroline derivative, as the n-type exciplex 

host partner with a deep-red phosphorescent emitter, (DPQ)2Ir(dpm). For the the p-type 

exciplex host partner, we used a conventional triarylamine derivative, -NPD. The optimized 

device exhibited a 6.6 times longer lifetime compared to the state-of-the-art deep-red OLEDs, 

while maintaining a maximum EQE of approximately 17%. These performances are among the 

best in the current scientific literatures.

2. Result and Discussion

2.1. Selection of the n-type host partners and DFT calculations

  As mentioned in the introduction, the typical triphenyltriazine-based n-type host material has 

shallow Ea compared with that of the deep-red emitter (DPQ)2Ir(dpm) (Ea = –3.8 eV), resulting 

in the loss of carrier balance and high-operating voltages. Moreover, the potential electromer 

formation of the triphenyltriazine derivative may limit the operational lifetime. Therefore, a 

non-triphenyltriazine based n-type host material with deeper Ea can be a more suitable 
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alternative. To meet these prerequisites, we selected three types of phenanthroline derivatives, 

nBPhen, DPB[8], and pDPB. These materials are frequently utilized as an electron-transporter 

in long lifetime OLEDs.[9] It should be noted that only a limited number of researchers have 

used 1,10-phenanthroline derivatives such as BPhen and -BNPhen as the n-type exciplex 

partner to prolong the stability of yellow-to-orange phosphorescent OLEDs.[10]

  First, we conducted density functional theory (DFT) calculations to predict the frontier 

molecular orbital (FMO) levels such as the highest occupied molecular orbital (HOMO) level, 

the lowest unoccupied molecular orbital (LUMO) level, and the excited triplet level (ET) using 

the computational chemistry software package Gaussian 09.[11] Figure 1 displays the 

calculation results. The electron clouds of FMOs were distributed on the phenanthroline 

skeletons expecting the superior molecular packing to lead to favorable charge mobility. All 

the phenanthroline derivatives exhibited a sufficiently high ET of over 2.3 eV compared to the 

deep-red emitter (ET = 1.95 eV). 

2.2. Thermal and photophysical properties

　The thermal stability of the emitters was investigated using thermal gravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) (Figures S1-S6, Supporting Information). 

These emitters exhibited high thermal stability with a weight of loss 5% (Td5) at temperatures 

of over 475 °C. nBPhen exhibited a high glass transition temperature (Tg) of 149 ℃. However, 

Tg was not observed in DPB and pDPB, indicating that these compounds have high crystallinity. 

To further evaluate the thermal stability in the vacuum deposited thin films, we investigated the 

atomic force microscope (AFM) images that were obtained immediately after deposition and 

after exposure to the ambient atmosphere for 24 hours (Figure S7). After deposition, nBPhen 

and pDPB displayed smooth surfaces with root-mean-square roughness (Rrms) within 1.6 nm, 

whereas DPB exhibited a rough surface with Rrms of over 8.0 nm, thereby indicating high 

crystallinity. After exposure to the ambient atmosphere for 24 hours, nBPhen continued to 
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exhibit a smooth surface, whereas pDPB displayed a rough surface with some needle-like 

microcrystal growth and an Rrms of over 3.0 nm. These AFM observations indicated that the 

order of the crystallinity was nBPhen < pDPB < DPB. To investigate the photophysical 

properties, the ionization potentials (Ip) were measured using the photoelectron yield 

spectroscopy (PYS). The Ip values were respectively obtained as –6.3 eV and –6.2 eV for 

nBPhen and pDPB. The energy gap (Eg) estimated from the UV absorbance edge are displayed 

in Figure 2 and Figure S3-S4. The Ea value was calculated as –3.3 eV for nBPhen and –3.1 

eV for pDPB by subtracting the optical Eg from the Ip levels. It should be noted that we used 

the photophysical properties of DPB reported in the reference.[8] These phenanthroline 

derivatives exhibited deep Ea values that was 0.2–0.3 eV deeper than triphenyltriazine-based n-

type host partner, DBT-TRZ (Ea = –2.8 eV). The ET values were estimated to be 2.37 eV for 

nBPhen, 2.47 eV for DPB, 2.92 eV for pDPB from the onset of phosphorescence spectra in 

dilute 2-methyltetrahydrofuran (2-MeTHF) or dilute toluene solutions (Figure S8-S10). As 

predicted by the DFT calculations, these phenanthroline derivatives exhibited sufficiently high 

ET levels when compared with the deep-red emitter (DPQ)2Ir(dpm) (ET = 1.95 eV). All the 

thermal and photophysical properties are summarized in Table 1. 

2.3. Photophysical properties of the co-deposited film

　To validate the formation of exciplex between -NPD and these phenanthroline derivatives, 

we measured the UV-Vis absorption spectra and the PL spectra for the co-deposited film of -

NPD: phenanthroline derivatives (1:1 molar ratio) as displayed in Figure 2. The UV-Vis 

absorption of the -NPD/nBPhen co-deposited film demonstrated a spectrum that was similar 

to the sum of each single film with no derivable absorption peak from the CT complex that 

could be observed in the long wavelength region. In contrast, for the PL spectrum, a new 

emission peak appeared at 492 nm on the longer wavelength side of each single film. Similar 

results were obtained from the UV-Vis absorption and PL spectra of the co-deposited films of 
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-NPD/DPB and -NPD/pDPB (Figures S11 and S12), thereby confirming that these 

phenanthroline derivatives could form an exciplex with -NPD and act as the n-type host 

partner. Thereafter, we evaluated these exciplexes as hosts for the deep-red phosphorescent 

emitter (DPQ)2Ir(dpm). We fabricated the vacuum deposition films of these exciplex hosts 

doped with 1 wt.% (DPQ)2Ir(dpm) and measured the photoluminescence quantum yields 

(PLQY). The PLQY values were measured to be between 45–57%, which is similar to the 

values obtained in the -NPD/DBT-TRZ exciplex host (PLQY = 54%).[6a]

2.4. OLED performance (I)

  To evaluate the performance of these phenanthroline derivatives as n-type host materials, three 

types of OLED devices were fabricated using (DPQ)2Ir(dpm) as an emitter wherein 8-

quinolinolato lithium (Liq) was employed as the electron injection layer. The device structure 

was a simple structure with few interfaces as follows: ITO (130 nm)/polymer buffer[12] (20 

nm)/NPD (20 nm)/exciplex host doped with 1 wt.% (DPQ)2Ir(dpm) (40 nm)/phenanthroline 

derivatives (50 nm)/ 20 wt.% Liq doped phenanthroline derivatives (20 nm)/Liq (1 nm)/Al (80 

nm). The energy diagram and chemical structure of materials used in the structure are displayed 

in Figure 3. The OLED performances are summarized in Figure 4 and Table 2. Figure 4(a) 

illustrates the EL spectra at 1 mA. All the devices exhibited an emission peak at around 670 

nm, along with a very small emission peak at 500–550 nm that could be attributed to the 

emission from the exciplex. This was most likely due to the insufficient energy transfer, 

especially for nBPhen from the exciplex host to the emitter. Among these three phenanthroline 

derivatives, the nBPhen-based device provided the lowest turn-on voltage at 1 cd m-2 (Von) of 

2.41 V; it was most likely due to the deeper Ea of nBphen achieving a superior electron injection 

from the cathode. All the devices exhibited high maximum EQE of over 14% with a small 

efficiency roll-off. Thereafter, we measured the operational lifetime of the devices under a 

constant current density of 25 mA cm-2. The nBPhen-based device exhibited a much longer 
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lifetime of LT80 of 640 hours. These results were attributed to the high thermal stability of the 

thin film with Tg of approximately 150 °C, and the superior electron transport characteristics of 

nBPhen. To further investigate the elecctron transport characteristics of phenanthroline 

derivatives, we made electron-only devices w/ and w/o p-type host partner (Figure S13, 14). 

The order of the current densities were same in both systems as nBPhen > DPB > pDPB. These 

results clearly show the superior electron transport characteristics of nBPhen compared with 

DPB and pDPB. The DPB and pDPB-based devices exhibited shorter operational lifetimes of 

34.3, and 0.30 hours, respectively. A possible reason for the low device stability could be 

attributed to the highly crystalline nature of the individual films and inferior electron transport 

characteristics.

2.5. OLED performance (II)

  As mentioned above, the nBPhen-based device achieved a high EQE of approximately 17% 

and a long operational lifetime of LT80 of 640 hours under a constant current density of 25 mA 

cm-2. However, a weak emission peak from the exciplex suggested an inefficient energy transfer 

between the exciplex host and the guest emitter. Therefore, the efficiency and lifetime of the 

device could be improved further. As a result, we investigated the effect of doping concentration 

on the OLED performance by changing the concentration from a range of 1 to 10 wt.%. Figure 

5 displays the device characteristics, and Table 3 summarized all the performances. Figure 

5(a) demonstrates the EL spectra results at 1 mA. The emission from the exciplex host 

decreased when the doping concentration increased from 1 to 3 wt.% suggesting the efficient 

energy transfer from the exciplex host to the emitter, which significantly contributes to improve 

the device lifetime (Figure 5(d))[6]. Further increase of the doping concentration induced a 

slight redshift in the emission peak of (DPQ)2Ir(dpm). The maximum EQE of 16.7% was 

recorded in the device at the doping concentration of 3 wt.%. However, EQE decreased as the 

doping concentration increased further, primarily due to concentration quenching. In addition, 
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PLQY of the co-deposited films gradually decreased with the increase in the doping 

concentration (PLQY = 56% for 3 wt.%, and 45% for 10 wt.%). Furthermore, measuring the 

operational lifetime of the device under a constant current density of 25 mA cm-2 revealed that 

LT80 extended substantially with the increase in doping concentration from 3800 hours for 3 

wt.% to 9840 hours for 10 wt.%. These obtained values of operational lifetime of the device 

was approximately 6.6 times longer than that of the previous state-of-the-art devices.[6c] 

  Further, we investigated the effect of p:n ratio of the exciplex host system on the device 

performance. Herein, the doping concentration of the emitter was fixed at 3 wt.% since it 

exhibited high efficiency and a longer lifetime simultaneously. We changed the ratio of p/n 

hosts to 67:33, 40:60, and 30:70. The results of these ratio changes on the device characteristics 

are presented in Figure S15 and Table S1. As the proportion of n-type host increased, the 

current density and the efficiency decreased gradually because the reduced p-type host 

proportion could cause the reduced hole carrier density causing the carrier imbalance. The 

operational lifetime increased further as the proportion of n-type host increased. This can be 

considered that the increased n-type host partner induced an increase in the electron density, 

thereby preventing chemical degradation of the p-type host partner. In addition, the broadening 

of the exciton recombination zone could also contribute to the improvement of the device 

stability.[7] These results strongly suggest that one of the bottlenecks of operational lifetime is 

the electrochemical instability of the p-type exciplex host partner toward anion state. 

3. Conclusions

  In conclusion, we proposed phenanthroline derivatives as a novel n-type exciplex host partner 

with deep Ea level of approximately –3.3 eV that is much deeper than the conventional 

triphenyltriazine-based n-type host for deep-red OLEDs to realize high-efficiency and longer 

lifetime. Among three phenanthroline derivatives, nBPhen with a high thermal stability in the 

form of a thin film exhibited superior device performances when combined with -NPD as a 
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p-type host partner. A deep-red OLED based on (DPQ)2Ir(dpm) using -NPD/nBPhen  as the 

exciplex host system exhibited a high EQE of approximately 17% and low Von of 2.37 V along 

with a long lifetime of LT80 of 9840 hours under a high constant current density of 25 mA cm-

2. This lifetime is 6.6 times longer than the state-of-the-art deep-red OLEDs while maintaining 

the high EQE and low operating voltages. Investigating the effect of the p:n ratio of the exciplex 

host system revealed that the increasing the n-type host partner induced an increase of electron 

density that caused chemical degradation of p-type host partner. This strongly suggest that the 

chemical instability of the p-type exciplex host partner toward anion state is one of the 

bottlenecks to prolong operational lifetime, thereby indicating further scope of improvement by 

using a chemically stable p-type host partner. We believe that our findings will contribute the 

rapid development of deep-red OLEDs for display applications as well as illumination light 

sources for horticulture and health monitoring systems.

Supporting Information

Supporting information is available. 
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Figure 1 Chemical structure and the calculated HOMO and LUMO distribution, and T1 levels 

of nBPhen, DPB, and pDPB. 
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Figure 2 (a) Normalized UV-Vis absorption and (b) normalized PL spectra of NPD, nBPhen, 

and NPD:nBPhen (1:1 molar ratio) co-deposited film.
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Figure 4 Device performances: (a) EL spectra at 1 mA (inset: EL spectra of the enlarged short 

wavelength region), (b) J-V-L characteristics, (c) EQE-L characteristics, and (d) device lifetime 

under the constant current density of 25 mA cm-2.
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Figure 5 Device performances: (a) EL spectra at 1 mA (inset: EL spectra of the enlarged short 

wavelength region), (b) J-V-L characteristics, (c) EQE-L characteristics, and (d) device lifetime 

under the constant current density of 25 mA cm-2.
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Table 1 Physical properties of the phenanthroline derivatives

Tg 
[a]/Tm 

[a]/Td5 
[b]

[℃]
HOMO/LUMO/ET

[eV] [c]
Ip 

[d]/Ea 
[e]/Eg 

[f] /ET 
[g]

[eV]
PLQY 

[h]

[%]
nBPhen 149/349/479 -5.81/-2.16/2.33 -6.3/-3.3/3.0/2.37 57.4

DPB n.a./425/480 -5.86/-2.22/2.35 -6.2/-3.1/3.1/2.47 45.4
pDPB n.a./366/488 -6.31/-2.19/2.67 -6.2/-3.1/3.1/2.92 44.7

 [a] Determined by DSC measurement, [b] obtained from TGA, [c] calculated at the B3LYP/6-311G + 

(d,p)//B3LYP/6-31G level, [d] obtained from PYS, [e] calculated using Ip and Eg, [f] taken as the point of 

intersection of the normalized absorption spectra, [g] estimated from the onset of phosphorescence spectra, 

and [h] PLQY values of 1 wt.% (DPQ)2Ir(dpm)-doped NPD:n-type host.

Table 2 Summary of the OLED performances

Von/PEon/CEon/EQEon 
[a]

[V/lm W-1/cd A-1/%]
V100/PE100/CE100/EQE100 

[b]

[V/lm W-1/cd A-1/%]
V1000/PE1000/CE1000/EQE1000 

[c]

[V/lm W-1/cd A-1/%]
CIE

@ 25 mA cm-2
LT80 

[d]

[hs]
nBPhen 2.41/2.64/2.02/16.5 3.46/1.71/1.88/15.2 5.88/0.81/1.52/11.7 (0.68, 0.29) 640

DPB 2.65/1.86/1.56/14.0 4.96/0.89/1.41/12.6 8.24/0.44/1.14/9.78 (0.71, 0.29) 34.3
pDPB 2.58/2.19/1.80/15.7 4.68/1.11/1.65/14.9 7.59/0.53/1.29/11.3 (0.71, 0.29) 0.303

 [a] Voltage (V), power efficiency (PE), current efficiency (CE), and external quantum efficiency (EQE) at 1 

cd m-2; [b] V, PE, CE, and EQE at 100 cd m-2; [c] V, PE, CE, and EQE at 1000 cd m-2; [d] Operational 

lifetime: 20% decay of initial luminance at current density of 25 mA cm-2.

Table 3 Summary of the OLED performances

Von/PEon/CEon/EQEon 
[a]

[V/lm W-1/cd A-1/%]
V100/PE100/CE100/EQE100 

[b]

[V/lm W-1/cd A-1/%]
V1000/PE1000/CE1000/EQE1000 

[c]

[V/lm W-1/cd A-1/%]
CIE

@ 25 mA cm-2
LT80 

[d]

[hs]
1 wt.% 2.41/2.64/2.02/16.5 3.46/1.71/1.88/15.2 5.88/0.81/1.52/11.7 (0.68, 0.29) 640
3 wt.% 2.37/2.16/1.63/16.7 3.82/1.20/1.46/15.3 6.73/0.49/1.06/10.8 (0.72, 0.28) 3800
5 wt.% 2.38/1.75/1.32/14.8 4.07/0.88/1.14/13.4 7.38/0.33/0.79/9.09 (0.72, 0.28) 5100
10 wt.% 2.40/1.38/1.05/12.5 4.24/0.63/0.85/11.2 7.86/0.22/0.56/7.25 (0.72, 0.28) 9840

 [a] Voltage (V), power efficiency (PE), current efficiency (CE), and external quantum efficiency (EQE) at 1 

cd m-2; [b] V, PE, CE, and EQE at 100 cd m-2; [c] V, PE, CE, and EQE at 1000 cd m-2; [d] operational 

lifetime: 20% decay of initial luminance at current density of 25 mA cm-2. 
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