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performance and lifetime of organic light-emitting diodes (OLEDs). We have 

developed a thermally stable inverted OLEDs (IOLEDs) by employing silver (Ag) 

doped into 4,7-diphenyl-1,10-phenanthroline (Bphen) as an n-type doped electron 

injection layer (EIL). We found that the formation of Ag complexes by coordination 

reaction could enhance the thermal stability and produce an asymmetric diffraction 

pattern based on an analysis of grazing incidence small angle X-ray scattering. 

Interestingly, with the annealing temperature increasing to 100 ℃, the electrical 

properties of electron-only cells show differentiated phenomenon that the current 

density based on Ag dopant remains basically unchanged, which is opposite to Cs2CO3 

dopant. In addition, at the high temperature of 100 ℃, the IOLEDs with Cs2CO3 doped 

Bphen as an EIL was damaged completely, while the Ag dopant-based devices still 

maintained good photoelectrical characteristics. Finally, we have demonstrated that the 

optimized IOLEDs achieved a 40.3% enhancement in current efficiency compared to 

the conventional device. This work provides a new strategy to increase the thermal 

stability and performance for the application of IOLEDs operated under high 

temperature.   

 

1. Introduction 

Organic light-emitting diodes (OLEDs) have shown great potential in the field of 

display and solid-state lighting due to their low price, low weight, and flexibility since 

their discovery [1-5]. Inverted OLEDs (IOLEDs) have attracted more and more 
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attention because they are easier to integrate with n-type oxide thin film transistor or 

low-temperature polysilicon [6,7]. However, the high turn-on voltage and insufficient 

thermal stability of IOLEDs have restricted its future development. Although there have 

been many studies on improving the electrical performance of IOLEDs to date, there 

are still less attention on their thermal stability. Generally, IOLEDs have good air 

stability because the electron transport materials sensitive to water and oxygen are 

protected at the bottom of the other organic layers. However, it is well known that 4,7-

diphenyl-1,10-phenanthroline (Bphen), as an excellent electron transport material, has 

been widely used in various IOLEDs, while its low glass transition temperature (Tg ≈ 

62 ℃) [8] leads to a poor thermal stability. It has been reported that phenanthroline 

derivatives can form metal complexes with a variety of metals and their metal 

compounds [9-13]. However, the effect of improving the performance and thermal 

stability of OLEDs varies greatly with different species of metal [9]. Furthermore, some 

research works reported a variety of phenanthroline derivatives with better electron 

transport ability and higher thermal stability [10]. This metal-doped phenanthroline 

derivatives system has gradually open a new strategy to increase the thermal stability 

of OLEDs. However, its application in IOLEDs at high temperature is still relatively 

insufficient.  

On the other hand, the work function (WF) of indium tin oxide (ITO) is about 4.8 

eV, however, the lowest unoccupied molecular orbital (LUMO) energy level of most 

organic materials is about 2.5 eV to 3.5 eV, which will result in a big energy barrier 

[14,15]. As such, the huge energy barrier gap between the cathode ITO and the electron 
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transport layer (ETL) is the main reason hindering the excellent performance of 

IOLEDs. Some researchers have proposed some approaches to realizing the efficient 

electron injection capability of IOLEDs as follows: (i) A variety of materials such as 

low-WF zinc oxide, tin dioxide, and ultra-thin Alq3-LiF-Al trilayer, can be used as an 

electron injection layer (EIL) [16-18]; (ii) The ultra-thin Al and metal sulphide can be 

used to modify the cathode ITO of IOLEDs, thus reducing the electron injection barrier 

to improve the photoelectric performance and enhance the stability of IOLEDs [19-21]; 

(iii) The n-type doped structure as an EIL can be employed to improve the electron 

injection ability and balance the carrier injection, such as Cs2CO3-doped Bphen [22-

24]. Such strategies have a good effect on solving the poor device performance of 

IOLEDs. 

Here, we used Ag doping into the Bphen film as an EIL in the IOLEDs to enhance 

the device thermal stability and performance. Bphen is of excellent electron-

transporting and hole-blocking abilities. In addition, Bphen can undergo coordination 

reactions with metals to improve thermal stability. Comparing with other species of 

metals, Ag as dopant was found to produce stronger complex compound with Bphen. 

The thermal stability of Ag-doped Bphen system was investigated in terms of the 

changes in its film morphology, the electrical properties of electron-only cells (EOCs) 

and photoelectric properties of IOLEDs after annealing. In addition, the analysis of 

grazing incidence small angle X-ray scattering (GISAXS) can further elucidate the 

reasons for the increase in thermal stability. Finally, the Bphen films with different Ag-

doped ratio as an EIL in IOLEDs have been studied. 



5 
 

2. Experimental 

The hole-transporting materials of N,N′-di(naphth-1-yl)-N,N′-diphenyl-benzidine 

(NPB) and 4,4′,4-tris(carbazol-9-yl)triphenylamine (TCTA), the electron transporting 

material of Bphen and 4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine 

(B3PYMPM) were obtained from Sigma Aldrich Co. Ltd. The green luminescent 

material 8-hydroxyquinoline aluminum salt (Alq3) and the blue luminescent material 4-

di-[4-(N,N-diphenyl)amino] styryl-benzene (DSA-ph) were obtained from Lumtec 

Corp. The thickness of an indium tin oxide (ITO) coated glass substrate is 180 nm and 

the square resistance is 10 Ω/sheet. 

As shown in Fig. S1 (a), a structural diagram of green IOLEDs (reference devices 

0, G-1, G-2, G-3, G-4, G-5): indium tin oxide (ITO)/Bphen: χ wt% Ag (10 nm)/Bphen 

(30 nm)/Alq3 (20 nm)/NPB (40 nm)/MoO3 (5 nm)/Al (150 nm), where χ are 0, 5, 10, 

15, 20 and 40, respectively, were fabricated to investigate the optimized doping ratio 

for achieving better performance. In addition, the blue IOLEDs with the configuration 

of ITO/EIL (30 nm)/B3PYMPM (10 nm)/ADN: 5 wt% DSA-ph (20 nm)/TCTA (40 

nm)/MoO3 (5 nm)/Al (150 nm), where EILs are Cs2CO3 or Ag doped Bphen, 

respectively, were fabricated to investigate the thermal stability. The organic materials 

used have high thermal stability (TCTA, Tg=152 ℃, B3PYMPM and ADN have no 

obvious Tg). 

The patterned ITO glass substrates were cleaned in an ultrasonic bath with de-

ionized water, acetone and isopropanol consecutively, and then treated by ultraviolet 
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ozone for 5 minutes. Then, organic functional layers are sequentially vapor-deposited 

into a high-vacuum chamber (1×10-6 mbar). The device active area was 0.04 cm2 

defined by crossing area of cathode and anode. The deposition rates of organic materials 

and Al anode were 1.0 Å/s and 5.0 Å/s, respectively. The evaporation rate of Ag and 

Bphen are approximately 0-0.4 Å/s and 1.0 Å/s, respectively, under the respective 

density options. The film thickness is monitored by a quartz balance during evaporation. 

The changes of film morphology under different annealing conditions were studied 

by atomic force microscopy (AFM, BioScope Resolve, Bruker). The samples of the 

barrier film were thermally deposited on the glass substrate for the grazing incidence 

small angle X-ray scattering (GISAXS) measurements at the Shanghai Synchrotron 

Radiation Facility. The electrical characteristics of electronic only cells (EOCs) were 

investigated by Keithley2400 Sourcemeter (Keithley Instruments, Inc., Cleveland, OH, 

USA). The PR650 spectral colorimeter (Photo Research, Inc., Chatsworth, CA, USA) 

was used to describe the changes of electroluminescence characteristics of green and 

blue IOLEDs. 

All measurements were performed in an atmospheric environment without 

encapsulation. In order to maintain the authenticity of the data, all data were averaged.  

 

3. Results and discussion 

3.1. The morphologies of neat and doped Bphen films with and without annealing 

The morphologies of different films deposited on ITO glass after annealing at 
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different temperatures as shown in Fig. 1. Those morphologies (Fig. 1 (a)) show that 

the neat Bphen has very good film flatness, but the film flatness of Cs2CO3-doped 

Bphen (RMS = 0.6012 nm) and Ag-doped Bphen (RMS = 1.4610 nm) is significantly 

reduced before annealing. The Cs2CO3 and Ag particles lead to an increase in roughness 

and Ag-doped Bphen film has higher roughness due to the larger size of Ag particles 

than Cs2CO3. On the other hand, the reasonable increase in roughness of the organic 

functional layer is beneficial to increase the interface contact area of adjacent layers. 

The stronger carrier injection capability helps to achieve a greater number of excitons 

recombined, so a higher current efficiency of the device can be obtained. 

The high temperature environment can induce crystallization of organic materials, 

while the Tg of Bphen (Tg ≈ 62 ℃) is low. Therefore, OLEDs with the neat Bphen are 

difficult to maintain stability in a high temperature environment. Figure 1s (b) and (c) 

display the changes of the film morphology based on Cs2CO3 and Ag doped Bphen after 

annealing at 60, 80 and 100 ℃, respectively. The surface roughness of the film based 

on Cs2CO3 increases with the continuous annealing temperature and the surface 

crystallization phenomenon occurs when annealed at a temperature of 100 ℃. However, 

as a contrast, the film morphology based on Ag dopant does not appear to show 

breakdown or interface crystallization before and after annealing at different 

temperatures. Thus, it reveals that Ag-doped Bphen system can greatly suppress the 

change of the film morphology and improve the device thermal stability.  
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Fig. 1. The AFM images of different films of 60 nm thickness deposited on ITO glass 

after annealing for 60 minutes. (a) The morphologies of three different structures (the 

neat Bphen, Cs2CO3-doped Bphen and Ag-doped Bphen films) in an atmospheric 

environment at RT. The film morphologies of Cs2CO3-doped Bphen (b) and Ag doped 

Bphen (c) after annealing at 60, 80 and 100 ℃. 

 

To further analyze the characteristics of the three different structures of the film, 

we carried out GISAXS characterization on them. Figure 2s (a), (b) and (c) illustrate 

the GISAXS patterns (original and enlarged) and the schematic of molecular 

distribution of three different films of neat Bphen, Cs2CO3 doped Bphen and Ag doped 

Bphen, respectively. As shown in Fig. 2, the Cs2CO3 and Ag-doped films have stronger 

diffraction spots compared to the neat Bphen film. This can be caused by the formation 

of metal complexes, which changed the tightly packed molecular arrangement. Some 
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research studies reported that the scattering intensity of the Ag-doped Bphen film in the 

qz direction was smaller than that of Cs2CO3-doped Bphen film [25-28], indicating that 

the layer structure became dominant. As for the obvious semicircular scattering 

intensity distribution of Ag-doped Bphen film (Fig. 2(c) pointed by the arrow), we 

speculate that this phenomenon is closely related to the bigger roughness and stronger 

diffuse reflection effect caused by the aggregation effect of excessive Ag particles. 

 

Fig. 2. The GISAXS patterns: original (column 1), enlarged (column 2) and the 

schematic of molecular distribution (column 3) of different films. (a) The neat Bphen. 

(b) Cs2CO3 doped Bphen and (c) Ag doped Bphen. Note: B1 and B2 represent the 

complexes of Cs and Ag, respectively. C1 and C2 represent the Cs salt particles and 
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metallic Ag particles, respectively. Due to the aggregation effect of Ag particles, its size 

is larger than that of Cs salt. 

3.2.The electrical performance of EOCs after annealing  

Furthermore, to explore the thermal stability of the organic functional layer with 

the Cs2CO3 or Ag dopant in the Bphen matrix, we further studied the electrical 

characteristics of the EOCs with different dopants in the Bphen matrix at different 

temperatures (room temperature (RT), 60, 80 and 100 °C). The structures of EOCs are 

ITO/10 wt% Ag or Cs2CO3: Bphen(30 nm)/B3PYMPM(60 nm)/LiF(1 nm)/Al(150 nm), 

among which B3PYMPM has no obvious Tg [29]. Two different EOCs were annealed 

at different temperature for 4 hours and its voltage was recorded from 0 to 5 V 

corresponding to the current density changes. After annealing at 60, 80 and 100 °C for 

240 minutes, as shown in Fig. 3s (a), (b) and (c), respectively, the Cs2CO3-doped Bphen 

EOCs exhibit a multiple increase in the current density of 80 and 100 °C. However, the 

overall current density of the EOCs with Ag-doped Bphen as an EIL remains basically 

unchanged after annealing at 60, 80 and 100 °C for 240 minutes, as shown in Fig. 3s 

(d), (e) and (f), respectively. These results are consistent with the changes of the film 

morphology in Fig. 1 (b), indicating that thermal annealing will induce the 

reorganization of organic molecules and promote crystallization. Therefore, we 

conclude that the film with Ag dopant in the Bphen matrix has a better thermal stability.  
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Fig. 3. The current density versus voltage (J-V) of two types of EOCs (ITO/Bphen: 10 

wt% (Ag or Cs2CO3): Bphen (30 nm)/B3PYMPM (60 nm)/LiF (1 nm)/Al (150 nm)) at 

different temperatures and times. (a) Cs2CO3-doped Bphen at 60 ℃. (b) Cs2CO3-doped 

Bphen at 80 ℃. (c) Cs2CO3-doped Bphen at 100 ℃. (d) Ag-doped Bphen at 60 ℃. (e) 

Ag-doped Bphen at 80 ℃. (f) Ag-doped Bphen at 100 ℃. 

 

High-temperature annealing will cause the molecular structure of low-Tg materials 

to be more regular, so that the current density increases sharply. Although the device 

structure based on Cs2CO3-doped Bphen reported in the literature still has good thermal 

stability at 80 °C [11], the erosion of water and oxygen will further cause its film to be 

more easily damaged due to the annealing in the atmosphere. Moreover, high 

temperature will aggravate the diffusion of Cs+, thereby greatly increasing the electron 

injection capability. According to Fig. 4, after annealing at different temperatures (60, 

80 and 100 °C) for one hour, the EOCs based on Ag-doped Bphen exhibit an excellent 
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thermal stability.  

 

Fig. 4. The normalized current densities of the two types of EOCs versus the annealing 

temperature after annealing at a 5 V bias voltage for one hour. 

 

3.3.The optoelectronic performance and thermal stability of IOLEDs  

As illustrated in Fig. S1 (b), there is an energy barrier of about 1.8 eV between the 

WF of ITO and the LUMO energy level of Bphen, so that the performance of the 

IOLEDs without inserting an EIL is very poor (Fig. S2 and Table S1). The turn-on 

voltage of reference device 0 is about 13 V and the luminance is low (Fig. S2 (a)). 

Moreover, the max external quantum efficiency (EQEmax) and the max power efficiency 

(PEmax) are 1.46% and 0.63 lm W-1, respectively (Fig. S2 (b)). Therefore, the widely 

used solution is to employ metal Cs or Cs2CO3 doped Bphen as an EIL, which helps to 

promote the electron injection ability and balance the hole-electron pairs. By doping 

Cs2CO3 into Bphen (reference device 3), the turn-on voltage drops dramatically from 

13 V to 3.2 V and the maximum current efficiency (CEmax) increased to 4.89 cd A-1. 
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Moreover, PEmax increased to 2.90 lm W-1, which are about 5-times higher than 

reference device 0 due to the drastic reduction of the driving voltage. Here, we propose 

an alternative strategy to solve the poor electrical performance problem of IOLEDs due 

to the excessively high energy barriers using metal Ag-doped Bphen as an EIL. As 

shown in Fig. S3 and Table S1, the best performance among Ag-doped Bphen as an EIL 

in IOLEDs was explored by optimizing the doping ratio. Device G-3 with Ag doping 

ratio of 15% exhibits a superior performance to other devices, as seen in Fig. S3, in 

which its operation bias is the lowest under the same current density (Fig. S3 (a)). In 

addition, the turn-on voltage, the CEmax and the PEmax of Device G-3 are 3.6 V and 5.91 

cd A-1, as observed from Fig. S3 (b) and Fig. S3 (c), respectively.  

On the one hand, the metal complex formed by the coordination reaction between 

the metal Ag and Bphen can reduce the LUMO energy level, thereby enhancing the 

electron injection to improve the device performance [30]. The interaction between 

Bphen molecules and Ag tends to combine with Ag+ to form [Ag(Bphen)+] and 

[Ag(Bphen)2]+, thereby promoting the balance between organic ligands and metal ions 

to move in the positive direction so that free electrons are more easily released, which 

can promote electron injection [9]. In addition, Ag particles doping into the Bphen film 

can easily cause a strong local surface plasmon effect, resulting in three meaningful 

effects: (i) suppress surface plasmon primitive (SPP) mode loss, (ii) adjust the energy 

level to lower the electron injection barrier and (iii) induce and enhance local surface 

plasmon resonance coupling electric field [31]. The light scattering effect caused by the 

metallic Ag particles also helps to capture the luminous flux to further improve the 
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device efficiency. Secondly, since the local electric field can be approximately 

described as 𝑬𝑬 = 𝑸𝑸
𝟒𝟒𝟒𝟒𝟒𝟒𝑹𝑹𝟐𝟐

 , it shows that small size Ag particles can increase the local 

electric field strength, which makes the injection of electrons easier and lowers the 

driving voltage. This explains why the devices with a higher doping ratio of Ag actually 

decrease the overall device performance. The reason is that Ag particles tend to 

agglomerate and cause their size to increase. As shown in Fig. S3 (d), its peak emission 

keeps basically unchanged, but its corresponding full width at half maximum is slightly 

reduced with the continuous increase of the doping ratio of Ag, especially at the 40% 

doping ratio. We assume that the phenomenon is also caused by the local surface 

plasmon effect [32]. 

Figure S4 shows the performance of the conventional devices with and without 

MoO3. Although MoO3 contributes to the enhancement of hole injection, the hole 

transport of organic materials is inherently superior to the electron transport ability, thus, 

the addition of MoO3 is easier to cause the imbalance of charge carrier injection. 

Therefore, although the device with MoO3 has a higher current density (Fig. S4 (a)), its 

CEmax and EQEmax, as respectively illustrated in Fig. S4s (b) and (c), are relatively lower. 

It is worthy to note that the electroluminescence (EL) spectra for both devices keep 

basically unchanged (Fig. S4 (d)). 

Here, we used a device structure without MoO3 (reference device 1) which has a 

high CE as the conventional comparison to G-3 and reference device 3 with Ag and 

Cs2CO3 doped, respectively. As shown in Fig. 5s (a), (b) and Table S1, the turn-on 

voltage of the conventional device (reference device 1) is 2.6 V, while the turn-on 
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voltages of the inverted device (reference device 3 and G-3) are 3.2 V and 3.6 V, 

respectively. This phenomenon is caused by the high electron injection barrier of the 

inverted structure itself and can be further optimized using double EILs [19-21]. For G-

3, CEmax is 5.91 cd A-1, which is 40.3% higher than reference device 1 in Fig. 5 (c). 

Although the current density and luminance of the inverted device reference device 3 

are better than Ag doped G-3, its CEmax is only 4.89 cd A-1, which is 20.8% lower than 

G-3, and the EL spectra of the three devices maintained basically unchanged (Fig. 5 

(d)). We assume that the alkali metal has a stronger electron donating capacity, which 

is also consistent with the trend of their current density. Therefore, it is easier to cause 

the imbalance of carrier injection due to the special structure of IOLEDs. Accordingly, 

the IOLEDs have afforded excellent performance by initially optimizing the doping 

ratio of Ag doped Bphen as an EIL.  
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Fig. 5. The performance of OLEDs with different device structure. (a) Current density 

versus voltage (J-V). (b) Luminance versus voltage (L-V). (c) Current efficiency versus 

current density (CE-J) and (d) the corresponding EL spectra. 

 

Next, we explored the effect of thermal annealing on the stability of blue 

fluorescent OLED with Cs2CO3 or Ag doped Bphen as an EIL. The materials used have 

higher Tg to eliminate other adverse effects. Figure 6s (a) and (b) show the current 

density and luminance changes of two blue IOLEDs with Cs2CO3 or Ag dopant 

annealed at different temperatures (RT, 60, 80 and 100 ℃) for one hour, respectively. 

After annealing increasing from RT to 80 °C, the current density and luminance of the 

device based on Cs2CO3-doped Bphen as an EIL decreased slightly, but still had good 

stability. However, its current density and luminance basically became zero when the 

temperature reached 100 °C, which is consistent with the results reported in the 

literature [11]. On the contrary, the current density and luminance of the IOLEDs based 

on Ag-doped Bphen after thermal annealing from RT to 100 °C show a tendency to 

increase first and then remain stable. As the annealing temperature rises reasonably, the 

carriers can overcome the interface energy barrier to increase the mobility, thus the 

current density will increase accordingly. This explains the increasing trend of the 

current density and luminance of the devices based on Ag-doped Bphen when the 

annealing temperature rises from RT to 60 ℃. During the process of rising the annealing 

temperature from 60 to 100 ℃, its current density and luminance remained unchanged 

basically, demonstrating its excellent thermal stability. 
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Furthermore, in order to further verify the thermal stability of Ag-doped Bphen as 

an EIL in blue IOLEDs, we investigated the changes in the current density (Fig. 6s (c)) 

and luminance (Fig. 6s (d)) properties of IOLEDs with different EILs versus annealing 

time at the annealing temperature of 100 ℃. The luminance of the device based on 

Cs2CO3-doped Bphen shows a sharp decline while its current density exhibits a trend 

of sharp decline first and then rises sharply. After annealing at 100 °C for 60 minutes, 

the current density of Cs2CO3-doped devices shows a sharp increase, resulting from the 

film crystallization or cracks, making the interface adjacent to EIL to break down. The 

thermal stability of the organic light-emitting diodes is closely related to the Tg of 

organic functional layers used in device. With the increase in the current density, the 

temperature within organic materials may be close to the Tg, leading to the change in 

the crystallization of organic materials. Therefore, the thermal-stability compound can 

effectively prevent the efficiency roll-off of the device. In addition, although 

B3PYMPM can hinder the diffusion of Cs+ to a certain extent, the balance will be 

broken after a high temperature treatment at 100 °C, causing Cs+ to diffuse into the 

EML, resulting in exciton quenching [33]. On the contrary, after annealing at 100 °C 

for 4 hours, the Ag-doped OLEDs still maintain excellent stability, in which its 

luminance remains stable after a certain increase while the current density increases 

slightly. The metal Ag or Cs will undergo a coordination reaction with Bphen to form a 

metal complex to improve the device performance and thermal stability [9,10]. 
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Fig. 6. The temporal evolution of current density (J) and luminance (L) at a 5 V bias 

voltage versus annealing temperature and time for the two types of blue IOLEDs with 

different EILs (10 wt% Ag or Cs2CO3: Bphen). The annealing time for both (a) and (b) 

is 60 min. The annealing temperature for both (c) and (d) is 100 ℃. 

 

The difference in their thermal stability can be verified using an optical microscope 

to characterize the EML changes based on the different EILs versus different time under 

an annealing temperature of 100 °C. As shown in Fig. 7 (a), the light-emitting zone of 

the devices based on Ag-doped Bphen as an EIL have visible black spots and show a 

slow expansion, resulting from an excess amount of Ag particles. However, the emitting 

area of the blue IOLEDs based on Cs2CO3-doped Bphen is greatly reduced until the 

complete breakdown (Fig. 7 (b)). Therefore, the reasonable control of the doping 



19 
 

concentration and thickness can further improve the thermal stability of the device. 

 

Fig. 7. The microscope images of emitting IOLEDs as a function of annealing times. 

(a) Blue IOLEDs based on Ag-doped Bphen. (b) Blue IOLEDs based on Cs2CO3-doped 

Bphen. The annealing temperature is 100 °C and the test is performed in an atmospheric 

environment. 

 

4. Conclusions 

In summary, IOLEDs based on Ag-doped Bphen can not only have excellent 

thermal stability, but also enhance photoelectrical properties. Importantly, the Bphen 

film with Ag dopants has higher thermal stability than both the neat Bphen and Cs2CO3-

doped Bphen films. The mechanism of the Ag dopant in Bphen film was investigated 

by AFM and GISAXS. In addition, we confirm that Ag doped Bphen does have a more 

significant thermal stability than Cs2CO3 by studying the changes of the current density 

of EOCs and performance of the blue Ag-doped IOLEDs after annealing at different 

temperatures and time. Although the use of Cs2CO3 as a dopant can make the Bphen 

material maintain stable characteristics at 80 °C, Ag can play a more obvious role. 

Specifically, it can not only maintain the morphological stability of the Bphen matrix, 
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but also further improve the device performance after annealing at 100 °C for a long 

time. After annealing at 100 ℃ for 60 minutes, the film morphology of Ag doped BPhen 

film changed very little. Even if the annealing time reached 4 hours under the same 

condition, the brightness of the OLEDs with this configuration maintained unchanged 

basically. At the same time, for Ag-doped IOLEDs, we have achieved an amazing 20.8% 

enhancement in CEmax compared to the traditional IOLEDs with Cs2CO3 as an n-type 

dopant, even about 40.3% enhancement than the conventional device. This work can 

provide an alternative path for the commercial development of IOLEDs for the 

application in car taillights or others. 
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