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Abstract:A study has been conducted on green microcavity flexible organic light emitting diodes to exploit its merits in 

enhancing the outcoupling efficiency of the device. Graphene based OLEDs have shown reported decrease in the device 

efficiencies in comparison to the conventional Indium Tin Oxide counterparts. The different device structures with 
quarter-wave stack alternating layers of high index titanium dioxide, TiO2 and low index silicon dioxide, SiO2 were 

simulated to study the effects of cavity length tuning for the optimum constructive interference resulting in the 

maximum outcoupling of the light. However, these DBR structures do not meet the mechanical flexibility compliance 

for the flexible OLEDs. Therefore, a device is proposed that exploits the theory of internal refraction and reflection that 
takes place between the high refractive index, TiO2 layer and the low refractive index hole injection layers sandwiching 

the graphene anode to maximize microcavity enhancement in the device which further leads to improvement in the 

device efficiency with 1.9 times increase in the current efficiency and the luminance, and 1.58 times increase in the 

external quantum efficiency while retaining its inherent flexible nature.  
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 Introduction 

Organic light emitting diode is a potential candidate which is finding its applications in flat panel displays 

and lightning due to their attractive features like thin, light weight, low power consumption, high contrast 

ratio, wide viewing angle, flexibility, color gamut, high resolution, and fast response time. Organic light 

emitting diode consists of organic layers embedded between the two electrodes i.e., the cathode and the 

anode. As the light is produced in the organic layer, one electrode must be transparent out of the two for the 

light to escape from the device. Conventional choice for transparent electrode is ITO in OLEDs which 

offers high optical transparency and low sheet resistance. But there are drawbacks of ITO that it is 

mechanically brittle and is cost expensive making it less effective for platforms where flexibility and 

economic value is of concern [1]-[5]. Graphene acts as a great alternative to ITO as while exhibiting all the 

aforementioned characteristics of ITO, it also offers the properties like mechanical flexibility and 

stretchability. Graphene is an emerging material in the field of flexible OLEDs that offers the promise of 

foldable displays in the coming years. Graphene based OLEDs have turned out to be potential candidates 

for future foldable displays and lightning technologies. The graphene single layer thickness is about 0.34 

nm, which is very thin. The graphene optical constants, refractive index and extinction coefficient are in the 

range 2.3 to 3 and greater than 1. High extinction coefficient of graphene leads to absorption effects. With 

the increase in the number of graphene layers, its absorption coefficient increases which results in decrease 

in outcoupling efficiency of the graphene based OLEDs. Although graphene based OLEDs show weak 

microcavity effect due to the low reflectivity exhibited by the graphene but optical microcavity intrinsically 

exists in the OLEDs because of the refractive indices mismatch that exists at the layer interfaces. The 

presence of this intrinsic microcavity in the OLED can be exploited to enhance the performance of the 

graphene based OLEDs [6]-[14]. 

The optical simulations were performed to analyze the effects of introducing microcavity in the 

graphene anode OLEDs on the light outcoupling efficiency and the luminance output. Microcavity structure 

enhances the light extraction by redistributing the light in the OLED. Significant enhancements in the 

luminance were reported with two times increase in the current efficiency of green microcavity OLEDs. 

Microcavity can manipulate the spectral characteristics of the OLED. There are two key parameters that 

governs the behavior of the strong microcavity effect i.e., reflection of the semitransparent electrode and the 

cavity length [15]-[17]. To study the microcavity effect in the graphene based OLED, a quarter-wave stack 

distributed bragg reflector (DBR) with alternating layers of high refractive index Titanium dioxide, TiO2 

and low refractive index Silicon dioxide, SiO2 were placed in between the flexible substrate and the multi-

layer graphene. The DBR layer acts as a reflective mirror below the graphene layer, thus, overcoming the 

absorption loss caused due to graphene as it exhibits high extinction coefficient and ultimately, low 

reflection. However, the enhancements in the efficiencies were observed with the introduction of the DBR 

layer but the DBR layer mitigates the merits of graphene inherent properties of flexibility and stretchability. 

We have employed an electrode structure that while retaining the advantages of the graphene inherent 

properties, also increases the reflection of the graphene anode and is proposed in the manuscript by J. Lee 



IInntteerrnnaattiioonnaall  JJoouurrnnaall  OOff  EElleeccttrroonniiccss  EEnnggiinneeeerriinngg  ((IIssssnn::  00997733--77338833))  

          VVoolluummee  1100  ••  IIssssuuee  22    pppp..  331144--332222      JJuunnee  22001188--DDeecc  22001188            wwwwww..ccssjjoouurrnnaallss..ccoomm 
 

 

AA  UUGGCC  RReeccoommmmeennddeedd  JJoouurrnnaall                                     Page | 315 

 

[18]. Collaboration of high refractive index, TiO2 and low refractive index hole injection layers 

sandwiching graphene electrode enhances the reflectivity of the graphene. The incorporation of this 

electrode structure results in strong microcavity effect being induced in the proposed device. Thus, an 

efficient graphene based OLED is proposed that maximally exploits its optical potential while retaining 

graphene merits. 

OLED Design 

The schematic of the reference graphene anode OLED is as shown in Figure 1. The reference structure 

employs graphene as an anode and Al/LiF as a cathode with TCTA:Ir(ppy)3 as the emissive layer where 

Bphen:Li/Bphen are used as the electron injection and transport (EIL/ETL) layers and HATCN/TAPC as 

the hole injection and transport (HIL/HTL) layers. The reference device with Bphen:Li/Bphen as the 

efficient EIL/ETL layers was studied employing two pairs of HATCN(10 nm)/TAPC(25 nm) layer with the 

multilayer graphene as demonstrated in Ref. [14]. The effect of altered EIL/ETL layer was analyzed on the 

performance of the device proposed in Ref. [14]. Experimental constants used to simulate the structure were 

taken from the device fabricated in the Ref. [14]. Due to the simulation environment limitation, 

TCTA:Ir(ppy)3 is used as an emissive material instead of DCzPPy:Ir(ppy)3 with both emitting in the green  

 

zone. Each layer of graphene is 0.34 nm thick and the thickness of the multilayer (four layers) graphene 

accounts to 1.36 nm which is still very thin, characterizing high transparency. The multilayer graphene is 

used as a transparent anode which exhibits low reflectivity giving rise to weak microcavity effect in the 

device that leads to decreased efficiencies. So, to counteract this effect, a DBR layer is introduced in 

between the substrate and the graphene. The OLED structure consists of quarter-wave stack alternating 

layers of TiO2 and SiO2 distributed bragg reflector. The thickness of the quarter wave stack TiO2 (λ/
4𝑛𝑇𝑖𝑂2) and SiO2 (λ/4𝑛𝑆𝑖𝑂2) came out to be 46.75 nm and 85.3 nm with λ equal to 505 nm which is within 

the peak emission range of the emissive layer [17]. The DBR layer acts as a semi reflective mirror that 

outcouples the light produced, out of the device. The organic layers between the DBR and the cathode form 

the cavity. The length of the microcavity is modulated by varying the number of HATCN/TAPC pairs 

which are employed as HIL/HTL pair in the structure. The schematic of the reference device with DBR 

layer is as shown in Figure 2. To study the effect of optical cavity length, three device structures with 

different optical cavity length and the reference device were simulated as shown in Table 1.  

 
       Figure 1. Reference Device                                Figure 2. Reference structure with DBR 
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Table 1: Simulated Device structures  

Structure Devices 

Substrate/Graphene/HATCN/TAPC(2 pair)/TCTA:Ir(ppy)3/Bphen/Bphen:Li/LiF/Al Reference  

Substrate/DBR/Graphene/HATCN/TAPC(1pair)/TCTA:Ir(ppy)3/Bphen/Bphen:Li/LiF/Al A 

Substrate/DBR/Graphene/HATCN/TAPC(2pairs)/TCTA:Ir(ppy)3/Bphen/Bphen:Li/LiF/Al B 

Substrate/DBR/Graphene/HATCN/TAPC(3pairs)/TCTA:Ir(ppy)3/Bphen/Bphen:Li/LiF/Al C 

 

        The DBR layer employed between the substrate and the graphene anode restricts the flexibility of the 

graphene OLEDs as it does not exhibit the mechanical flexibility and stretchability. The whole purpose of 

employing graphene in OLEDs is to pave its way for the wide deployment in the flexible displays and 

lightning applications but with the incorporation of quarter wave stack TiO2 and SiO2 layers, this purpose 

will not get fulfilled. An efficient graphene based OLED is proposed that take the advantage of high 

refractive index, TiO2 and the low refractive index GraHIL material as the HIL layer sandwiching the 

graphene electrode while retaining the inherent properties of the thin graphene layers. The first order 

microcavity (3λ/4) can be accomplished in the structure with the thickness of the organic plus the injection 

layers and the thickness of TiO2 set at λ/4 [18]. The thickness of the TiO2 layer (λ/4𝑛𝑇𝑖𝑂2) is set at 50.5 nm 

with λ equal to 505 nm. The devices with and without TiO2 were simulated to observe the influence of 

introducing TiO2 layer beneath the graphene which results in strong microcavity effect in the structure. The 

schematic of the proposed device is shown in Figure 3. Later, the compatibility of graphene anode with two 

HIL/HTL pairs (PEDOT:PSS/Spiro-OMeTAD and  PEDOT:PSS/ NPB) was studied. 

 
 

Figure 3. Proposed Device 

Charge Injection and Transportation 

The electrons and holes injected into the OLED device must be balanced for high exciton formation and 

further, balanced recombination rate. The materials used for different layers in the proposed structure for 

efficient injection and transportation of charges are explained below. 

A. Electron Injection and Transportation 

Al/LiF is used as a cathode having work function as low as 3 eV. Low work function cathode is required for 

the efficient injection of electrons into the device. Very less energy is required to take out electrons from 

metal cathode having low work function. Bphen doped with Li is used for electron injection and 

transportation having good conduction ability. It also helps in reducing the injection barrier for electrons 

from the cathode electrode [19]. Bphen is used as a spacer layer that prevents diffusion of Li into the 

adjacent organic layer, thus mitigating the quenching that will result from Li diffusion into the emissive 
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layer.  Bphen has insulating properties rather than the semiconducting properties like any other electron 

transport layer. But when Li is doped into Bphen, it shows semiconducting properties. Employing Bphen as 

the electron transport layer with LiF/Al greatly enhance the device performance. The fabrication of LiF/Al 

on the Bphen yields Bphen:Li  layer due to Li metal formation on  LiF. This Bphen:Li layer is then 

responsible for efficient electron injection [20].  

B. Hole Injection and Transportation  

The HATCN/TAPC pairs are used as the Hole Injection Layer (HIL)/Hole Transport layer (HTL) with the 

multilayer graphene. They show good compatibility with the multilayer graphene (MLG) as per the 

literature [21]. The high energy barrier exists between the MLG and the HATCN that makes hole injection 

from the graphene to the HATCN nearly implausible. The HATCN/TAPC interface act as an excellent 

charge generation site as the LUMO level of the HATCN is close to the HOMO level of the TAPC. This 

low energy difference between the LUMO of HATCN and HOMO of TAPC allow electrons in the TAPC 

HOMO level to transfer to HATCN LUMO level leaving holes behind which drifts towards the cathode 

under applied operating conditions. This enhances the hole injection into the device followed by the 

electron injection as the electrons in the LUMO of HATCN drift towards the anode causing efficient charge 

generation at the HATCN/TAPC interface [22,23]. Another conducting polymer GraHIL that is composed 

of poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulphonate) (PEDOT:PSS) and 

tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulphonic acid copolymer (PFI) is used as a HIL 

material in other device structure to enhance the hole injection from the graphene. The high injection barrier 

that exists between the HATCN and the graphene layer is responsible for reduced hole injection. This 

barrier can be reduced by using GraHIL as the hole injection layer which modifies the work function of the 

graphene up to 5.95 [19]. The resulting increase in the work function of the graphene with the deposition of 

GraHIL makes it appropriate to be used as a HIL layer with the graphene. Being polymer, it also meets the 

mechanical flexibility compliance. The low refractive index and compatibility of GraHIL with the graphene 

make it more suitable as a HIL layer for graphene OLEDs. Talking about the compatibility of graphene 

with HIL/HTL layers, PEDOT:PSS and Spiro-OMeTAD were also found to be the equally compatible pairs 

with graphene anode. The PEDOT:PSS on graphene also increases the work function of the graphene 

leading to increased hole injection [24]. As refractive index of PEDOT:PSS is low as compared to graphene 

and organic layers, it also induces microcavity effect leading to increase in the outcoupling efficiency.  

C. Emissive Layer 

TCTA doped with 8% of Ir(ppy)3 is used as an emissive material. TCTA, a hole transport material is used as 

a host material and Ir(ppy)3, phosphorescent material is used as a guest material. The choice of TCTA as the 

host material for Ir(ppy)3 results in an appreciable overlap between the metal to ligand charge transfer 

absorption of Ir(ppy)3 and the photoluminescence spectrum of TCTA. The efficient transfer of singlet to 

triplet energy takes place between the TCTA and Ir(ppy)3 which can be concluded from the fact that when 

TCTA:Ir(ppy)3(8%)is excited at 330 nm which is the maximum absorption zone of TCTA, the emission that 

takes place is due to Ir(ppy)3 alone. With phosphorescent emitters, internal quantum efficiency of 100% is 

achievable theoretically which leads to improvement in the efficiency of the device. The existence of large 

energy difference between the HOMO’s of TCTA and Ir(ppy)3 makes Ir(ppy)3 an efficient site for trapping 

of holes. The holes injected into the HOMO of TCTA are trapped by the Ir(ppy)3 sites which then form 

excitons with the electrons present in the LUMO of TCTA [25],[26]. The photoluminescence spectrum of 

TCTA:Ir(ppy)3 is shown in Figure 4. The peak emission wavelength ranges from 505 nm to 513 nm which 

is basically a green emission zone. 

 

Figure 4: Photoluminescence spectra 
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Results and Discussions 

The paper throws light on the performance enhancements achieved with the introduction of microcavity by 

incorporating DBR layers in the reference structure. The reference device (without DBR) shows improved 

performance having current efficiency of 53.61 cd/A, external quantum efficiency of 18.07 %, and 

luminous efficacy of 416.9 lm/W. The reference device exhibits high luminance of 5361.81cd/m
2
 at 10 

mA/cm
2
. The reference device has shown better performance capabilities as compared to the device 

demonstrated in the manuscript of Ref. [14] at HTL thickness of 70 nm as shown in Table 2. This 

improvement in the performance can be attributed to the employment of efficient Bphen:Li and Bphen 

(EIL/ETL) layers in the reference device which enhances its electron injection capability, thus, leading to 

balanced charge recombination which further results in improved device efficiency. To enhance the light 

outcoupling efficiency of the device, a DBR layer is introduced into the device. For efficient out coupling 

of the light from the microcavity, a front semi-transparent high reflectivity electrode is required. The metal 

cathode Al serves as the reflective mirror and the DBR with alternating layers of SiO2 and TiO2 serve as the 

second semi-reflective mirror which forms a strong microcavity effect in the device. To analyze the effect 

of variation in the cavity length, three different device structures A, B and C with variable cavity length are 

studied. The HATCN/TAPC pairs are varied to tune the cavity length of the device. Device B with 2 pairs 

of HATCN/TAPC has outperformed all the other DBR devices exhibiting high current efficiency of 77.98 

cd/A and external quantum efficiency of 24.37%. The Device B observes 1.45 times enhancement in the 

current efficiency from the reference device as shown in Figure 5. It also exhibits maximum luminance 

output of 7798.04 at 10 mA/cm
2 

as shown in Figure 6. This enhancement in the efficiencies is basically due 

to the fine tuning of the cavity length that leads to strong constructive interference in the microcavity. There 

is very small color and resonance wavelength shift at varying viewing angles exhibited by the tuned cavity 

in the device B as shown in Figure 7 and Figure 8 . The reflectance curve of the device B with DBR is as 

shown in Figure 9. The low reflectance in the curve at the 505 nm wavelength shows that this high 

transmittance of the device is due to the constructive interference occurring in the microcavity at the 

particular wavelength. The performance comparison of the reference device with the DBR devices is as 

shown in Table 3. It is clear from the table that the devices with DBR exhibit high luminance intensity than 

the non-cavity devices as shown in Figure 10. However, these DBR layers are not mechanically flexible. 

Table 2: Performance Comparison 

Parameters Reference Device Ref. [14] 

Current Efficiency(cd/A) 53.61 46.0 

EQE(%) 18.07 14.6 

 

 

Figure 5: Current Efficiency vs Current density 
 

Figure 6: Luminance vs Current density 
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Figure 7: Emission Spectra 
 

 
Figure 8: CIE Coordinates graph 

Table 3: Cavity devices Comparison Analysis 

Parameters Reference 

Device 

Device A Device B Device C 

Current Efficiency(cd/A) 53.61 54.1 77.98  63.08 

EQE(%) 18.07 18.15 24.37 20.38 

Luminance(cd/m
2
)@10 mA/cm

2
 5361.72 5410.01 7798.04 6308.13 

 

 
Figure 9. Reflectance vs Wavelength 

 
Figure 10. Devices Luminance Comparison 

 

To enhance the efficiency of the graphene OLED while retaining the graphene natural flexibility, a 

synergetic combination of electrode structure comprising of TiO2, graphene and GraHIL is employed to 

induce microcavity effect in the device. Polymer, GraHIL and TiO2 exhibit the property of flexibility. TiO2 

has flexural strain resistance which is not usual for ceramic materials, thus, making it suitable for use in 

flexible OLEDs [18]. The high refractive index of TiO2 layer and low refractive index of GraHIL layer is 

exploited for the resonance cavity enhancement to improve the efficiency of the device. Along with 

enhancing the hole injection from the graphene, GraHIL also enhances the cavity resonance. The graphene 

OLED with TiO2 beneath the graphene anode and GraHIL as the hole injection layer is proposed. The 

performance comparison of the OLED structure with and without TiO2 layer is as shown in Table 4. The 

current efficiency of the device with TiO2 is almost double the current efficiency of device without TiO2 
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layer due to the optical cavity effect as shown in Figure 11. The high luminance value is achieved with the 

device employing TiO2 layer as shown in Figure 12. This shows that TiO2 is responsible for introducing 

strong microcavity effect in the device. The proposed device has maximum current efficiency of 114.1 

cd/A, external quantum efficiency of 32.07% and luminance of 11,4110 cd/m
2 
at 10 mA/cm

2
. The J-V graph 

of the proposed device is as shown in Figure 13. The peak emission wavelength of the proposed device is 

centered at 541 nm as shown in Figure 14. Later, to study the compatibility of graphene with different 

HIL/HTL layers, different device structures were simulated by altering HIL/HTL pairs in the reference 

device. From the opto-electro simulations, it was found that PEDOT:PSS/Spiro-OMeTAD exhibits nearly 

equally better device performance as exhibited with the HATCN/TAPC pairs as shown in Table 5. So, it 

can be concluded that graphene with PEDOT:PSS/Spiro-OMeTAD pair also shows good compatibility for 

better hole injection. This paper proposes PEDOT:PSS/Spiro-OMeTAD as compatible HIL/HTL pairs with 

the graphene anode. 

Table 4: Performance comparison of proposed device (with and without TiO2) 

Parameters Without TiO2 Proposed Device (with TiO2) 

Current Efficiency(cd/A) 60.03 114.1 

EQE(%) 20.21 32.07 

Luminance(cd/m
2
)@ 10 mA/cm

2
 6003.06 1,14,110 

 

Figure 11. Current Efficiency vs Current density Figure 12. Devices Luminance Comparison 

 

Figure 13. Current density vs Voltage Figure 14. Emission Spectra 
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Table 5: Graphene Compatibility with different HIL/HTL pairs 

Parameters HATCN/TAPC  PEDOT:PSS/SpiroOMeTAD PEDOT:PSS/NPB 

Current Efficiency(cd/A) 53.61 54.67 50.67 

EQE(%) 18.07 18.45 17.2 

Luminance(cd/m
2
)@10 

mA/cm
2
 

5361.72 5467.89 5067.82 

 

Conclusion 

Initially, the work is contributed to study the effect of microcavity on the performance of the graphene 

OLED device. The different DBR devices with quarter-wave stack alternating layers of high refractive 

index titanium dioxide, TiO2 and low refractive index silicon dioxide, SiO2 were simulated. Though, there is 

a significant efficiencies enhancement in the OLED device with these structures, but the DBR layers 

employed does not compliance with the needs of flexible graphene electrode. The paper proposes a highly 

efficient green microcavity graphene-based OLED that employs structure comprising of high refractive 

index, TiO2 layer and low refractive index, GraHIL layer sandwiching the graphene anode. This mismatch 

in the refractive indices of these two layers is exploited for causing resonance cavity enhancement. The 

collaborative combination of TiO2/Graphene/GraHIL enhances the efficiency of the graphene OLEDs while 

retaining the merits of thin graphene layer. The enhancement in the resonant cavity is due to the increase in 

the reflectivity of the graphene which can be attributed to the surrounding layers, TiO2 and GraHIL. TiO2 

plays a very significant role in introducing strong cavity effect as with the incorporation of the TiO2 layer, 

current efficiency of the device almost got doubled with the maximum increase in the luminance and 

external quantum efficiency. Later, the compatibility of the graphene with different HIL/HTL layers is 

analyzed. The PEDOT:PSS/Spiro-OMeTAD pair was found to be equally compatible with graphene. 
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