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In this paper, a comparative study between four OLEDs devices is carried out. The bi-

layers device (A) (consists of) Hole Injection Layer (HIL)/Electron Transport Layer 

(ETL), the multilayer device (B) (consists of) HIL Layer/Hole Transport Layer 

(HTL)/ETL Layer. The influence of the hole transporting material on the performance of 

the three layers OLEDs was investigated. Three different HTL materials were used: α-

NPD, TAPC and p-TTA with the same electron transporting material as Alq3; (these holes 

transport material consists the devices (B), (C) and (D) respectively). The carrier injection, 

Langevin recombination rate, singlet exciton density and the power of luminescent are 

demonstrated. The simulation results shows that the insertion of a thin HTL layer between 

HIL and ETL layers increases the characteristics of the device (B)as: 6.19.10
25

 cm
-3

s
-1

 of 

the Langevin recombination rate, 1.16.10
15

cm
-3

 of the singlet exciton density and 0.04232 

W/µm
2
 of the luminescence power. Moreover, the insertion of TAPC as HTL material 

gives rise to 1.36.10
26 

cm
-3

s
-1

 of the Langevin recombination rate, 2.10
15

cm
-3

 of the singlet 

exciton density and 0.075 w/µm
2
 of the luminescence power. 
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1. Introduction 
 

Organic Light Emitting Diode (OLED) [1] based on small organic molecules and 

polymers PLED (Polymer Light Emitting Diode) have been widely studied during these past two 

decades. This is due to their promising applications in flat panel display like computer monitors, 

smartphone, tablet, notebooks and TV panels …etc, and will be widely used in solid state lighting 

such as residential, outdoor, commercial building, auto motivate, etc [2]. There are two types of 

OLEDs, according to the mode of operation: AMOLED with active matrix or PMOLED with 

passive matrix constitute the pixels of thin flexible TV display [3-4]. The OLEDs present an 

excellent performance in size (ultra thin displays), high brightness, high contrast, flexibility and 

wide viewing angle with a weak application voltage and switching time fast enough [5-6]. The 

first organic electroluminescence OLED was demonstrated in 1987 by Tang and VanSlyke [1, 7], 

this device consisted of HTL and ETL which serve as an Emissive Layer (EML). To acquire an 

effective OLED there is a weak injection barrier for holes between the Highest Occupied 

Molecular Orbital (HOMO) levels of the organic layers (HTL/EML). The electrons confinement in 

the EML layers reached with the high energy barrier for electrons between the Lowest Unoccupied 

Molecular Orbital (LUMO) levels of the organic layers (HTL/EML). Consequently, the 

recombination zone will be in EML [8-11]. To enhance the efficiency of OLED, the multilayer 

structures have been developed [7, 12-22]. 

We have used 4,4
’
,4

’’
-Tris {N-(1-naphthyl1)-N-phenylamino}-triphenylamine (1-

naphdata) as the HIL layer, and  N, N
’
– di (naphthalene-l-yl)- N,N

’
– dipheny libenzinide (α-NPD) 

as the HTL layer ,and 8-hydroxyquinoline aluminum (Alq3) as ETL layer. For the devices (C) and 

(D) we have used 1,1-bis[4-[N,N-di(p-tolyl) amino]phenyl]cyclohexane (TAPC),tri(p-terphenyl-4-

yl)amine (p-TTA) respectively as HTL materials [10], these materials exhibited higher  mobility 
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then  that α-NPD (6.14.10
-4 

cm
2
v

-1
s

-1
): µh =1.10

-2
 cm

2
v

-1
s

-1
, µh =6.9.10

-3
 cm

2
v

-1
s

-1
, respectively [23, 

24]. 

Our work aims to demonstrate that multi-layered OLEDs (Organic Light Emitting Diode) 

are more efficient than the two-layered OLEDs. On one hand, it has been proving that the injection 

of carriers in equilibrium (reduces non-radiative recombinations) and the position of the 

recombination zone is close to the center of the component, are two basic conditions for having 

better luminescence power. On the other hand, it has been shown that TAPC is a better material to 

use as the hole transporter due to: high mobility and high LUMO 2.0eV level, which prevents the 

movement of electrons towards the anode. Thus reducing the leakage current and keeping them 

confined to the TAPC / EML interface. The carriers injection density, Langevin recombination 

rate, singlet exciton density and the power of luminescent are demonstrated.  

 

 
2. Theoretical model 
 

The electrical transported inside the OLED can be modeled by the one-dimensional time 

independent drift-diffusion model [28-30]: 

 
𝜕𝐸(𝑥)

𝜕𝑥
=

𝑞

𝜀𝜀0
(𝑝(𝑥) − 𝑛(𝑥))                                                            (1) 

 

The electric field in the device is calculated by the following equation:  

 

𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 𝑉𝑏𝑖 = ∫ 𝐸(𝑥)𝑑𝑥
𝐿

0
                                                          (2) 

where: 

Vapplied is the applied voltage across the device. 

Vbi built in- potential due to the difference in work functions of electrode material. 

L is the total layer thickness, in our case 100nm. 

Charge carriers transport through drift (electric field driven) and diffusion (density 

gradient driven) [28] are: 

 

𝑗𝑛(𝑥) = 𝑒. (𝜇𝑛. 𝐸(𝑥). 𝑛 + 𝐷𝑛 .
𝜕𝑛

𝜕𝑥
)                                                       (3) 

 

𝑗𝑝(𝑥) = 𝑒. (𝜇𝑝. 𝐸(𝑥). 𝑝 + 𝐷𝑝.
𝜕𝑝

𝜕𝑥
)                                                       (4) 

 

The mobility of organic material is calculated by the Pool-Frenkel equation [28, 30] as 

follow: 

 

𝜇𝑛(𝐸) = 𝜇𝑛0(𝐸). exp⁡(𝛾𝑛. √𝐸)                                                         (5) 

 

𝜇𝑝(𝐸) = 𝜇𝑝0(𝐸). exp⁡(𝛾𝑝. √𝐸)                                                         (6) 

 

where: 

𝜇𝑛0⁡, 𝜇𝑝0⁡are respectively electrons and hole mobility at zero electric field. 

γ n, γp  are the Pool-Frenkel factor describing field dependence. 

The recombination of holes and electrons to exctions occurs due to attractive Coulombic 

interaction. The bulk recombination rate of free holes and electrons is calculated in accordance 

with Langevin theory [30]. 

 

𝑅 =
𝑒

𝜀.𝜀0
. (𝜇𝑛 + 𝜇𝑝)                                                                   (7) 

 

where: 

𝑅 is the recombination rate. 
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𝜇𝑛(𝜇𝑝) is the electron (hole) mobility 

𝑛(𝑝) is the electron (hole) density 

The continuity equations [29] are: 

 
𝜕𝑛

𝜕𝑡
=

1

𝑒

𝜕𝑗𝑛

𝜕𝑥
− 𝑅 −

𝜕𝑛𝑡

𝜕𝑡
                                                                   (8) 

𝜕𝑝

𝜕𝑡
=

1

𝑒

𝜕𝑗𝑝

𝜕𝑥
− 𝑅 −

𝜕𝑝𝑡

𝜕𝑡
                                                                   (9) 

 

𝑛𝑡 , 𝑝𝑡 are trapped carries. 

The trapped electrons and holes equations are [29]: 

 
𝜕𝑛𝑡

𝜕𝑡
= 𝑟𝑐𝑛(𝑁𝑡 − 𝑛𝑡⁡) − 𝑟𝑒 . 𝑛𝑡                                                          (10) 

 
𝜕𝑝𝑡

𝜕𝑡
= 𝑟𝑐𝑝(𝑁𝑡 − 𝑝𝑡⁡) − 𝑟𝑒 . 𝑝𝑡                                                           (11) 

 

where: 

Nt  is the trap density. 

rc is the capture rate, and re the emission rate. 

The recombination of holes and electrons at the organic interface results in the formation 

of singlet and triplet exciton in a ratio of 1:3 due to spin statistics, fluorescence light emission due 

to radiative decay can only be expected from singlet exciton [1, 22-31]. 

The continuity equation of the singlet exciton  is given by [29, 32]: 

 
𝜕𝑆𝑖(𝑥,𝑡)

𝜕𝑡
= 𝐺𝑖𝑅(𝑥, 𝑡) + ∇⃗⃗ jSi⃗⃗  ⃗(𝑥, 𝑡)-

(𝐾𝑟𝑎𝑑𝑖(𝑥, 𝑡) + 𝐾𝑛𝑜𝑛𝑟𝑎𝑑𝑖)𝑆𝑖(𝑥, 𝑡) − 𝐾𝑎𝑛𝑛𝑖ℎ𝑖𝑙𝑎𝑡𝑖𝑜𝑛𝑖𝑆𝑖(𝑥, 𝑡)2 + ∑ (𝐾𝑗𝑖
𝑛𝑒𝑥𝑒
𝑗=1 . 𝑆𝑗(𝑥, 𝑡) − 𝐾𝑖𝑗 . 𝑆𝑖(𝑥, 𝑡))                                    

(12) 

 

where: 

Gi is the constant for generation efficiency. 

Krad is the radiative decay rate. 

Knon radi is the non-radiative decay rate. 

Kannihila is the annihilation rate. 

𝑅is the recombination bimolecular rate. 

Si is the singlet exciton. 

 
 
3. Results and discussion  
 

The structure and schematic diagram of energy levels of OLED based Alq3 as the 

electrons transport layer and emitting layer with three different holes transporting materials are 

presented in the figure.1. The four devices OLEDs, HIL/HTL/ETL structures as follows:  

Device A: no HTL /1-naphdata (50nm)/Alq3 (50nm). 

Device B: 1-naphdata (40nm)/ α-NPD (10nm)/ Alq3 (50nm). 

Device C: 1-naphdata (40nm)/ TAPC(10nm)/ Alq3 (50nm). 

Device D: 1-naphdata(40nm)/ p-TTA(10nm)/ Alq3 (50nm). 
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(a)                                                           (b) 

 

Fig. 1. (a,b) . Schematic diagrams of energy levels of green fluorescent OLED based  on Alq3with three      

different    HTL (α-NPD, TAPC, p-TTA) , (a) ITO/1-naphdata (50nm)/Alq3(50nm)/LiF/Al,  b ) ITO/1-

naphdata (40nm) /HTL(10nm)/Alq3(50nm) /LiF/Al. 

 

 

Table 1 shows various performances (Tg, mobility, HOMO and LUMO values) of 

reported hole transporting materials. By applying an electric potential difference of 7V between 

anode and cathode, the holes are injected from the anode toward the HOMO level of the HIL layer. 

At the same time, the electrons are injected from the cathode toward the LUMO level of the ETL 

layer. The injected charges migrate in the organic material toward the oppositely charged electrode 

under the influence of the electrical field and the recombination occurs at the heterojunction. 
 

 

Table 1. Comparative values of energy level, Tg and electron mobility of electron transporting materials 

 

 Electron transporting materials       Bphen                           Alq3                        TPBi                      TAZ 

 [References]                                    [5,13]                       [13,20-21]                   [5,13]                    [4,14] 

 HOMO (eV)                                      6.2                               5.7                           6.7                          6.3 

 LUMO (eV)                                      2.9                               3.0                           2.7                           2.7 

 Tg       (C
0
)                                                                   66                                                 175                                       127                             - 

 µe     (cm
2
v

-1
s

-1
)                                                3.25.10

-4
                                  1.51.10

-7                          
 6.53.10

-5
                           1.57.10

-6 

 µe     (cm
2
v

-1
s

-1
)                                                                                      8.05.10

-6
                         

 

Comparative table including structure and results of some published references 

 

 

Figure 2 represents the current voltage characteristics for fluorescent OLED based on 

different HTLs materials. The bi-layers device (A) has the lowest turn-on voltage 2.5V, whereas 

the α-NPB device (B), TAPC device (C) and p-TTA device (D) characteristics have an identical 

turn-on voltage which is 3.5V [10]. When the current set to 40mA, the operating voltage of the 

green fluorescent OLEDs based bi-layers device (A) was 4.3V and the three other devices have the 

same operating voltage of about 5V.  
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Fig. 2.  I-V Characteristics of green fluorescent OLEDs for series of devices OLEDs (A-D) at 7V 

 

 

Figure 3 (A, B, C, D) represents the distribution of the charge carriers density versus x 

position from the anode. The holes are accumulated at the front of the interface HIL/ETL (50nm) 

due to the difference between the HUMO levels ΔEh.  
The HIL layer transports the hole only and block the movement of the electrons injected 

from the cathode [18, 30]. While the electrons are accumulated at the front of the interface 

HIL/ETL due to the difference between the LUMO levels ΔEe [3, 18, 30].  
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Fig. 3. Distribution of the charge carrier density in: device A (Fig. 3. A), device B (Fig. 3. B), device  

(Fig. 3. C), device D (Fig. 3. D). 
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We have balanced the charges concentration to 1.2.10
21

cm
-3 

at the interface. The 

accumulated charges create the recombination zone [33, 34-38].  

For the multilayer device (B), an intermediate layer has been added between the two layers 

HIL/ETL; the energetic HOMO and LUMO levels form an energetic barrier cascading “energetic-

staircase” [18]. The holes will be crossing the barrier according to the difference between the 

HOMO levels from the two organic layers ΔEh [12, 16].  

The simulation results given in figures 3 (A, B, C, D) show that the charge carriers are 

accumulated at the interface HTL/ETL [36-39], with a reduction in interfacial charges density [2, 

7, 10-12]. It was found that the device(C) with TAPC as HTL material has maximum charge 

carriers concentration due to its high hole mobility 10
-2

 cm
2
v

-1
s

-1
 [10,23, 26], and we remark that 

the amount of the electrons concentration at the interface depends on the HTL material [10]. 

The Langevin recombination rate for a series of devices OLEDs (A-D) at 7V is given in 

figure 4.  It was found that the radiative recombination of the free carriers injected (electrons and 

holes) take places in Alq3 layer [10] and is located at about 20 Å from the interface HTL/ETL [10], 

which simultaneously serves the Emissive Layer (EML).  

These results are in good agreement with Tang’s finding [1, 14]); then the flux of photon 

will be reflected by the cathode. The free charge carriers recombination for the device (A) are 

confined to a very narrow region in EML with value 1.49.10
25 

cm
-3

s
-1

[10], and we have low   

recombination rate for the device (B) and (D) with α-NPD, p-TTA as HTL material respectively, 

due to the low holes mobility 6.1.10
-4

 cm
2
v

-1
s

-1
 and 6.9.10

-3
 cm

2
v

-1
s

-1 
respectively. 

 In addition, a large recombination zone was obtained with a value of 1.36.10
26

 cm
-3

s
-1 

in case of 

the device (C). This is due to a maximum free charge carriers concentration at the interface 

HTL/ETL, because TAPC has the highest holes mobility of about 10
-2

 cm
2
v

-1
s

-1 [26] and has an 

excellent LUMO value (2eV), was effective electrons blocking at the TAPC/ EML interface (ΔEe 

= 1.1eV) which is beneficial to the recombination of exciton in EML [26,30]).   
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Fig. 4. Langevin recombination rate for series of devices OLEDs (A-D) at 7V. 
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Fig. 5. Singlet density excitons for series devices OLEDs (A-D) at 7V. 

 

 

On the other hand, we have observed the same results for the singlet exciton density 

represented in figure 5, because the Langevin recombination results in the formation of singlet and 

triplet exciton, with a ratio of 1:3 due to spin statistic; fluorescent light emission because of 

radiative decay can only be expected from singlet exciton [22, 31].  

The exciton diffuses from the high to low concentration, and will be extended 30nm from 

the interface HTL/ETL and forming the emitting zone [40, 41]. The energy of the exciton emits a 

photon, the color of the light emitted may be chosen [6, 12]: 

 

   ∆𝐸 =
ℎ𝑐

𝜆
                                                                        (13) 

 

where: 

λ is the emission wavelength. 

h  is the Planck constant (6.626.10
-34

 J.S) 

The validation of our numerical model is provided in figure 6. It shows the (J-L) 

characteristics for a series of OLEDs devices (A-D) with the experiment results of the reference 

[10], the agreement between our simulated results and measurements reference is acceptable. The 

luminance was calculated in (cd/m
2
) by the relation [18,42]: 

 

𝐿 = 𝜂coup. 𝐾𝑚. 𝑆⁡. ℎ𝜈.
1

𝜋
                                                         (14) 

 

where: 

Km is the human eye sensitive Km=683lm/W 

S is the integrated exciton density. 

hν is the energy of emitted photon 

 

𝜂𝑐𝑜𝑢𝑝 =
1

2𝑛2                                                                     (15) 

 

where: 

n is the refractive index of the organic material (n=1.6). 
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Fig. 6. L-V characteristics for series of devices OLEDs (A-D) at 6V compared with reference [10]. 
 

 

Table 2 summarize the structures to study compared with that of the references [28,33]. 

The luminescence power spectra versus voltage for a series of OLEDs devices (A-D) are 

represented in the figure 7, these results are in good agreement to be compared with previously 

stated data. 
 

Table 2. Comparative table including differences structures and reference [28,33]. 

 
        Turn on voltage       Langevin recombination rate    Power of luminescence             References 

                               (V)                                     (cm
-3

s
-1

)                                     (w/µm)                          

Device A                 2.5                               1.49.10
25                                                         

9.93.10
-3   

        

                                                                    2.10
20 

                                                                                     [33] 

Device B                 3.5                               6.19.10
25

                                       0.043             

                                                                    3.10
24                                                                                                                                     

[28]
 

 

Device C                 3.5                               1.36.10
26                                                             

0.075      

           

Device D                 3.5                               6.24.10
25

                                        0.05 
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Fig. 7. Power of luminescence for series of devices OLEDs (A-D) at 7V. 
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The device (A) has the minimum luminescence power (9.93.10
-3

 w/µm
2
) the low 

efficiency can be explained by the inefficient generation of the bulk exciton in EML since the 

barrier height for charge carriers interface HIL/ETL crossing are relatively high [ 33].  For device 

(B), the insertion of the holes transport layer (HTL) decreases the direct interface recombination 

since the energetic barrier for the holes is reduced, the recombination interface becomes a very 

effective source for the bulk exciton [7, 12, 18]. We have an enhancement in the luminescence 

power of 0.043 W/µm
2
 [2, 12]. For the device(D) with p-TTA as HTL material, we have slight 

difference in the luminescence power 0.05 W/µm
2
 due to its high holes mobility (6.9.10

-3
 cm

2
v

-1
s

-

1
) as compare to the mobility of that widely used α-NPD (6.10

-4
 cm

2
v

-1
s

-1
) as HTL material [10]. 

For the device (C) the electrons blocking barrier at the EML layer lead to a maximum 

luminescence power 0.075 W/µm
2
. Such performances are mainly attributed to good hole mobility 

and to the high LUMO level (2eV) for electrons blocking. We can say that the luminescence 

power is strongly related to the number of exciton generated in EML and the balance between the 

electron and hole in EML [26, 43]. 
 

 
4. Conclusion 
 

The present work of simulation consists to study a series of devices OLEDs (A-D), for the 

two layers device a low luminescence power is obtained 9.93.10
-3

 w/µm
2
.  For the three layers 

device with α-NPD as HTL material, we have shown a large luminescence power 0.043 w/µm
2
, 

this is due to a high density singlet exciton 1.16.10
15

cm
-3

. Then, we used TAPC, p-TTA as hole 

transport layer and Alq3 electrons transport layer and emissive layer, the device consists of holes 

transporting material as TAPC showed better characteristics, due to its high holes mobility (1.10
-

2
cm

2
v

-1
s

-1
) and to the excellent LUMO level 2.0eV. We have obtained a maximum luminescence 

power of 0.075w/µm
2
and an important singlet exciton density of 2.10

15
cm

-3
. We conclude that the 

performances of the OLED are controlled by the type of HTL materials used (Tg, mobility) also by 

the energetic barrier of HTL/ETL interface. We believe that TAPC can be a promising HTL 

material for the future applications in OLEDs. 
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