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ABSTRACT 
Organic light-emitting diodes (OLEDs), as a new generation display and lighting technology, are critical 
for charge transport and luminescence efficiency enhancement. The study determines the potential, 
electron and hole concentrations in OLED devices based on Poisson's equation and current continuity 
equation, and fits the charge transport process in the devices with the drift-diffusion model. The 
differential equations are solved by improved Euler's method and iterative solution method to 
simulate the operating state of the OLED device. In conjunction with experiments, the enhancement 
effects of the OLED devices optimized based on the differential equation model in terms of charge 
transport and luminescence efficiency are analyzed. The optimized device and the comparison device 
exhibit the same partial pressure and a largely overlapping luminescence curve at 450~460 nm, but 
the optimized device lifetime and brightness are better than the comparison device. The charge 
transfer efficiency of the optimized device exceeded 99.99%, while that of the comparison device was 
lower than 95%. In addition, the light extraction efficiency of the optimized device is more than 20% 
higher than that of the comparison device, and it has the highest current efficiency, i.e., the optimized 
device has a better luminescence efficiency. The differential equation model is used in OLED devices 
to describe the processes of charge transport, optical properties, etc. The model can be used to 
systematically optimize the material properties and improve the overall efficiency of OLED devices. 

Keywords: Differential equation modeling, Drift-diffusion model, Luminescence efficiency, OLED 
device 
 

1. Introduction 

Organic electroluminescent device (OLED) is a light-emitting diode composed of organic materials, 
and its device structure and light-emitting mechanism are interrelated, which together form the basis 
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of OLED technology [1]. OLED development to the present time, also only has more than thirty years 
of development history, but OLED is now widely used, such as smart phones [2], high-end TV [3], tablet 
PCs [4], automotive display devices [5], smart lighting [6], photomedicine [7], wearable devices [8], 
functional textiles [9], etc., and its various performances can fully challenge the level of inorganic 
semiconductors, and in many aspects have reached the commercialization requirements [10]. Since 
C.W. TANG et al. reported low-voltage, high-efficiency organic small-molecule electroluminescent 
devices in 1987, OLED technology has gained rapid development after the commercial globalization of 
the production of OLED products in 1997, as well as used in automobile stereos, and is very promising 
to become the dominant technology for the next generation of displays [11-13]. 

At present, various R&D organizations around the world have invested a lot of manpower and 
resources in researching the basic theory of OLEDs, and some new characteristics of OLED devices 
have been discovered. However, in some aspects, organic semiconductors are still in a less perfect stage 
of development, and there are still many shortcomings and deficiencies that need to be addressed. For 
example, when the transient scanning voltage is applied to the OLED device, phenomena such as zero-
current-voltage shift can be observed from its voltage-current curve, as well as the effect of 
performance stability under charge transfer, so it is necessary to further develop organic 
semiconductors to improve the performance and efficiency of organic electronic devices [14-17]. In 
addition, OLED devices are composed of several layers such as light-emitting layer, current-
transporting layer and anode and cathode, and their structures mainly include the bottom and top 
structures, and the charge-transporting layer in the bottom structure is usually located between the 
organic light-emitting layer and the charge-injection layer, which is used to enhance the carrier 
transport and equalize the charge [18-19]. When an appropriate voltage is applied in an OLED device, 
the cathode injects electrons from the cathode end and the anode injects holes from the anode end, 
and the electrons and holes accumulate in the charge transport layer and are further injected into the 
emission layer. In the emissive layer, the electrons and holes meet, undergo a complex reaction and 
release energy which is emitted in the form of photons to form visible light [20-22]. Red light is emitted 
when a positive voltage is applied to the cathode (top of the emissive layer) and blue and green light 
is emitted when a positive voltage is applied to the anode (bottom of the emissive layer) [23]. By 
controlling the polarity and magnitude of the voltage, the color display of the OLED display can be 
achieved. And the molecular structure of the organic light-emitting materials in the emissive layer 
determines the color of the light and the luminescence efficiency [24-25]. In order to perfect the 
performance of OLED devices, their charge transfer and luminescence efficiency have to be optimized. 

In this paper, a set of differential equation mathematical models is constructed to describe the 
charge transport, compounding, and luminescence processes in OLED devices, and the effects of key 
factors on device efficiency are explored. The spatio-temporal distribution of charges and excitons in 
the device is quantitatively described by establishing the drift-diffusion equation. The accuracy, 
truncation error, and stability problems in the solution process of the differential equations are also 
analyzed. The alternating solution method is adopted to solve the system of differential equations and 
the system of algebraic equations in charge transport in a joint manner, and the corresponding state 
vectors are derived for the time series. The study prepares flexible OLED devices based on the 
differential equation optimization model and compares them with conventional OLED devices to 
demonstrate the impact of the differential equation model on the performance enhancement of OLED 
devices. 

2. Organic light-emitting diodes (OLEDs) 

2.1. OLED structure 

OLEDs [26] are mainly used in industries such as displays, lighting panels, wearables, and medical care. 
OLEDs are a sandwich-like structure, and a typical OLED device structure is shown in Fig. 1, with a 
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single-layer structure in Fig. 1(a) and a multilayer structure in Fig. 1(b). The most basic OLED structure 
consists of three layers of anode, light-emitting layer, and cathode stacked in sequence, and this 
structure will lead to unbalanced carrier transport due to the mismatch of carrier transport 
capabilities of materials, thus obtaining a lower device efϐiciency. In order to balance the carrier 
transport, a multilayer OLED structure as in Fig. 1(b) was developed. The multilayer OLED structure 
generally consists of a stack of anode, hole injection layer (HIL), hole transport layer (HTL), light-
emitting layer (LED), electron transport layer (ETL), electron injection layer (EIL), and cathode. The 
HIL and the EIL help to inject holes and electrons into the organic layer, which improves the carrier 
concentration and reduces the device turn-on voltage. The HTL and the ETL are inserted into the 
interface between the EML/HIL or the HTL and ETL are inserted between the interfaces of EML/HIL 
or EML/EIL, respectively, which help to transport holes and electrons to the EML for carrier 
complexation, thus increasing the carrier concentration inside the device or blocking carrier leakage 
to the electrodes and improving the device performance. 

Cathode

EIL

ETL

EML

HTL

HIL

Anode

Cathode

EML

Anode

(a)
(b)

 

Fig. 1. Schematic diagram of typical OLED device structure 

2.2. Illumination process 

OLEDs are two-carrier-injected light-emitting devices that convert input electrical energy into light 
energy output. Figure 2 shows the light-emitting process of OLED. 

1) Carrier injection: Under the action of an applied electric ϐield, holes at the anode and electrons at 
the cathode are injected into the organic layer. In the injection process, the hole from the anode of the 
Fermi energy level jump to the adjacent organic material layer of the highest occupied molecular 
orbital (HOMO), the electron from the cathode of the Fermi energy level jump to the adjacent organic 
material layer of the lowest unoccupied molecular orbital (LUMO). 

2) Carrier transport: in the applied electric ϐield and the carrier between the Coulomb gravitational 
force, holes and electrons continue to the light-emitting region of the direction of the leap process. 

3) Carrier composite: when the hole and electron transport to the light-emitting region, the two in 
the Coulomb gravitational force under the action of internal composite formation of excitons. 

4) Radiative Leap: When an exciton returns to the ground state by radiative leap from the excited 
state, the device will emit ϐluorescence or phosphorescence. A single heavy state exciton can jump 
directly from the excited state to the ground state to emit ϐluorescence. 
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Fig. 2. Basic principle of OLED luminescence 

2.3. OLED Preparation Process 

The preparation process of OLED has more methods, which are mainly divided into the following two 
types of methods: vacuum vapor deposition and solution method. And the solution method can be 
divided into spin coating, inkjet printing, scraping, brushing, dipping and spraying. 

The main method for commercial production of OLED full-colorized displays is the vacuum 
evaporation method. Vacuum vapor deposition refers to the method of heating the coating material in 
a vacuum environment to vaporize it into gaseous particles with a certain amount of energy, and the 
gaseous particles will be deposited onto the surface of the substrate to condense into a ϐilm. As a more 
cost-effective alternative, the solution method for OLEDs has been proposed. Compared to vacuum 
vapor deposition, the solution method is simpler to operate and has a higher material utilization rate. 

Solution method refers to the method of dispersing materials in a well-dispersed solvent to form a 
homogeneous solution, and then depositing the materials on the substrate by spin-coating, printing, 
squeegee-coating, or spraying, etc. The solution method is also used for the preparation of OLEDs. The 
solution method of OLED preparation is mainly categorized into spin-coating, scraping, spraying and 
inkjet printing. 

1) Spin-coating method means that after dropping the solution on the substrate, the spin-coater is 
activated, and the substrate is rotated at high speed under the set spin-coating speed and duration, 
and ϐinally annealed to remove the solvent to form a ϐilm in a certain way. 

2) Scraping is a method of placing the ink material on the substrate, moving the scraper to evenly 
scrape the ink material onto the surface of the substrate, and then annealing to remove the solvent 
ϐilm. 

3) Spraying is a process in which a solution is uniformly sprayed onto the surface of an object by 
means of a spray gun. In the spraying process, the solution passes through the nozzle of the spray gun 
and is sprayed on the substrate in a high-speed jet to form a ϐilm. 

3. Differential equation modeling of charge transport and luminous efficiency 
of OLED devices 

3.1. Numerical models 

3.1.1. Drift-diffusion model. Describing the charge transport phenomena inside OLED devices 
through Poisson's equation [27] and the continuum equation for electron and hole currents are 
complex methods. The Poisson equation describes the relationship between electrostatic potential 
and charge. However the distribution of electrons and holes in the device is not known in advance. In 
this case the Poisson equation is applied in combination with the electron and hole current continuity 
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equations to determine the electrostatic potential, and the own concentrations of electrons and holes. 
A set of equations for the drift-diffusion model [28] for device simulation is given in the steady state: 
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where:   is the electrostatic potential. 
n  and p  are the densities of electrons and holes, respectively. 
The electric ϐield E  is deϐined as E   . 
q  is the unit charge. 

s  is the dielectric constant of the semiconductor. 

( , ) ( , ) ( , )D AD x y N x y N x y     is the net doping concentration. R   is the net binding ratio. R   is 
assumed to be the Shockley-Read-Hall binding process: 
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where nt   and pt   are the electron and hole lifetimes, respectively. Their masses are determined 

experimentally. Using a similar solution method, other carrier production and binding models can also 
be included. The collisional ionization and photon lepton carrier current densities nJ  and pJ  are 

given in the following equations: 

 n n nJ q n qD n       (5) 

 p p pJ q n qD n       (6) 

where the carrier mobility n  and p  are determined by the carrier density and the electric ϐield. 

The diffusion coefϐicients nD  and pD  are assumed to satisfy the Einstein relation: 
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where the thermal voltage is deϐined as /T B L qV K T , LT  is the lattice temperature, and BK  is the 

Boltzmann constant, and q  is the unit charge. 

3.1.2. Boundary conditions. The Poisson equation for the drift-diffusion model is an elliptic equation. 
The problem of determining the solution of such equations is a margin problem. In a one- or two-
dimensional simulation, it is to solve an unknown function that satisϐies both the equations and the 
margin constraints in a certain interval or region. Mathematically, there are two types of boundary 
conditions or edge-value constraints to be satisϐied by the function to be solved: 

1) Type I boundary conditions, also known as Dirichlet conditions, which give the value of the 
function to be found on the boundary. 

2) Type II boundary conditions, also known as Neuman conditions, which require that the normal 
gradient of the to-be-function at the boundary be a given value. 
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3.2. Numerical solution of differential equations 

3.2.1. Basic Model. The analysis of charge transport in OLED devices requires solving a system of 
differential equations and a system of algebraic equations jointly. By solving a system of differential 
equations, we mean to ϐind the numerical solution of the differential equations, i.e., to ϐind the 
corresponding system state vector 0 1 2, , , , ny y y y  step by step for the time series 0 1 2, , ,..., nt t t t , under 
certain initial value conditions. 

If for the differential equations: 

 ( , )
dy

f y t
dt

  (8) 

Let the initial value be 0 0( ) ( )y t t y t  . If the calculation step is taken to be 1( 1, 2, )n nh t t n    , 

the exact value 1( )y t  of y  at the moment 1t  should be: 
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In practice, the integral term is approximated, resulting in different numerical solutions. 
When taking 0 0 0( , )iy y f y t h  , that is, the derivative of ( )y t  is considered to be constant in the 

interval 0[ , ]iy y , that is, the approximation takes ( )y t  as a straight line with a slope of 0y
 , that is, the 

derivative of the beginning of the interval. This method of numerical solution of differential equations 
is called Euler's method. 

Some important properties of the numerical solution method are discussed below in order to select 
the numerical solution of the differential equation applicable to the charge transport process of the 
OLED device and to pay attention to the problems that may arise in the solution. 

3.2.2. Higher- and lower-order algorithms, accuracy and truncation error. For Equation 
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When the ϐirst-order derivative term of the above equation is taken to approximate the computation 
of 1ny  , i.e., set 1n n ny y y h   , the numerical integration result is said to have ϐirst-order accuracy, 
and the truncation error, i.e., the deviation of the true value from the approximated computed value, 
can be known from the nature of Taylor poles as: 
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Called the second-order truncation error, which is Euler's method. Theoretically analyzed: general 
k -order accuracy and numerical calculation formula with ( 1)k  -order truncation error. Improved 
Euler method has second-order accuracy and third-order truncation error. Its accuracy is higher than 
Euler's method. Implicit integral method has second order accuracy, third order truncation error i.e. 
its accuracy is comparable to the improved Eulerian method. When the value of k  is high, i.e., when 
higher order derivatives are taken for Taylor poles for approximation, the corresponding algorithm is 
called higher order algorithm and vice versa, it is called lower order algorithm. 

3.2.3. Numerical stability issues. A very important issue in the numerical solution of differential 
equations is the tendency of the error formed in the previous step of the computational process to 
change in the subsequent time-steps of the computation: whether it is convergent or divergent, i.e., 
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the stability problem. The problem of numerical stability is closely related to the characteristics of the 
physical problem itself, as well as to the computational method and the computational step size used. 
Theoretical analysis shows that the domain of numerical stability of implicit computational methods 
is much larger than that of explicit ones. When the explicit integration method is used, the choice of 
the step size is limited by the minimum time constant in the differential equation, which otherwise 
leads to incorrect calculation results. 

3.3. Methods for solving differential and algebraic systems of equations 

When applying the numerical solution method to calculate the charge transport process of an OLED 
device, both the differential equation and the set of algebraic equations must be solved within each 
integration step. For this purpose, there are two different methods: the alternating solution method 
and the associative solution method. This section focuses on the alternating solution method. 

The differential equation and the system of algebraic equations describing the charge transport 
process can be written in general form as: 

 
( , )

( , ) 0

px f x y

g x y


 

 (12) 

When the numerical solution of a differential equation is by explicit integral method, the principle 
and procedure of the alternating solution method is relatively simple. Taking the explicit Euler method 
as an example, for the integration step from moment t  to t t , ( )x t  and ( )y t  at moment t  are 
known quantities such that the computational steps are: 

1) Apply Euler's formula to the differential equation to calculate the state vector ( )x t t , i.e.: 

 ( ) ( ) [ ( ), ( )]x t t x t tf x t y t    (13) 

2) Apply ( )x t t  to solve the algebraic equation, i.e., solve it: 

 [ ( ), ( )] 0g x t t y t t    (14) 

This yields ( )y t t . 
This yields ( )x t t  and ( )y t t  at moment t t , which will be used in the calculation of the 

next integration step. The above steps are in principle applicable to all explicit integration methods. 
Since the ϐinal results ( )x t t  and ( )y t t  do not satisfy the algebraic and differential equations 
at the same time, this results in a certain error, called the handover error. 

3.4. Analytical process based on improved Euler's method and iterative solution method 

In charge transport analysis with low accuracy requirements and short simulation time, the dynamics 
of the prime mover and the speed control system are often ignored and the mechanical power is 
considered to be constant. This section discusses the charge transport and luminescence efϐiciency of 
OLED devices for solving the differential equations by the improved Euler method [29] and the 
network equations by the iterative solution method [30]. The ϐlow framework for the dynamic analysis 
of OLED device charge transport based on the improved Eulerian method is shown in Fig. 3. The 
component model used in this section can be further simpliϐied, if the convex pole effect is ignored and 
the classical second-order model with constant '

qE   is used, and the load is adopted as a constant 

impedance model, solving the network equations can be conveniently carried out in the complex 
domain for solving a set of complex linear algebraic equations without having to make iterative 
calculations, and only the dynamics of the OLED device charge is considered in the analysis. 
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Fig. 3. The ϐlow chart of the transient analysis of Euler method was improved 

4. Study of rapid patterning methods for highly conductive PEDOT: PSS 
electrodes 

In this section, the optimization of OLED device structure, material parameters and preparation 
process is based on the differential equation model considering the effects of electric ϐield, charge 
diffusion and other factors. PEDOT: PSS is selected as the main material to prepare the ϐlexible OLED 
device, and the performance of the device, such as efϐiciency, brightness and lifetime, is tested to verify 
the accuracy and reliability of the differential equation model. 

4.1. Experimental materials 

The materials used for the experiments in this paper include: 
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Polyethylene dioxythiophene: poly(styrenesulfonate) (PEDOT:PSS), speciϐication parameter: PH 
1000. 

Polyethylene dioxythiophene: poly(styrenesulfonate) (PEDOT:PSS), speciϐication parameter: AI 
4083. 

2,4-Hexadiyne-1,6-diol (Hexa-2,4-diyne-1,6-diol), Speciϐication parameters: ≥98.0%. 
Dimethyl sulfoxide (DMSO), Speciϐication parameters: ≥99.9%. 
1,3-di-9-carbazolylbenzene (m CP), Speciϐication parameters: 99.9%. 
Tris(2-phenylpyridine)iridium(Ir(ppy)3), Speciϐication parameters: 99.9%. 
1,3,5-Tris[(3-pyridinyl)-3-phenyl]benzene (TmPyPB), Speciϐication parameters: 99.9%. 
Chlorobenzene (CB), Speciϐication parameters: ≥99.9%. 
Lithium ϐluoride (LiF), Speciϐication: 99.9%. 
Aluminum (Al), Speciϐication: 99.9%. 

4.2. PEDOT: Patterning of PSS electrodes 

1) Cleaning of glass bottles: Place the glass bottles in acetone for ultrasonic treatment for 10min, then 
place the glass bottles in anhydrous ethanol for ultrasonic treatment for 10min, take out the bottles 
and blow them dry with N2, and then place them in an oven at 120℃ for drying for 2h for spare. 

2) Cleaning of ϐlexible substrate: Polyethylene terephthalate (PET) substrate cut into 20mm × 20mm 
square pieces, placed in anhydrous ethanol ultrasonic treatment for 10min, remove the PET with N2 
blow-dry spare. 

3) Conϐiguration of modiϐied PEDOT:PSS ink: Pipet 5 ml of PEDOT:PSS (Clevios PH1000) and ϐilter it 
into a glass bottle using a 0.45 μm aqueous ϐilter tip. Then measure 1mL of ϐiltered PEDOT:PSS (Clevios 
PH1000) with a pipette gun, add it to the empty glass bottle, and repeat the measurement for 5 bottles. 
0mg, 4mg, 6mg, 8mg, and 10mg of HDD crosslinkers were weighed respectively, mixed into the 
PEDOT:PSS ink measured before, stirred magnets were added, glass bottles were wrapped in tin foil 
to isolate light, and stirred at room temperature (20 °C) for 12h to prepare PEDOT:PSS:HDD mixed 
inks with concentrations of 0mg/mL, 4mg/mL, 6mg/mL, 8mg/mL, and 10mg/mL. 

4) Patterning preparation of PEDOT:PSS electrodes: PET was treated with UVO for 30 min, and then 
the PET was placed on the vacuum suction cup of the spin-coater, and 80 μL of PEDOT:PSS:HDD ink 
was measured and dripped uniformly on the PET, and after the ink was spread out well, it was spin-
coated at 1200 rpm for 90 s to make the PEDOT:PSS:HDD ϐilm. The metal template was placed on the 
PEDOT:PSS:HDD ϐilm and exposed with 254 nm UV light for 60 s. Then the PEDOT:PSS:HDD ϐilm was 
developed in deionized water for 60 s, and then annealed for 30 min at 120°C on a hot stage to obtain 
the patterned transparent electrode X-PEDOT:PSS. 

4.3. Preparation flow of flexible OLEDs 

After successfully preparing transparent patterned ϐlexible X-PEDOT:PSS electrodes, green 
phosphorescent OLED devices were further prepared based on such electrodes. The hole transport 
layer PEDOT:PSS (AI4083) was ϐiltered through a 0.45 μm aqueous ϐilter head and dropped on the 
patterned X-PEDOT:PSS electrode, and after being spread evenly and spin-coated at 4000 rpm for 90 
s, it was placed on a 120 ℃ hot stage and annealed for 15 min to complete the preparation. The light-
emitting layer mCP:Ir(ppy)3 was mixed and vaporized in the ratio of 10:1. TmPyPB was vaporized at 
0.2 nm/s, LiF at 0.004 nm/s. Al at 0.5 nm/s. 
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4.4. Characterization of film and device properties 

After the electrode ϐilms were prepared, their properties were characterized using techniques such as 
four-probe, step meter, UV absorption spectrometer, and optical microscope. After preparation of the 
light emitting devices, their luminescent properties were characterized using a DC current source 
Keithley 2400 and a chromatic photometer PR 655. All the tests were carried out in an air environment 
without any encapsulation. 

4.5. Optimization of device charge transport and luminescence efficiency enhancement effect 

4.5.1. Analysis of photophysical properties of PEDOT:PSS molecules. In order to investigate the 
photophysical properties of the OLED devices designed based on the differential equation modeling in 
this paper, the UV-visible absorption spectrum (UV-Vis), photoluminescence spectrum (PL), and 
phosphorescence spectrum (Ph) of PEDOT:PSS molecules in toluene solution (10-5 M) were tested. 
The UV-Vis absorption and photoluminescence spectra were tested at room temperature, while the 
phosphorescence spectra were tested at a low temperature of 80K. 

Figure 4 shows the UV-visible absorption spectrum, PL spectrum and phosphorescence spectrum of 
PEDOT:PSS molecule in toluene solution. From the absorption spectra, it can be seen that the 
PEDOT:PSS molecule has a broad absorption band between 350 nm and 400 nm, which belongs to the 
n-π* absorption and π-π* absorption of aromatic groups. In addition to this, the molecule PEDOT:PSS 
exhibits a higher intensity narrow absorption peak between 410 nm and 460 nm, which is located at 
430 nm and belongs to the short-range charge transfer absorption due to multiple resonance effect. 
As seen from the PL spectra at room temperature, the molecule PEDOT:PSS exhibits azure emission 
and shows narrow band emission at 460 nm. At a low temperature of 80 K, the molecule PEDOT:PSS 
exhibits phosphorescence emission with a narrow half-peak width, reaching the highest intensity 
absorption peak at 527 nm. The structural relaxation and vibration of the molecule are frozen at low 
temperature, indicating that the structural relaxation and vibration of the molecule are suppressed by 
its own rigid structure. 

 

Fig. 4. The UV-vis absorption, PL and Ph spectra of molecules in toluene 

To verify the thermally activated delayed ϐluorescence (TADF) properties of PEDOT:PSS molecules, 
Fig. 5 shows the PL spectra in toluene solution after nitrogen and oxygen bubbling treatment. The PL 
spectra of TADF materials are more sensitive to oxygen because oxygen molecules can burst trilinear 
excitons and have less effect on unilinear excitons. After the toluene solution containing PEDOT:PSS 
molecules was bubbled with oxygen, the ϐluorescence intensity of the PL spectra was signiϐicantly 
weakened, and this part of the ϐluorescence intensity decay corresponds to the trilinear excitons that 
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should have been converted to unilinear excitons, which could not be efϐiciently utilized after they 
were burst by the oxygen molecules, which indirectly proves the existence of the process of the 
anticlonal interphase transitions of the trilinear excitons in the PEDOT:PSS molecules. 

 

Fig. 5. The PL spectra of the molecules in nitrogen or oxygen 

4.5.2. Optimizing Device Luminous Performance and Lifetime Evaluation. In order to investigate the 
effect of differential equation modeling on the stability of OLED devices with PEDOT:PSS molecules as 
the host material, device testing was performed using PEDOT:PSS solution. It was ensured that the 
devices were of the same type and thickness of the layer materials except for the main body material 
of the luminescent layer under study, and the thickness of the luminescent layer used was 100A. The 
differential equation model was optimized with Ir(ppy)3 dye for conventional OLED devices, while 
Alq3 and CBP dyes were chosen to prepare two blue ϐluorescent contrast OLED devices, denoted as X1, 
X2, and X3, respectively, for performance comparison. 

Figure 6 demonstrates the luminescence performance curves of the three devices. Fig. 6(a) shows 
the relationship between device voltage and current density, and it can be seen that all three curves 
exhibit an increase in voltage with increasing current, and both exhibit similar partial voltages at the 
same current intensity. Figure 6(b) shows the normalized spectra of the devices, and it can be seen 
that the emission peaks of the 3 devices are standard single peaks without other emission peaks, and 
the maximum luminescence wavelengths are between 450~460 nm, which are located in the blue light 
band. And the three devices show nearly overlapping emission curves. It can be assumed that the 
different dyes will not change the luminescent properties of the PEDOT:PSS molecule as the main 
material itself. 
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Fig. 6. The luminescent performance curve of the device 

Figure 7 shows the lifetime-voltage curves for each device, and the device tests were performed at J 
= 40 mA/cm2. It can be found that the OLED devices with different dyes exhibit similar initial 
brightness among them, i.e., the initial brightness at time 0h is around 100%. The device brightness 
gradually decreases during operation, where X1 runs to 95h when it stops running, i.e., its lifetime is 
about 95h. As for the device voltage change, it can be seen that the device life after optimization 
through the differential equation model is higher and the voltage change before and after the 
degradation of the device is reduced to a certain extent. It can be considered that the differential 
equation model helps to optimize the design and operating conditions by describing the aging, thermal 
effects, and electrical characteristics of the OLED device, which prolongs the life of the device. 

 

Fig. 7. Life-voltage curve for each device 

4.5.3. Comparative analysis of charge transport efϐiciency. The charge transfer barrier can directly 
affect the performance parameters of the image sensor such as full trap capacity, charge transfer 
efϐiciency, etc. When the sensor is placed in a light environment, the process of photogenerated 
electrons accumulating in the OLED device from the beginning of the accumulation to the end of the 
accumulation is known as the exposure stage of the pixel. At the end of the exposure stage, the charge 
accumulated during the exposure of the OLED device is transferred to the OLED device node by 
applying a high voltage to the pixel transfer gate. 

The charge transfer efϐiciency (CTE) is deϐined as a percentage of the ratio of the number of 
photogenerated electrons transferred to the OLED device node to the total number of electrons 
accumulated in the OLED device, and is expressed as follows: 
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where colN  is the total number of photogenerated electrons accumulated in the OLED device and tN  
is the number of photogenerated electrons transmitted to the nodes of the OLED device. 

The full well capacity (FWC) is deϐined as the maximum charge that can be accommodated in the 
OLED device in e-. The equilibrium full-well (EFWC) under dark conditions has a value approximately 
equal to the number of electrons obtained by integrating the OLED device capacitance (C) between the 
clamp voltage (Vpin) and the voltage at which the equilibrium full-well capacity is reached during the 
exposure stage (Vsat), which is expressed as follows: 
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When the clamp voltage of the OLED device is large and the potential of the channel transmission 
region is low, it is easy to generate a charge transport barrier, and the OLED device optimized by 
solving the differential equation model is subjected to an N-type ion injection at the interface with the 
transmission channel to adjust the potential distribution of the transmission channel and reduce the 
charge transport barrier. 

The ϐinal obtained electron transport curves of each device are shown in Fig. 8. The data in the ϐigure 
show that the EFWC of the X1 device is 7217e-, and before the start of the exposure stage, the 
transmission tube is turned on to reset the OLED device, and the number of electrons in the OLED 
device after reset is 5.59×10-4e-, and the electrons in the OLED device are transmitted to the node, and 
at this time, the OLED device is in a fully depleted state. At the end of the exposure stage, the number 
of electrons in the OLED device is 8639e-. In the transmission stage, the transmission tube is turned 
on, and the number of electrons within the OLED device after transmission is 6.5510-4e-. According to 
the charge transfer efϐiciency calculation formula, the charge transfer efϐiciency of the OLED device 
optimized by the differential equation model reaches 99.99%, and the charge transfer efϐiciency of the 
X2 and X3 devices is calculated to be less than 95% by the same calculation. 

 

Fig. 8. Electronic transmission curve of OLED devices 

4.5.4. Light Extraction Efϐiciency and Current Efϐiciency Measurement. The light extraction 
efϐiciency reϐlects the degree of optimization of the device structure for light extraction, and this 
section explores the performance effect of OLED devices optimized based on the differential equation 
model in terms of light extraction efϐiciency (LEE). Again, X2 and X3 devices are used as comparisons, 
and optical measurements are performed in a dark room to avoid external light interference. The light 
extraction efϐiciency of different devices under the condition of 20~400nm photonic crystal etching 
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depth is measured to verify the stability of the light extraction efϐiciency of the optimized devices.The 
formula for calculating the LEE is as follows: 

 ×100%zout

x x y y z z

P
LEE

P P P P P P



     
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zoutP   is the light-out power of the light-out plane in air, and x x y y z zP P P P P P            is the 

normal light-out power of the six faces of the closed hexahedron surrounding the point source, 
respectively, which can be calculated as the total light-out power of the source. 

Fig. 9 shows the variation of light extraction efϐiciency with etching depth for the three devices. From 
the ϐigure, it can be seen that the device optimized by the differential equation model (X1) has a 
signiϐicant improvement in the light extraction efϐiciency at different etching depths compared with 
the X2 and X3 devices. When the etching depth is 400mn, the X1 device shows the highest light 
extraction efϐiciency, which is 40.79% and 22.27% higher than the X2 and X3 devices, respectively. 
This has a certain guiding signiϐicance for the fabrication of high luminous efϐiciency using the 
differential equation model. 

 

Fig. 9. The efϐiciency of the three devices is changed by the depth of the etch 

This section measures the current efϐiciency at different current densities, reϐlecting the light-
emitting intensity of the device under the unit current, side by side with the luminous efϐiciency of 
each device. Figure 10 shows the trend of luminescence efϐiciency of different devices with current 
efϐiciency. From the ϐigure, it can be seen that the X1 device has the highest current efϐiciency of 3.57 
cd/A. Since the luminescence efϐiciency of the device is not only related to carrier injection, but also 
related to the degree of balance between the injection of electrons and holes in the device. The OLED 
device material optimized by the differential equation model is more conducive to the injection of 
holes in the device, so the luminescence efϐiciency of the device is relatively high. It can also be seen 
from the ϐigure that the current density of the X1 device is relatively large, thus it can be proved that 
the differential equation model improves the efϐiciency of hole injection in the device, and the chances 
of electron and hole compounding increase, so the luminescence efϐiciency of the device is also 
improved. 
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Fig. 10. The luminous efϐiciency of different devices varies with current efϐiciency 

5. Conclusion 

The article constructs a numerical analytical model based on the charge transport and luminescence 
efϐiciency in OLED devices, and uses the drift-diffusion model to describe the charge transport process 
in OLED devices. The truncation error in the numerical solution of the differential equation model is 
analyzed through the Taylor series expansion formula, and the numerical stability is analyzed 
theoretically. Based on this, the alternating solution method based on the improved Euler method and 
the iterative solution method is proposed to realize the charge transport and luminous efϐiciency 
solution of OLED devices. The study designs ϐlexible OLED devices based on the theory of differential 
equation model, and veriϐies the feasibility of the differential equation model optimized devices 
through photophysical properties as well as comparative experiments. 

The highest absorption peaks of the UV-Vis absorption spectrum, PL spectrum and 
phosphorescence spectrum of PEDOT:PSS molecule in toluene solution are located at 430, 460 and 
527 nm, respectively. The luminescence performance of the comparison device and the optimized 
device in this paper is similar in terms of voltage variation and normalized spectra, while the lifetime 
of the optimized device reaches 95 h, which is longer than that of the comparison device. The charge 
transfer efϐiciency of the optimized device is as high as 99.99% and it shows the best light extraction 
efϐiciency as well as current efϐiciency. 

The differential equation model established in the study provides a powerful theoretical tool for the 
optimization of charge transport and luminescence efϐiciency of OLED devices. Meanwhile, the 
research results can be applied to the development of OLED materials, device structure design and 
process optimization to promote the further development of OLED technology. 
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