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░ ABSTRACT- An optoelectronic device model for organic photodetector based on bilayer structure has been presented. 

Drift-diffusion and optical-generation model from Synopsys tool have been incorporated and its optoelectronics behavior has been 

discussed. The model shows an outstanding rectifying behavior under dark condition due to the different work function of the 

electrodes. Photocurrent density of 6.64 mA/cm2 is found under the illumination of 3 W/cm2. To analyze rectifying behavior of 

current density-voltage characteristics of the organic photodetector, the curve has been fitted with the Shockley equation. The 

enhancement of ideality factor of diode current under illumination from that of dark current at forward bias is attributed to 

enhancement of recombination loss due to generation of photo-carrier and injection of carriers from electrodes. Almost equal 

probability of photocurrent spectra in the entire spectral region indicates equal probability of exciton generated and dissociated at 

the interface between CuPc and C60 layers. The detectivity of the proposed photodetector is calculated and it is in order of 1010 Jones 

at 650 nm due to high dark current density and recombination loss. The presence of interface trap density and large transport distance 

give evidence of low response speed in the device. 
 

General Terms: Modelling, Optoelectronic Devices, Photodetector. 
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░ 1. INTRODUCTION   
Organic optoelectronic devices are of tremendous and 

technological interest in photonic applications such as optical 

interconnection, data link flexible image sensors, and tunable 

color sensors. Compare to inorganic photodetectors, organic 

semiconductor (OS) based photodetectors have brought great 

attention to light detection applications in recent years due to 

low cost, light-weight, mechanical flexibility, chemical 

modifications, tunability of absorption range and ease to 

integrate [1-5]. Generally, Optical Photo-detector (OPD) 

structure can be separated into the bilayer planer heterostructure 

where acceptor material is deposited on the donor material and 

bulk heterostructure, where donor and acceptor materials both 

are intermixed with each other. The advantage of bilayer 

structure is that most of the photo-generated carriers are 

accumulated at the interface between donor and acceptor where 

dissociated electrons and holes will reduce the recombination of 

charge carriers at the interface and enable the transport of 

charge carriers towards their individual electrodes [6-8]. Active 

layers of phthalocyanine as electron donor and fullerenes as 

electron acceptor are the most promising materials for organic 

devices due to high mobility and high absorption range. During 

last few years, large amount of research works has been 

published on OPD having a broader spectral range, high-speed, 

high efficiency, high detectivity, and large dynamic range [9-

13]. However, lifetime and speed are also significant problems 

in the organic electronics industry. To attain high-performance 

OPD, an understanding of physical processes occurring in an 

organic semiconductor is essential. Device simulation can 

provide important information about the operating mechanism 

in the device and identify the limiting processes. Furthermore, 

the behavior of OPD can be recognized and performance of 

OPD can be optimized by using computer-based simulation. 

The simulation of OPD can be separated into two parts, firstly 

coupling of light into the device and secondly extraction of the 

photo-generated carrier from the device. 
 

In this aim, various research works have been undergoing great 

interest in recent years. Device-level simulations describing the 

performance of bulk OPD have been demonstrated by different 

research groups [14-15]. Popescuet. al. used a drift-diffusion 

simulator from Synopsys to describe the current-voltage 

characteristics and explored the effects of light intensity on the 

device parameters [14]. Wurfelet. al. presented the current–

voltage curve using same device simulator and studied the 

impact of charge transport phenomena on that curve [15]. Many 

research groups reported numerical device modelling 

describing the current-voltage curve of bulk OPD and studied 

the effects of different parameters on the device [16-18]. Most 

of the research activities examined the behavior of the current-
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voltage curve of bulk OPD using numerical simulation tools so 

far. 
 

In this paper, a bilayer OPD has been simulated which 

highlights the device-level simulation describing the 

optoelectrical behavior of the proposed device. The device has      

been modelled for detailed analysis of the behavior of bilayer 

OPD. At this point, the drift-diffusion simulator from Synopsys 

tool has been used for the electrical part along with an optical-

generation simulator for the optical part. The simulated current-

voltage curve under dark and illumination conditions, 

photocurrent spectra, and transient response have been studied. 
  

░ 2. MODELLING OF BILAYER ORGANIC 

PHOTODETECTOR 
 

2.1 Bilayer Organic Photodetector Structure 
To investigate the optoelectrical behavior of organic 

semiconductors, numerical simulation has been performed 

using the semiconductor device simulation tool TCAD from 

Synopsys Inc.  The Bilayer OPD model was built up by one 

donor layer with lower electron affinity and acceptor layer with 

ionized potential.  Indium tin oxide and gold were used as 

electrodes and these were defined by their work function, 

resistivity, and reflective index. Donor layer and acceptor layers 

were described by their reflective index, extinction coefficient, 

bandgap, mobility, and density of states. The energy difference 

between LUMO of the donor (acceptor) and HOMO of donor 

(acceptor) was acted as a bandgap of the individual OS. The two 

OS layers were added between gold and ITO electrodes. The 

important parameters used to simulate the bilayer OPD are 

summarized in table 1. The device structure of the proposed 

bilayer model of the OPD is shown in figure 1 (a), in which 

donor layer and acceptor layer are represented by Copper 

Phthalocyanine (CuPc) and fullerene (C60). The thickness of 

CuPc and C60 is considered as 50 nm.  The energy level diagram 

of modeled OPD is shown in figure 1 (b). 
 

 
 

 
 

Figure 1: (a) Device structure of bilayer modeled OPD 

(b) Energy level diagram of bilayer OPD 

░ Table 1: Bilayer OPD parameters used for simulation 
 

Parameter Symbol Value 

Band gap of Donor Egos1 2.4 eV 

Band gap of acceptor Egos2 2.9 eV 

Electron affinity of donor χos1 2.7 eV 

Electron affinity of 

acceptor 

χos2 3.5 eV 

Electron mobility 𝝁n 1.9.10-3 

cm2/V.s 

Hole mobility 𝝁p 0.3 cm2/V. s 

Density of states of donor Nc 5.1018 cm-3 

Density of states of 

acceptor 

Nv 5.1021 cm-3 

Thickness of active layer t 100nm 

Carrier concentration of 

donor 

nos1 1015 cm-3 

Carrier concentration of 

acceptor 

pos2 1018 cm-3 

Dielectric constant 𝝴 7 

 

2.2 Numerical Model  
To simulate the OPD electrically and optically, the simulator 

tool should account for several processes. First, exciton 

generation, transport, and dissociation, then drift-diffusion of 

photo-generated carrier and extraction at electrodes should be 

accountable for the process flow. For exciton generation, an 

optical-generation model was used in which the rate of exciton 

generation was assumed to be homogeneous throughout the 

device [19]. Additionally, physical models of organic 

semiconductors are required to model reasonably the physical 

transport processes of organic devices within the framework. 

These models are the Poole Frenkel Mobility Model, Gaussian 

Transport Model, Gaussian Density of States model, and 

Langevin Bimolecular Recombination Model [19].  Poole 

Frenkel mobility Model is used to model the hopping transport 

of carriers in OS and that is dependent on the temperature and 

electric field [16]. The Gaussian Transport Model is used to 

explain the transport of free carriers and exciton at hetero-

interface between two organic layers. The Gaussian density of 

states approximates the effective density of states for electrons 

and holes in organic semiconductors [20]. The Langevin 

Bimolecular Recombination Model is used to explain the 

recombination process of carriers and the generation process of 

singlet excitons [16-18]. Electrical simulations have been 

carried out using a drift-diffusion simulator from Synopsys. 

This drift-diffusion equation describes the carrier's transport 

through the device.  In the simulation, hole and electron 

continuity equations were coupled with the Poisson equation. 

Electron and hole equations are coupled among them through 

mobility, the density of states, generation, and recombination 

rate. For computing exciton transport, the singlet exciton 

equation is used to couple with the Poisson equation.  
 

𝛻𝐸 =  
𝑞

𝜀
 (𝑛 − 𝑝)                                                             (1) 

 𝐽𝑛 = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛𝛻𝑛                                                   (2) 

https://www.ijeer.forexjournal.co.in/
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𝐽𝑝 = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝𝛻𝑝                                                     (3) 
𝜕𝑛

𝜕𝑡
=  

1

𝑞
𝛻𝐽𝑛 + 𝐺𝑛 − 𝑅𝑛                                                   (4) 

𝜕𝑝

𝜕𝑡
=  

1

𝑞
𝛻𝐽𝑝 + 𝐺𝑝 − 𝑅𝑝                                                   (5) 

 

Eq. (1) is the Poisson equation where the change of electric field 

(E) with respect to distance is dependent on the electron (n) and 

hole densities (p), q is the elementary charge, 𝝴 is the dielectric 

constant. Eq. (2) andEq. (3) are the electron and hole current 

densities equations with the incorporation of drift and diffusion 

of charge carriers.𝜇𝑛and 𝜇𝑝 is the mobility of electron and hole 

where mobility of organic semiconductor follows Poole-

Frenkel-mobility- ( 𝜇𝑛,𝑝(𝐸) = 𝜇0𝑛,𝑝exp (−
𝐸0

𝐾𝑇
)exp (√𝐸(

𝛽

300
−

𝛾))). 
 

𝐷𝑛,𝑝 is the diffusion coefficient which is given by Einstein 

equation (𝐷𝑛,𝑝 = 𝜇𝑛,𝑝𝐾𝐵𝑇/𝑞). 𝐺𝑛,𝑝and𝑅𝑛,𝑝  are the generation 

and recombination rate of free carriers. For modelling the 

device, carrier concentration profiles were added in two organic 

semiconductor layers, and then meshing of the profile was 

defined in the structure in which maximum meshing resolution 

is 25 nm and dimension of the active area is 100 𝝁m2. Transport 

properties of electron and hole have been simulated using the 

above five equations in the drift-diffusion simulator and the 

simulated J-V curve, photocurrent spectra, and transient 

response have been obtained. Absorption photon density and 

total current density profiles are shown in figure 2 (a), and (b). 
 

 
 

Figure 2: (a) Absorption photon density profile of OPD. (b) Current 

density profile of OPD 
 

░ 3. RESULTS AND DISCUSSION  
 

3.1 Drift-diffusion Simulation of J-V Curve 
The simulated J-V curves under dark condition are illuminated 

at a wavelength of 600 nm is shown in figure 3 (a). Cathode 

voltage has been varied between -2 to 0.3 V and a light intensity 

of 3 W/cm2has been applied. An outstanding rectifying 

behavior under dark conditions has been observed and the 

estimated rectification ratio is found to be 104 at ±0.3 V. The 

observed rectifying behavior is due to the different work 

functions of electrodes [21]. An optimum value of dark current 

density is achieved and is found to be 8.56 × 10-9 A/cm2 at 0 V, 

as carriers are not easily injected from the electrodes to the 

active layer due to large barrier height. The result shows less 

dark current density from the reported dark current curve of 

Gaoyao et. al [22], where the thickness of CuPc and C60 was 

chosen as 20 nm and 40 nm and the size of the active layer is 3 

mm2. Under illumination condition, device current is observed 

to increase than in the dark condition that indicates photo-

detecting behavior. Under the irradiation of light, generated 

excitons in the active layer create photo-generated carriers. 

These carriers are injected by the electrodes without facing 

large barrier height leads to enhancement of device current. 

Photocurrent density at 0 V is found to be 6.64 mA/cm2 under 

the illumination of 3 W/cm2 and that photocurrent increases 

gradually with increases in reverse bias. On the other hand, 

under forward bias, device current density is observed to 

increase sharply at 0.3 V due to carrier injection from electrodes 

[22]. It can be observed that the device offers photocurrent 

density in 𝝁A range under low-intensity light [22-23] whereas 

in the proposed work, mA range photocurrent density is 

observed under high-intensity light. Hence, these results 

suggest that photocurrent density increases with the intensity of 

light.  

 
Figure 3: (a) Current vs. voltage curve under dark and illumination 

conditions. Red lines in inset shows best fitted curve. (b) 

Photocurrent vs. light intensity curve at -0.3 V and -2 V. Inset shows 

Photocurrent vs. voltage curve at 3W/cm2 
 

To describe rectifying behavior of current density-voltage 

characteristics (J-V curve) of OPD, Shockley equation is used. 

Relation between J-V curves is governed by eq. (6) 
 

𝐽 = 𝐽0exp (
𝑞𝑉

ɳ𝐾𝑇
)                                                               (6) 

 

Where J is the current density, J0 is the reverse saturation current 

density in the absence of bias, ɳ is the ideality factor, V is the 

applied bias, K is the Boltzmann constant, T is the absolute 

temperature and q is the electronic charge (1.6 × 10-19 C). J0 is 

related to the Schottky barrier height,𝐽𝑜 = 𝐴 ∗ 𝑇2 exp (−𝑞𝛷𝐵/
𝐾𝑇), A is the Richardson constant, ΦB is the barrier height. 
 

Simulated Jdark-V curve is fitted with the Shockley eq.(6) in 

which diode current is only dependent on the applied bias. The 

red-line shown in the inset of figure 3 (a) is a fitted curve. From 

the fitted curve, reverse saturation current density (J0), barrier 

height, and ideality factor have been estimated. The estimated 

barrier height and ideality factor and J0 are found to be 0.76 eV 

and 1.05 and 2.45 × 10-7 A/cm2. The estimated J0 is almost equal 

to simulated dark current density at 0 V. Ideality factor of 1 in 

dark condition indicates the dominance of direct (bimolecular) 

recombination [15, 24-25]. 
  

Under illumination, the output current of OPD is operated by 

two different inputs, one is applied bias and another is incident 

light (photon flux). Hence to describe illumination current in 

OPD, one generation current is needed to add in the Shockley 

equation in which diode current is dependent on the applied bias 

and generation current is only dependent on the incident light. 
  

J = J0 exp (
eV

ɳKT
) − Jgen                                                   (7) 

Where Jgen is the generation current density. 

https://www.ijeer.forexjournal.co.in/
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The simulated Jillu-V curve is fitted using Eq (7) and the red line 

depicts in figure 3 (a) is the fitted curve. From this fitted curve, 

diode parameters are extracted. J0 and generation current 

density (Jgen) and ideality factor are found to be 7.968 × 10-7 

A/cm2, 0.0067 A/cm2 and 1.17. It is observed that under 

illumination, diode current at low forward bias is activated by 

the intensity of light.  The ideality factor of that diode current 

deviates from 1 and it is observed to increase slightly from the 

dark current’s ideality factor.  The increased in ideality factor 

under illumination is attributed to the enhancement of 

recombination. Under forward bias, device current is dependent 

on the applied bias as well as the intensity of light. Hence, the 

carrier concentration is increased in the system due to the 

generation of photo carriers and the injection of carriers from 

electrodes. At higher carrier concentrations, the recombination 

rate is increased which indicates the enhancement of ideality 

factor under illumination [26].   

 

Inset of figure 3 (b) shows the simulated photocurrent current 

curve (extracted from J-V curve) which is observed to decrease 

strongly with increases in forward bias. We expect that with the 

application of forward bias, more electrons and holes are 

injected from electrodes to the active layer and these carriers are 

recombined with photo-generated carriers [26-27]. 
 

In order to obtain a good dynamic range, the linearity of 

photocurrent response under different intensities is an important 

parameter for any photodetector. To analyze the linear dynamic 

range of the OPD, the curve is plotted and is shown in figure 3 

(b). Photocurrent response at -0.3 and -2 V is observed to 

increase linearly over the intensity of light from 0.1 to 3 W/cm2. 

Such linear behavior is found due to the generation of higher 

excitons with an increase in light intensity. This further 

indicates that OPD maintains almost constant responsivity with 

the intensity of light at both reverse bias conditions. From the 

slope of fitting lines, responsivity at -0.3 and -2 V are found to 

be 2.3 and 2.5 mA/W respectively. Different values of 

responsivity at different biases indicate that there is an 

enhancement of photocurrent. Since with application of the 

external bias, excitons are easily dissociated into free carriers at 

the interface and after dissociation, the free carriers are 

accelerated towards the electrodes within a very small time 

which leads to the higher photocurrent. 
 

3.2 Photocurrent v/s Wavelength 
Photocurrent spectra at different intensities of 0.1 W/cm2, 3 

W/cm2, and 6 W/cm2 are shown in figure 4 (a). Most of the 

photocurrent is observed to be generated in the whole visible 

region under intensities of 3 W/cm2 and 6 W/cm2.  Photocurrent 

produced from 0.55 µm to 0.75 µm is due to photon absorption 

in the CuPc layer and second photocurrent spectra from 0.35 

µm to 0.45µm correspond to photo-absorption of C60 layer.  An 

almost equal amount of photocurrent spectra in both spectral 

regions is attributed to an equal probability of exciton generated 

and dissociated at the interface between CuPc and C60 layers. 

Almost fifty times less photocurrent is produced in the OPD 

under the illumination of the intensity of 0.1W/cm2.  Generation 

of lower photocurrent density under the low intensity can be 

attributed to less amount of exciton generated in the both OSs 

which in turn, less photo-generated carrier are generated in the 

device. Generation of photocurrent is directly proportional to 

number absorption of incident photon with illumination of light 

energy. If we apply low intensity of light, less number of 

electron-hole pairs will be produced as less number of incident 

photon presented inside the device. Number of incident photon 

is increased with increment of intensity of light which inturn 

increases the photocurrent. 
 

 
Figure 4: (a) Photocurrent of device vs. wavelength at intensities of 

0.1, 3 and 6 W/cm2. (b)Photocurrent of device vs. photon energy at 

intensities of 0.1, 3 and 6 W/cm2 
 

The curve shown in figure 4 (b) has been plotted from the 

photocurrent spectra. In this curve, maximum photocurrent is 

observed at the photon energy of 1.7 eV. The photon energy 

corresponds to the difference between the HOMO of the donor 

and LUMO of the acceptor (effective bandgap energy) [16-18]. 

Hence it is found that maximum exciton generation occurs in 

the device when OPD is excited by photon energy corresponds 

to the effective bandgap energy (at the interface between donor 

and acceptor material).  At 1.7 eV, maximum absorption occurs 

at the interface indicates the generation of maximum 

photocurrent due to dissociation of higher probability of exciton 

at the interface. figure 5 (a) represents the responsivity of OPD 

at intensity of 0.1 W/cm2, 3 W/cm2 and 6 W/cm2 respectively. 

Responsivity (R) of OPD can be calculated using below formula 
 

𝑅 =
𝐼𝑝

𝑃
 

 

where, Ip is photocurrent and P is the incident optical power. 

The calculated responsively of the proposed model is found to 

be 1.5 mA/W under the illumination intensity of 3W/cm2 at zero 

bias. The proposed responsively is better as compared to 

responsivity reported in S. Sahu et al [23]. Due to low carrier 

mobility, charge transport in the system becomes slow and is 

enhanced by the recombination loss that further indicates the 

reduction of responsivity [28-29]. On the other hand, the 

generation of a low probability of exciton in a small active area 

is responsible for this low responsivity. 
 

 
Figure 5: (a) Responsivity vs. wavelength at intensity of 0.1, 3 and 6 

W/cm2. 

 (b) Detectivity vs. wavelength at intensity of 3 W/cm2. Inset shows 

dark current vs. voltage at same intensity 

https://www.ijeer.forexjournal.co.in/
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Different types of noise such as shot noise, Johnson noise, 

thermal fluctuation noise affect the dissociation efficiency and 

charge transport efficiency in the device which in turn affects 

the device performance such as responsivity and detectivity 

[30-31]. The inset of figure 5 (b) depicts the dark current 

density-voltage curve. Dark current density is observed to be 

8.56 nA/cm2 at 0 V and it is increased about to two orders when 

a reverse bias is ramped from 0 to -2 V. Shot noise is the major 

contribution for the dark current density which correspondingly 

limits the device detectivity. The specific detectivity is another 

important parameter for determining the noise performance of 

photodetector and it can be measured using the below formula, 
 

𝐷∗  =
𝑅

(2𝑞𝐽𝑑)1/2
 

 

where R is responsivity and Jd is the dark current density and q 

is the electron charge (1.6 × 10-19C). The calculated result of 

specific detectivity under a light intensity of 3 W/cm2 is shown 

in figure 4 (b). The detectivity is found to be 3×1010 Jones at 

650 nm and zero bias.  Due to the high dark current, detectivity 

is obtained in the order of 1010. A similar order of detectivity 

has been found in another report but in that case, light source 

having a wavelength of 900 nm was used [22]. Another main 

reason for the low detectivity is attributed to the injection of 

electron (hole) from the anode (cathode) to the active layer 

under reverse bias condition [32]. Transient curves of modelled 

OPD at pulse periods of 1s and 2s under different bias 

conditions are shown in figure 6 (a) and figure 6 (b) 

respectively. From both figures, similar and clear photo-

response behaviors are observed at 0 V and -5 V. With the 

illumination of light on and off, device current shows two 

different states, a low state with the magnitude of 5.25 nA in the 

dark and a high state with a magnitude of 6.96 nA at a light 

intensity of 3 W/cm2 and -5 V. The ratio of photocurrent to dark 

current at -5 V and is found to be 1.32 under intensity 3 W/cm2. 
 

 
Figure 6: Simulated transient response at 0V and -5V under pulse 

period of (a) 1.5 second and (b) 2 second 
 

Moreover, same shape of pulse photo-response is obtained for 

the illumination pulse period of 1.5 (repetition frequency 600 

MHz) and 2 s (repetition frequency 500 MHz) in figure 6. Due 

to the presence of interface trap density at the interface, the 

majority of photo-generated carriers got loss (detained) before 

reaching the respective electrodes. Additionally, due to the 

large transport distance, low mobility carriers yield a long time 

to collect by the electrodes. These two processes limit the 

response speed of OPD [33-35]. 
 

In transient response, it is observed, the device is not responding 

properly for pulse widths of 1.5 s and 2 s. Output current 

saturates to its maximum value (6.64 nA at 0V) after 1.5 s. 

Using Eq. (8), the saturation time/rise time is calculated. 
  

𝐼 = 𝐼0(1 − 𝑒−𝛼𝑡)(8) 
𝐼 = 𝐼0𝑒−𝛼𝑡(9) 

 

Where I is the photocurrent and I0 is the saturation value of 

photocurrent. Using Eq. (8), a curve is plotted in figure 7 and 

the value of α has been estimated. The inverse value of α 

determines the time constant of the device due to light shining 

on OPD and is noted as 5 s. Hence, the response time of the 

device is 5 s. 
 

 
Figure 7: I/I0 Vs Time at 0 V 

 

Fall time of the OPD has been calculated using Eq. (9) and the 

value is found to be 10 s. The reason for different rise time and 

fall time is due to the influence of a localized coulomb force 

which works between electron and hole [11]. Response time 

also provides the depletion capacitance and depletion width of 

the OPD. The depletion capacitance (C=𝛕/R, where 𝛕 is the time 

constant and R is the differentiate resistance) and width 

(W=𝝴A/d) are found to be 116 nF and 0.0053 nm. Comparison 

of previous photodetector with present photodetector is shown 

in table 2. 
 

░ Table 2: Comparison of previous photodetector with 

present photodetector 
 

Structure Photocurren

t (A) 

Dark 

current (A) 

Responsivity 

(A/W) 

Ref 

ZnO:rGO 10 x 10-9 2 x 10-9  [36] 

PEDOT:PSS/ 

pentacene/ 

F16CuPc 

21.3 x 10-6 2 x 10-6 2.9 x 10-3 [37] 

CuPc/C60 6 x 10-3 Order of 10-9 1.6 x 10-3 Present 

work 

 

░ 4. CONCLUSION 
In conclusion, the modelling of organic photodetector based on 

bilayer structure has been reported. Drift-diffusion simulator 

and optical-generation simulator from Synopsys tool have been 

incorporated and the optoelectronic behavior of OPD has been 

analyzed. OPD shows good rectifying behavior under dark 

condition due to the different work functions of electrodes. The 

https://www.ijeer.forexjournal.co.in/
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photocurrent density of 6.64 mA/cm2 has been observed under 

the illumination of 3 W/cm2 and the photocurrent is increased 

gradually with increases in reverse bias. To describe rectifying 

behavior of current density-voltage characteristics of OPD, the 

curve has been fitted using the Shockley equation. Under 

application of forward bias, the deviation of the ideality factor 

of diode current deviates from 1 under illumination from that of 

dark current which indicates enhancement of recombination 

loss due to generation of photo-carrier and injection of carriers. 

Generation of equal probability of photocurrent spectra in 

whole spectral region attributes to the equal probability of 

exciton generated and dissociated at the interface between CuPc 

and C60 layers. Specific detectivity of the proposed device is in 

the order of 1010 Jones at 650 nm due to the high dark current 

density and the recombination loss occurring in the device. The 

presence of interface trap density and the large transport 

distance are responsible for optimum response speed in OPD. 
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