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Abstract-- In this study, we present a photodetector based on 

molecular donor/acceptor (D/A) interactions utilizing orbital 

resonance (OR). The device operates by detecting light through 

interactions between donor and acceptor molecules, resulting in 

electronic or optical changes. The unique properties of the 

designed photodetector make it a valuable tool in various fields, 

including molecular electronics.  Initially, molecule optimization 

and band structure calculations were performed using the 

density functional theory (DFT) approach to determine the 

energy and states of the bipartite molecule. Subsequently, the 

system's Hamiltonian was calculated based on these results. The 

non-equilibrium Green's function (NEGF) formalism was then 

employed to model the photodetector using the optimized 

molecule. We utilized the self-consistent field (SCF) method and 

optical energy coefficients for modeling. Key photodetector 

properties such as photocurrent, quantum efficiency (QE), and 

responsivity (R) were calculated and compared using photons 

with energies of 1 eV.  Next, the current-voltage curve was 

extracted with and without light exposure. Results indicated 

negative differential resistance at bias voltages of 2.425 V, 7.54 

V, -1.36 V and -6.34 V depending on the input light frequency. 

The device exhibited a QE=10.2% and an R=0.34 (A/W). 

Additionally, we modeled the charging effect in the 

photodetector. Two parameters, quantum and electrostatic 

capacitance, were proposed to model this effect. Furthermore, 

the current-voltage curve was displayed considering the 

charging effect. The designed device also demonstrated the 

ability to detect and absorb waves at different frequencies. 

 

Index Terms— DFT, D/A molecule, molecular electronics, 

NEGF, Photodetector. 

I.  INTRODUCTION 

lexible photodetectors are essential components for the 

next generation of large-area imagers [1–3] and 

biomedical sensors [4–8], capable of precision imaging and 

healthcare monitoring. These wearable applications demand 

high portability and resilience to frequent deformations, 

making organic materials particularly promising due to their 

light weight, mechanical strength, and solution-based 

fabrication processes [9–12].  

Achieving high signal quality under low light intensity is a 

key goal for organic photodetectors [13–14]. Effective 

strategies include reducing dark current and increasing 
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photocurrent by incorporating electron/hole (e/h) blocking 

layers [15], adjusting the thickness and morphology of active 

layers [16], and transitioning from bulk heterojunction (BHJ) 

structures to layered donors and acceptors [17]. 

Optoelectronics has indeed gained significant attention in 

recent years [18-24]. Single D/A molecule photodetectors 

have emerged as promising candidates for next-generation 

optoelectronic devices due to their exceptional sensitivity and 

unique electronic properties. These photodetectors utilize the 

quantum mechanical phenomenon of OR to enhance optical 

response, allowing for miniaturization and performance 

improvement. The NEGF formalism has proven useful in 

analyzing and simulating the transport characteristics of these 

nanoscale devices, providing deep insights into their 

operating mechanisms [25]. 

The D/A concept in organic photodetectors is founded on the 

principles of charge transfer and separation due to light 

absorption. These pairs can be engineered at the molecular 

level to optimize electronic and optical properties, leading to 

efficient photodetection [25]. Recent studies have shown that 

incorporating OR in these systems significantly enhances 

sensitivity and selectivity by exploiting quantum tunneling 

phenomena [26-27]. In organic photodetectors, two basic 

mechanisms are crucial: (a) the creation of e/h pairs through 

photon absorption and (b) the separation of carriers to 

produce contact current and/or voltage. Enhancing these 

mechanisms is critical for improving optical tracking 

performance and guiding ongoing research efforts [28]. Our 

study focuses specifically on the second mechanism—the 

separation of e–h pairs and subsequent contact current 

generation. 

Recently, a parallel concept has been used to induce negative 

differential conductance (NDC) in single-molecule junctions. 

NDC initiation is explained as follows: At zero bias, the 

energy balance between two sites facilitates resonant charge 

transfer. Applying a bias voltage disrupts this balance and 

halts transmission. Introducing asymmetry into such 

molecular structures—by adding electron-withdrawing or 

donating groups on one side—alters the energy balance, 

creating specific bias points that meet resonance conditions, 
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eliminating asymmetry in current-voltage characteristics, and 

endowing the molecule with diode-like behavior [29]. 

The purpose of this paper is to introduce a novel method for 

contact current generation, differing from the traditional e–h 

pair separation using electric fields. This new method relies 

on different transport properties for various carriers, 

leveraging ORs. In our photodetector, 1,2-

bis(4(phenylethynyl)phenyl)-ethane doped with fluorine is 

used as a channel. Fluorine doping is necessary as it localizes 

molecular orbitals, requiring the 4-site model [30] and 

allowing for varied transport properties through ORs. 

In this work, we use the DFT+ NEGF method to design a 

single D/A molecule photodetector based on OR. The NEGF 

formalism, a powerful computational tool, is widely used to 

study molecular electronic transfer properties. It provides a 

comprehensive framework for modeling quantum transport in 

out-of-equilibrium systems, crucial for understanding single-

molecule device behavior under applied bias and illumination 

[31-32]. By incorporating NEGF formalism in D/A 

photodetector analysis, researchers can predict current-

voltage characteristics, elucidate the role of molecular 

orbitals, and optimize device performance [33-34]. 

This paper reviews advances in single D/A molecule 

photodetectors based on OR, focusing on the insights gained. 

Our studies contribute to understanding and developing these 

devices, bridging theoretical and experimental results by 

modeling charging effects and highlighting outcomes. The 

structure of this article is as follows: The second section 

describes the modeling and method. The third section 

explains the results and discussions. Finally, the fourth 

section concludes the study. 

II.  MODELING AND METHOD 

Fig. 1 illustrates the structure of the studied photodetector. 

The channel is a molecule consisting of two conjugated parts 

connected through a non-conjugated linker. This linker 

allows the molecule to be viewed as two weakly coupled sites 

in series, where the resonant transition occurs only when the 

energies of the two sites are equal. The non-conjugated linker 

is highlighted by a red rectangle in Fig. 1. Carbon atoms at 

the edges are saturated with hydrogen atoms. 

 

 
 

Fig. 1. Atomic structure of the photodetector. The incident light is 

perpendicular to the channel, with the electric field oriented along the z-

direction. The channel length is 26 (Å). The red rectangle indicates the non-

conjugated linker of the molecule. Sulfur (S) serves as a bridge between the 

Au contact and the central molecule. 

 

The source and drain contacts are made of Au to provide 

negligible contact resistance [35-36]. By substituting fluorine 

for hydrogen in the right part of the channel, a suitable 

structure for the 4-site model (see discussion Fig. 2) [30] is 

created. S acts as a connecting bridge between the Au contact 

and the central molecule, forming strong covalent bonds. This 

choice ensures stability and high conductivity in electrical 

connections [29]. It is assumed that monochromatic light with 

constant power density enters the channel normally and is 

polarized along the direction of transmission. The NEGF 

formalism combined with the DFT approach is used to 

investigate the photodetector's performance, considering 

charging effects. 

The detection mechanism relies on OR. Unlike the Aviram-

Ratner rectifier [37-39], which involves vibrationally assisted 

charge transfer, this method relies on intramolecular coherent 

resonance transfer [29, 40-41]. In the depicted device (see 

Fig. 2), four energy levels—highest occupied molecular 

orbital (HOMO), HOMO-1, lowest unoccupied molecular 

orbital (LUMO), and LUMO+1—play pivotal roles in 

electron transfer. Conjugated levels significantly influence 

electron transfer, which does not occur solely from a single 

level. Electron transfer can occur between two levels via 

elastic and inelastic pathways, where the energy disparity 

between levels determines the type of transfer. In elastic 

transitions, the conjugate pairing of HOMO and HOMO-1, as 

well as LUMO and LUMO+1 levels, is crucial. When the 

energy disparity between these conjugate levels is zero, 

electron transfer occurs. 

Additionally, the energy disparity between HOMO/LUMO 

and HOMO-1/LUMO+1 levels should fall within the visible 

light spectrum, influencing electron excitation and instigating 

inelastic transitions due to photon absorption. Refer to Fig. 8a 

for the energy level differences and the nature of transitions—

elastic and inelastic—during two transmissions. 

 

  

Fig. 2. Four asymmetric levels of the system in a) zero bias voltage, b) 

resonance bias voltage, and c) reverse bias voltage. 1, 2, 3 and 4 represent 

the energy levels of LUMO+1, HOMO, LUMO and HOMO-1, respectively. 

S and D indicate source and drain contacts and EF shows the Fermi level 

(dashed line). 

 

The structure under investigation utilizes a D-σ-A molecule 

configuration. As illustrated in Fig. 3, the concentration of 

HOMO and LUMO+1 energy levels is predominantly on the 

left section of the molecule. Conversely, HOMO-1 and 

LUMO energy levels are concentrated in the right segment. 

This asymmetric distribution results in a structure similar to 

Fig. 2. The positional asymmetry causes the drain contact to 

interact with the HOMO-1 and LUMO levels, while the 

source contact engages with the HOMO and LUMO+1 levels. 

Consequently, direct transitions from the drain contact to the 
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HOMO and LUMO+1 levels, or from the source contact to 

the HOMO-1 and LUMO levels, do not occur. 

This structural arrangement imparts two notable 

characteristics: First, the asymmetry in energy levels induces 

a resonant state in the device's current-voltage curve. Second, 

due to the unequal alignment between the energy levels and 

the contacts, combined with the electrostatic influence, the 

orbital energies on the source and drain sides exhibit inverse 

shifts with changes in bias voltage. This attribute enables the 

system to accommodate various frequencies, allowing it to 

detect and absorb waves across different frequencies, 

effectively functioning as an optical spectrometer [29]. 

As shown in Fig. 2, at zero bias voltage, no molecular energy 

levels fall within the source and drain electrochemical 

potential range, preventing charge transport [30]. Under 

forward bias, as the voltage increases, the energy levels 1, 2, 

3 and 4 align between the source and drain electrochemical 

potential thresholds. Charges transport from the source 

contact to the LUMO+1 and HOMO levels, proceed to the 

LUMO and HOMO-1 levels, and ultimately reach the drain 

contact. The asymmetric alignment leads to variations in 

molecular energy levels, with LUMO and HOMO-1 aligning 

with the drain contact, while LUMO+1 and HOMO 

correspond to the source contact. Changes in contact potential 

induce proportional changes in energy levels [29]. 

Conversely, under reverse bias, as molecular energy levels 

align within the source and drain electrochemical potential 

range, charges transport from the drain contact to the LUMO 

and HOMO levels, then transition to the LUMO+1 and 

HOMO levels before reaching the source contact. In 

summary, the designed photodetector functions as an OR 

photodetector, where the resonance of molecular energy 

levels significantly influences charge transport dynamics 

[30]. 

  

 
Fig. 3. Molecule (1,2-bis(4-(phenylethynyl)phenyl)ethane) and LUMO+1, 

LUMO, HOMO, HOMO-1 orbitals of the molecule (at zero bias voltage) 

 

The bias voltage difference applied to source and drain 

contacts affects the energy difference of the eigenvalues of 

the levels of the donor and acceptor parts of the molecule in 

an electrostatic way and is calculated by the following 

relations: 

 

 ∆𝜀𝐿 ,𝜀𝑅=

√(𝑎𝑒𝑉)2 + 2𝑎𝑒𝑉(𝜀𝐿 − 𝜀𝑅) + (𝜀𝐿 − 𝜀𝑅)
2 + (2𝜏)2 

(1) 

 

Here, Δ represents the evolution of the energy gap between 

L (1 or 2) and R (3 or 4) with the bias voltage, determining 

the fraction of the bias voltage that drops inside the molecule 

[42-43]. α is the portion of the applied bias voltage that 

changes the energy of the donor and acceptor parts of the 

molecule through electrostatic phenomena, and τ represents 

the coupling strengths between the four levels. 

Resonance in the absence of light occurs exclusively at bias 

voltages where the energies of both levels involved in the 

transition are equal. As this energy difference increases, the 

coupling decreases, reducing electron transfer from one part 

to another. Consequently, the current reaches its maximum 

value at bias voltages where resonance is achieved. To 

describe and better understand electron transport in the 

designed structure, we start with the DFT approach and the 

NEGF formalism [44-45]. 

 

A.  DFT Simulation 

The DFT approach is employed in this paper to find the 

optimal geometry and calculate the band structure. DFT 

calculations were performed using the Atomistix ToolKit 

package (ATK-2018.06) [46] with the following parameters: 

The exchange-correlation function was investigated using the 

generalized gradient approximation (GGA) proposed by 

Perdew, Burke, and Ernzerhof (PBE). We employed the 

double-ζ plus polarization (DZP) basis set and a kinetic 

energy cutoff of 150 Ry for numerical calculations. The 

Brillouin zone is sampled by a 1 × 1 × 150 Monkhorst-Pack 

grid. The carbon atoms at the edges are saturated with 

hydrogen atoms. All structures are relaxed until the atomic 

forces are less than 0.05 eV/Å [47]. 

 

B.  NEGF 

The NEGF formalism is widely used to study the electrical 

properties of nanoscale devices. Under steady-state 

conditions, the retarded Green’s function is calculated as 

follows [31, 48]: 

 

𝐺(𝐸) = [(𝐸 + 𝑖0+)𝐼 − 𝐻 − ∑1 −∑2 − ∑𝑝ℎ]
−1

   (2) 

 

Here, Σ1 and Σ2 are the self-energies of the source and drain 

contacts, Σph is the self-energy of the electron/photon (e/ph) 

interaction, and H is the channel Hamiltonian in real space. 

Although calculating NEGF in real space is computationally 

intensive, it is necessary for achieving more accurate results. 
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The Hamiltonian H of the entire channel is expressed as 

follows [44] 

 

𝐻 = 𝐻0 + 𝐻𝑒−𝑝ℎ (3) 

 

Where H∘ is the Hamiltonian of the system in the dark mood 

and is described by the following matrix [43, 49]: 

 

𝐻0 =

[
 
 
 
 
 
 
 𝜀1 −

1

2
𝑎𝑒𝑉    − 𝜏     − 𝜏     − 𝜏

−𝜏      𝜀2 −
1

2
𝑎𝑒𝑉     − 𝜏     − 𝜏

−𝜏     − 𝜏     𝜀3 +
1

2
𝑎𝑒𝑉    − 𝜏

−𝜏     − 𝜏     − 𝜏      𝜀4 +
1

2
𝑎𝑒𝑉]

 
 
 
 
 
 
 

 (4) 

 

The photon self-energy is calculated from the 

electromagnetic interaction Hamiltonian. The second 

quantized interaction Hamiltonian in the presence of a 

monochromatic photon field which is polarized in the z-

direction (direction of channel) [44]: 

  

𝐻̂1 = 𝑀𝑙𝑚(𝑏̂𝑒
−𝑖𝜔𝑡 + 𝑏̂†𝑒𝑖𝜔𝑡)𝑎̂𝑙

†𝑎̂𝑚       (5) 

 

Which 𝑀𝑙𝑚 is as follows: 

 

𝑀𝑙𝑚 = (𝑧𝑚 − 𝑧𝑙)
𝑖𝑒

ℏ
(
ℏ√𝜇̃𝑟𝜖̃𝑟

2𝑁𝜔𝜖̃𝑐
𝐼𝜔)

1 2⁄ 𝑙|𝐻̂|𝑚       (6) 

Where zm/l is the z-axis component of atom position on site 

m/l. N is the number of photons with energy ℏω, and Iω is the 

photon flux, defined as the number of photons per unit time 

per unit area. c represents the speed of light, 𝜖𝑟̃ denotes the 

dielectric constant, 𝜇̃𝑟 stands for the magnetic permeability 

coefficient, ℏ represents Planck's reduced constant, and ω 

depends on the frequency. We assume Pop= 107W/Cm2, where 

Iω=Pop/ ℏω. 

Self-energies of contacts in Eq. (2) are defined by the 

following relation [44]: 

 

∑𝑖 = 𝑉𝐿𝐷
𝑖 †𝑔𝐿

𝑖𝑉𝐿𝐷
𝑖        𝑖 = 1,2       (7) 

 

Where VLD is the coupling between the contact and the 

device, and gL is Green's function of the isolated semi-infinite 

contact. Since the coupling is only between the surfaces of 

the contacts and neighboring sites in the device, only the 

surface Green's function of the contacts must be computed. In 

this study, we utilized the Sancho–Rubio iterative scheme 

[50] to compute this surface Green's function. The in-

scattering and out-scattering functions are [43]: 

 

∑𝑙𝑚
𝑖𝑛 (𝐸) = ∑ 𝑀𝑙𝑝𝑀𝑞𝑚[𝑁𝐺𝑝𝑞

𝑛 (𝐸 − ℏ𝜔) + (𝑁 +𝑝𝑞

1)𝐺𝑝𝑞
𝑛 (𝐸 + ℏ𝜔)]       

(8a) 

∑𝑙𝑚
𝑜𝑢𝑡(𝐸) = ∑ 𝑀𝑙𝑝𝑀𝑞𝑚[𝑁𝐺𝑝𝑞

𝑝 (𝐸 + ℏ𝜔) +𝑝𝑞

(𝑁 + 1)𝐺𝑝𝑞
𝑝
(𝐸 − ℏ𝜔)]    

(8b) 

 

Where Gn and Gp are the electron and hole correlation 

functions, respectively. Finally, the last expression for the 

e/ph self-energy is computed as:  

 

𝛤𝑝ℎ(𝐸) = ∑𝑙𝑚
𝑖𝑛 (𝐸) + ∑𝑙𝑚

𝑜𝑢𝑡(𝐸)       (9a) 

∑𝑝ℎ = −(𝑖 2⁄ )𝛤𝑝ℎ       (9b) 

 

The real part of the self-energy (Rph) in the above relation is 

neglected, since it does not change the photon absorption/ 

emission rate and only shifts energy up to few meV [51]. The 

electron and hole correlation functions including the effects 

of e/ph interactions are as follows [52]: 

  

𝐺𝑛(𝐸) = 𝐺(𝐸)[𝛤1(𝐸)𝑓1(𝐸) + 𝛤2(𝐸)𝑓2(𝐸) +

∑𝑙𝑚
𝑖𝑛 (𝐸)]𝐺(𝐸)†       

(10a) 

𝐺𝑝(𝐸) = 𝐺(𝐸)[𝛤1(𝐸)(1 − 𝑓1(𝐸)) + 𝛤2(𝐸)(1 −

𝑓2(𝐸)) + ∑𝑙𝑚
𝑜𝑢𝑡(𝐸)]𝐺(𝐸)†       

(10b) 

 

Where Γ1,2=i(Σ1,2−Σ1,2†) is the broadening function of the 

source/drain contact and f1,2 is the source/drain Fermi 

function shown by the following relation: 

 

𝑓𝐿,𝑅 = [1 + 𝑒𝑥𝑝 (𝜀 −
𝜇𝐿,𝑅
𝐾𝐵𝑇

)]
−1

 (11) 

 

Where 𝐾𝐵 is Boltzmann's constant, T is the temperature and 

𝜇𝐿,𝑅 represents the source/drain contact electrochemical 

potential.  

After calculating the self-energy matrix the photocurrent can 

be calculated by considering the scattering due to photons 

(∑𝑝ℎ
𝑜𝑢𝑡and ∑𝑝ℎ

𝑖𝑛 ) in Gn and Gp. However, the dark current [53-

55], which refers to the current of the device in the absence 

of incident photon radiation, is calculated by ignoring the 

∑𝑝ℎ
𝑜𝑢𝑡 and ∑𝑝ℎ

𝑖𝑛  terms in Gn and Gp [56]: 

 

𝐼𝐿,𝑅 = 𝑇𝑟𝑎𝑐𝑒⌊∑𝐿,𝑅
𝑛 𝐴⌋ − 𝑇𝑟𝑎𝑐𝑒⌊𝛤𝐿,𝑅𝐺

𝑛⌋       (12) 

 

When 𝐴 = 𝑖[𝐺 − 𝐺†], the Eq. (12) can also be expressed as follows: 

 

𝐼𝐿,𝑅 =
2𝑒

ℏ
∫
𝑑𝐸

2𝜋
(𝑓𝐿(𝐸) − 𝑓𝑅(𝐸))𝑇(𝐸)    (13) 

 

The electron transmission, denoted as T(E), is described as 

follows:  

 

𝑇(𝐸) = 𝑇𝑟{𝛤𝐿𝐺(𝐸)𝛤𝑅𝐺
†(𝐸)}       (14) 

 

The dependence of the retarded Green's function (G) on the 

Green's functions (Gn /Gp), and vice versa, as observed in Eqs. 

(10a) and (10b), necessitates the use of the self-consistent 

Born loop until convergence. After the initial calculation of 

the G, Gn, A and Gp functions in the dark mode, we obtain the 

functions by subjecting the system to light. This process is 

repeated until the optical interactions are fully calculated, 

continuing until each iteration matches the previous one. 

Finally, using the achieved convergence and the computed 
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values for Green's functions, it becomes possible to calculate 

the photocurrent from Eq. (13). 

Two crucial parameters required for investigating the 

performance of the organic photodetectors are their QE and 

R. These parameters are defined by the following relations 

[57]: 

      

𝑄𝐸 =
𝐼𝑝ℎ 𝑞⁄

𝑃𝑜𝑝 ℏ𝜔⁄
  

(15) 

 

And 

 

𝑅 =
𝐼𝑝ℎ

𝑃𝑜𝑝
  

(16) 

 

It is important to note that the current-voltage characteristic 

is strongly affected by the potential and must be accounted 

for even in the simplest model. If the channel is isolated, then 

Laplace's equation can be solved to calculate the potential (∈r 

is the relative permittivity that can change spatially) [58]: 

 

𝛻. (𝜀𝑟𝛻𝑉) = 0       (17) 

  

This can be visualized using the capacitor circuit model under 

favorable boundary conditions. The potential energy in the 

channel is obtained by multiplying the electrostatic potential 

(V) by the electron charge (-q) [31, 57-58]: 

 

𝑈𝐿 =
𝐶𝑠

𝐶𝐸𝑆
(−𝑞𝑉𝑠) +

𝐶𝐷

𝐶𝐸𝑆
(−𝑞𝑉𝐷)       (18) 

 

Where 𝐶𝑆 and 𝐶𝐷 are the source and drain capacitances at a 

distance z from the source, respectively. 𝐶𝐸𝑆 is called 

electrostatic capacitance and is defined as follows: 

 

𝐶𝐸𝑆 = 𝐶𝑆 + 𝐶𝐷       (19) 

 

In this regard, the index L means that the potential is obtained 

from the solution of the Laplace equation and any changes in 

the electric charge are ignored. Otherwise, there is a change 

∆ρ in the value of the electron density in the channel, 

requiring the solution of the following Poisson equation [31, 

57-58]: 

 

𝛻. (𝜀𝑟𝛻𝑉) =
−∆𝜌

𝜀0
       (20) 

  

Where 

 

𝜌(𝐸) = −
1

𝜋
𝐼𝑚𝑇𝑟𝐺(𝐸)       (21) 

 

To clarify the capacitor model, we will consider the 

combination of a molecule and a contact. In the absence of a 

bias voltage, the contact and isolated molecule are at the same 

potential. Therefore, their vacuum energy (the potential 

energy of a free electron) in isolation is the same. When 

contact is made with the molecule, equilibrium must be 

established in the combined system. To prevent current from 

flowing, there must be a uniform Fermi energy in both the 

contact and the molecule. But if the Fermi energies in the 

contact and isolated molecules are different, how is 

equilibrium achieved? 

Since Fermi levels change with the addition or subtraction of 

charge, equilibrium is achieved by charge transfer between 

the contact and the molecule. Charge transfer changes the 

contact potential relative to the molecule and shifts the 

relative vacuum energies. This is known as "charging." 

Charge transfer also affects Fermi levels because electrons 

fill some states and empty others. Both charging and state-

filling effects can be modeled by capacitors. First, we 

consider the filling of the electronic state [59]. 

When the contact and molecule bond, charge flows to align 

the filling levels.  However, a molecule does not necessarily 

have a uniform density of states (DOS), and only a fraction 

of the charge may be transferred. In general, the number of 

charges on the molecule can be determined using [31, 59]: 

 

𝑛 = ∫ 𝐷(𝐸)𝑓(𝐸, 𝐸𝐹)𝑑𝐸
+∞

−∞
       (22) 

 

Where 𝐷(𝐸) =
[𝐴(𝐸)]

2𝜋
 is the DOS per unit of energy. For small 

energy changes, we can linearize this to determine the effect 

of charge transfer on EF. We are interested in dEF/dn. For 

degenerate systems, we can simplify the Eq. (22): 

 

𝑛 = ∫ 𝐷(𝐸)𝑑𝐸
𝐸𝐹
−∞

  (23) 

 

Taking the derivative concerning energy gives: 

 
𝑑𝑛

𝑑𝐸𝐹
= 𝐷(𝐸𝐹)  

      
(24) 

Rearranging, we get: 

 

𝛿𝐸𝐹 =
𝛿𝑛

𝐷(𝐸𝐹)
       (25) 

 

Therefore, after charge transfer, the Fermi energy inside the 

molecule changes by δn/D. 

Sometimes it is convenient to model the effect of filling the 

DOS with a "quantum capacitance," which is defined as [31, 

59]: 

 

𝐶𝑄 = 𝑞
2𝐷(𝐸𝐹)       (26) 

 

i.e 

 

𝛿𝐸𝐹 =
𝑞2

𝐶𝑄
𝛿𝑛       

(27) 

 

If the molecule has a high DOS at the Fermi level, its quantum 

capacitance is high, and more charge must be transferred to 

move the Fermi level [31, 59]. 
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Fig. 4. Charge transfer changes the Fermi level in a conductor. The 

magnitude of the change is determined by the DOS at the Fermi level and is 

often expressed in terms of "quantum capacitance." 

 

The charge flowing from the contact to the molecule creates 

a potential across the quantum capacitance. Note that this is a 

change in the Fermi level, not an electrostatic potential. It is 

also important to note that the quantum capacitance usually 

depends on the Fermi level in the molecule [31, 59]. 

Electrons are charged. Therefore, electron transfer from a 

contact to a molecule leaves a net positive charge on the 

contact and a net negative charge on the molecule. This 

charge at the interface changes the potential of the molecule 

relative to the contact, akin to moving the entire water 

reservoir up and down. The charge helps balance and reduces 

the number of electrons transferred after contact is made. 

The contact and molecule can be considered as two plates of 

a capacitor. This capacitance is called CES (electrostatic 

capacitance) to distinguish it from the quantum capacitance 

discussed previously. When the charge is transferred across 

the interface, the capacitor is charged, a voltage is established, 

and the molecule's potential changes. The change in the 

potential of the molecule for each electron transferred is 

known as charge energy and is reflected in the change in 

vacuum energy. From the basic relation for a capacitor [31, 

59]: 

 

𝐶𝐸𝑆 =
𝑄

𝑉
       (28) 

 

Where V is the voltage across the capacitor. We can calculate 

the potential change due to the charging: 

 

𝑈𝐶 = 𝑞𝑉 =
𝑞2

𝐶𝐸𝑆
𝛿𝑛       (29) 

 

We will see that δn is a dynamic quantity (it changes as the 

current flows). This can be very important in nanodevices 

because the electrostatic capacitance is very small. The 

charging effect on the molecule is related to the application 

of a voltage across a surface capacitor, changing the potential 

of the molecule. As a result, the vacuum level is displaced at 

the location of the molecule, displacing all molecular states 

with it. Additionally, the transferred charge fills some 

previously empty states in the molecule. Summarizing these 

effects, we find that the Fermi energy of the neutral molecule 

(EF0) is related to the Fermi energy of the contact-molecule 

combination (EF), and both effects change the Fermi energy 

in the molecule [31, 59]. 

 

𝐸𝐹 = 𝛿𝑛 𝐷⁄ +
𝑞2

𝐶𝐸𝑆
𝛿𝑛 + 𝐸𝐹

0       (30) 

 

In terms of quantum capacitance: 

 

𝐸𝐹 =
𝑞2

𝐶𝑄
𝛿𝑛 +

𝑞2

𝐶𝐸𝑆
𝛿𝑛 + 𝐸𝐹

0       (31) 

 

We model the potential change effect by strongly shifting all 

energy levels within the molecule [31, 59]. 

 

𝐷 ⤍ 𝐷(𝐸 − 𝑈)             (32) 

 

We can extend the model to two-terminal devices. 

 
 

Fig. 5. A small signal model for a source/molecule/drain two-terminal circuit. 

 

n and I are rewritten below, taking into account charging 

effects: 

 

𝑛 = ∫ 𝐷(𝐸 − 𝑈)𝑓(𝐸, 𝐸𝐹)𝑑𝐸
+∞

−∞
        (33a) 

𝐼𝐿,𝑅 = 𝑇𝑟𝑎𝑐𝑒⌊𝛴𝐿,𝑅
𝑛 𝐴(𝐸 − 𝑈)⌋ − 𝑇𝑟𝑎𝑐𝑒⌊𝛤𝐿,𝑅𝐺

𝑛(𝐸)⌋ (33b) 

 

The net potential change in the molecule is determined by the 

sum of the Laplace potential and an additional term that is 

proportional to the change in the number of electrons  [31, 59]: 

 

𝑈 = 𝑈𝐿 + 𝑈𝑐 = 𝑈𝐿 +
𝑞2

𝐶𝐸𝑆
∆𝑛       (34) 

  

The constant U∘=q2/CES represents the change in potential 

energy per additional electron, called the single-electron 

charge energy. The change ∆n in the number of electrons is 

calculated based on the reference number of electrons (n∘) 

which are initially in the channel and have a known energy 

level. 

The problem with current evaluation is that it depends on U 

and therefore n. But Eq. (33a) is not a closed-form solution 

for n, because the right-hand side also depends on n through 

U. Except in simple cases, this means we must iteratively 

solve for n and then use the solution to obtain I. Therefore, to 

Density of states [D(E)]

δn/D(E)

MoleculeSource contact

EF

µS

Drain contact

µD

RS RD

EF0+U

(1/CQ+CES)-1
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solve the Eq. (33b), the SCF method is needed. As shown in 

Fig. 6, this method continues until convergence. The value of 

U in each step is obtained from the following relation [31, 

59]: 

𝑈 = 𝑈∘ + 𝜂[𝑈 − 𝑈∘]       (21) 

 

Where 𝜂 is a positive number (typically less than 1) chosen 

as large as possible so that the results do not diverge (which 

appears as increasing U-U0 from one iteration to the next). 

 

 
 

Fig. 6. SCF algorithm to calculate the current considering the charging effect. 

III.  RESULTS AND DISCUSSIONS 

In this section, we aim to examine the outcomes derived from 

simulating the molecular device through DFT + NEGF 

method. 

 
 

Fig. 7. Band structure of designed structure calculated by DFT approach. 

 

Fig. 7 shows the band structure calculated via the DFT 

approach, revealing HOMO, LUMO, LUMO+1, and HOMO-

1 energy levels with corresponding energies of -5.61, -3.11, -

2.78, and -5.94 eV, respectively and this results are listed in 

Table I. Each orbital within the examined molecule is 

predominantly concentrated within either the right or left 

segment of the molecule. 

Transmission was calculated by coupling S atoms to Au 

contacts [60- 61] with a coupling strength of -0.05 eV. A bias 

voltage was applied by introducing a uniform electric field 

along the axis connecting the S atoms to the molecule . 

 

TABLE I 

Energy and Spatial Average of Molecular Orbitals 

 

The coupling strengths between the HOMO-1 and HOMO 

levels are stipulated as -0.01 eV, and between the LUMO and 

LUMO+1 levels as -0.01 eV. Moreover, the positioning of the 

HOMO, LUMO, LUMO+1, and HOMO-1 orbitals is 

presumed at the center of each respective section of the 

molecule (considering the molecule's two distinct parts), 

situated at -6.5, 6.5, -6.5, and 6.5 Angstroms, measured from 

the average location of carbon atoms along the z-axis 

direction in each segment of the molecule for every localized 

molecule within each part. The coordinate center is set as the 

molecule's center along the z-axis direction.  

Based on these specific data and obtained results, the 

Hamiltonian matrix of the system, absent of light and at a 

temperature of zero Kelvin, can be expressed as follows: 

𝐻0 = [

−3.055    − 0.01     − 0.01     − 0.01 
−0.01     − 5.885   − 0.01     − 0.01
−0.01      − 0.01   − 2.835    − 0.01
−0.01      − 0.01     − 0.01  − 5.665

] (43) 

Where the Hamiltonian dependence of the system on the 

applied bias voltage can be seen. Also, in the Hamiltonian 

matrix, α is equal to 0.55 [42]. According to the Eq. (6), the 

matrix in the case of light radiation to the system can be 

written as follows: 

       

𝑀𝑙𝑚 = [

  0         0       𝑡     𝑡
  0         0       𝑡     𝑡
−𝑡     − 𝑡      0    0
−𝑡     − 𝑡      0    0

] 

 

(44) 

The coupling of the molecule with the contacts at different 

energies is assumed to be constant, which is known as the 

wideband limit (WBL) model. Based on this, the coupling 

matrices of molecular levels and contact are considered as 

follows [29]: 

 

𝛤𝑅 = [

0        0        0           0
0        0        0           0
0        0    0.05         0
   0        0       0         0.05

]  (45) 

guess 𝑈 

𝑛 =  2 𝐷(𝐸 − 𝑈)𝑓 𝐸, 𝐸𝐹

+∞

−∞

𝑑𝐸

𝑈 = 𝑈𝐿 +
𝑞2

𝐶𝐸𝑆
(𝑛 − 𝑛0 ) 𝑈  ∈

, , ,( )2 ( )in n

L R L R L RI Trace D TrE ace G EU   =  −     
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Σ𝑅 = [

0     0          0           0  
0     0          0           0  
0     0  − 0.025𝑖    0  
  0     0         0 − 0.025𝑖

]   

And also: 

𝛤𝐿 = [

0.05          0           0      0
   0          0.05        0      0
   0             0           0      0
   0             0           0      0

]    

 

Σ𝐿 = [

−0.025𝑖   0          0     0
        0 − 0.025𝑖   0     0
        0        0           0     0
        0        0           0     0

]       

(46) 

 

In Fig. 8c, the current-voltage curve of the system is 

simulated under conditions without light radiation, revealing 

distinct peaks occurring at bias voltages of 0.6, 5.74, and -

4.54 volts. These peaks materialize when molecular 

alignments synchronize, inducing resonance. A comparative 

analysis between the current-voltage curve of the device (Fig. 

8c), the energy levels of the molecule concerning bias voltage 

(Fig. 8a), and the difference curve of the Hamiltonian 

eigenvalues of the device concerning bias voltage (depicted 

in Fig. 8b) elucidates that current amplification transpires at 

bias voltages where the energy disparity among molecule 

levels reaches zero. The difference between the eigenvalues 

of the corresponding energy levels at resonant bias voltages 

notably diminishes to its minimum value. In essence, during 

this resonance, the associated orbitals become energized and 

propagate across the molecule. As spatial states extend 

throughout the molecule and orbital energies intersect, the 

likelihood of electron transition from one side of the molecule 

to the other—facilitating electron transfer between levels—

escalates, leading to enhanced current flow at resonant bias 

voltages. 

In Fig. 8b, each peak corresponds to the resonance and 

alignment of two orbitals. For instance, at 0.6 V, the current 

arises solely from the alignment of the HOMO-1/HOMO and 

LUMO+1/LUMO energy levels, where electron passage 

occurs exclusively through these orbitals. At 5.74 V, current 

generation emanates from the alignment of LUMO+1 and 

HOMO-1 levels, while at -4.54 V, electron passage and 

current flow are instigated by the alignment of the HOMO 

and LUMO orbitals. A crucial aspect reflected in these curves 

is the discrepancy observed at 0.6 V concerning the maximum 

current compared to the peaks at 5.74 V and -4.54 V. At 0.6 

V, although the resonance of two pairs of energy levels 

contributes to the current generation, it is noteworthy that for 

optimum current, the pair of levels should be fully accessible 

to the contacts. However, the LUMO+1 pair with LUMO isn't 

entirely accessible to the contacts due to energy level 

broadening induced by the contact/molecule coupling, 

restricting only a portion of the levels' accessibility to the 

contacts. 

 
 

Fig 8. a) Energy changes of molecular orbitals according to bias voltage. b) 

The difference of eigenvalues of pairs of energy levels according to bias 

voltage. c) Current-voltage curve calculated using DFT + NEGF (dashed-

dotted red, Γ=0.09 (eV)) and using the 4-site model (dashed blue, Γ=0.05 

(eV)) in the absence of light. 

 

The curves presented in Fig. 9 illustrate the DOS at varying 

bias voltages (0.6, 5.74 and -4.54 volts), highlighting the 

impact of energy level availability within the molecule on 

electron transfer and the generation of system current. At 0.6 

V, all four energy levels exhibit resonance conditions, yet 

only the HOMO-1/HOMO pair is accessible to the contacts. 

Similarly, at 5.74 V, the HOMO-1/LUMO+1 pairs satisfy the 

mentioned conditions, facilitating electron passage from one 

side source contact to the opposing side drain contact.  At -

4.54 V, the depiction reveals the accessibility of HOMO, 

LUMO, and HOMO-1 levels to the contacts. However, only 

the HOMO/LUMO pair contributes to electron transfer. This 

is due to the necessity for both the availability of energy 

levels and the occurrence of resonance—essential for electron 

transfer across the molecule. At -4.54 V, these conditions are 

only met for the HOMO/LUMO pair, while the HOMO-1 and 

LUMO+1 levels fail to meet either of these conditions. This 

delineates the critical role played by the simultaneous 
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fulfillment of resonance conditions and the accessibility of 

energy levels to contact interfaces for effective electron 

transfer in the system. 

 

 
 

Fig. 9. DOS at bias voltages a) 0.6 (V), b) 5.74 (V), c) -4.54 (V). f1 and f2 

represent the Fermi-Dirac distribution function for source and drain contacts. 

 

In Fig. 10, the transmission curves of the device are depicted 

for various bias voltages. The graphical representation 

illustrates that the transfer of electrons from one contact to 

another occurs specifically at energies where the paired levels 

are accessible to the contacts. This observation underlines the 

correlation between the availability of specific energy level 

pairs and the facilitation of electron transfer between the 

contacts in the system. 

 
 

Fig. 10. Transmission curve in terms of device energy in bias voltages a) 0.6 

(V), b) 5.74 (V), c) -4.54 (V). The blue dotted line represents the Dirac Fermi 

distribution functions that express the bias window. 

 

The bias window refers to the energy range that is affected by 

the applied bias voltage and affects the behavior of energy 

levels of the donor and acceptor parts. Fig. 11 shows R and 

QE calculated from Eqs 15 and 16. 

 
 

Fig. 11. a) R and b) QE of the designed photodetector versus the incident 

photon energy 1 (eV), under an externally applied bias of 5.74 (V) 

 

This value represents the ratio of the output current to the 

input optical power and the ratio of absorbed photons to 

generated electrons, which are 0.34 and 10.2%, respectively. 

Fig. 12 shows the effect of single-wavelength light entering 

the system compared to its absence on the current-voltage 

curve (dashed line in both Figures). The current-voltage 

curve, shown without light irradiation, undergoes detectable 

changes when exposed to light with a photon energy of 1 eV. 

When the energy difference between the molecular surfaces 

aligns with the energy of the incident light, electron transport 

becomes inelastic, resulting in additional peaks in the current-

voltage curve. This inelastic transition, under the influence of 

the frequency and intensity of the irradiated light, completes 

the existing peaks of the elastic transition within the system. 

The interference and effectiveness of elastic transmission 

among inelastic transmission are acceptable phenomena. As 

a result, the current-voltage curve of the device exhibits 

characteristics similar to that of an optical transistor, 

producing peaks that are attributed to the frequency and 
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intensity of the irradiated light. Notably, the peaks labeled P1, 

P2, P3, and P4 originate from radiative light absorption and 

enhance electron transfer from low energy levels to higher 

levels. Simultaneously, three additional peaks appear at 

different bias voltages due to elastic transition. Inelastic 

transmission peaks are realized when the energy difference 

between two molecular surfaces, each of which is located on 

separate sides of the molecule and does not interfere, falls 

within the energy range of the photon radiation.  

 
 

Fig. 12. Current peaks caused by single-frequency light with a photon energy 

of 1 (eV) (dashed line). (a) Electrostatic effect caused by charging with 

q2/CES =0.02 (eV) (solid line). (b) The effect of state filling caused by 

charging with q2/CQ =0.04 (eV) (solid line). 

 

Determining the exact current-voltage characteristics of a 

molecular device requires calculating the potential following 

the algorithm in Fig. 6, using a SCF approach. Assuming the 

molecule is grounded, electrostatic effects change the source 

and drain potentials and only charging changes the molecular 

energy level. Figures 12a and 12b show the difference 

between the current-voltage curves with the charging effect 

and without the charging effect on the molecule. Fig. 12a 

shows the electrostatic effect caused by charging on current 

peaks with and without light (solid line). In positive bias, the 

greatest effect is on the current peaks without light, while in 

negative bias, the greatest effect is on the peaks with light, 

leading to a decrease in current. Fig. 12b illustrates the state-

filling effect of charging-induced on current peaks with and 

without light (solid line). As mentioned earlier, this effect 

only alters the Fermi energy of the molecule. The change in 

Fermi energy significantly affects the current-voltage curve 

due to the unavailability of energy levels at low bias voltages 

(both positive and negative). 

The curve of the DOS of the system after absorbing a photon 

with an energy of 1 eV is shown in Fig. 13 which leads to the 

transfer of electrons if the energy difference between the pair 

of molecular levels is equal to 1 eV. Also, these curves show 

the necessity of the availability of source and drain 

electrochemical potentials of the energy levels, which these 

conditions are met at 2.425, 7.54, -1.36 and -6.34 volts.  

 

 
Fig. 13. DOS diagram in bias voltages a) 2.425 (V), b) 7.54 (V), c) -1.36 

(V) and d) -6.34 (V). f1 and f2 represent the Fermi-Dirac distribution 

function for source and drain contacts. 

 

At 2.425 V, the levels accessibility curve shows 

HOMO/HOMO-1 to contacts that this pairs with a level 
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difference of 1 eV contribute to electron transfer. At 7.54 V, 

this condition is satisfied only for the HOMO-1/LUMO+1 

pair. Whereas, at -1.36 V and -6.34, the HOMO/HOMO-1 

and HOMO/LUMO pairs satisfy the mentioned conditions 

and facilitate the electron transfer from one side to the 

opposite side, respectively. 

 

 
 

Fig. 14. The flowchart of basic overview of the steps involved in using 

ATK and MATLAB for computational simulations. 

 

Finally, Fig. 14 provides a flowchart illustrating the 

computational workflow, which involves utilizing ATK for 

structure optimization and electronic structure calculations, 

followed by data extraction and subsequent analysis and 

visualization in MATLAB. 

IV.  CONCLUSION 

In this article, we describe the modeling and simulation of a 

single D/A molecule photodetector based on OR using the 

DFT+NEGF method. We demonstrate that this device 

operates by detecting light through interactions between the 

donor and acceptor parts of the molecule, leading to 

electronic or optical changes. 

Initially, molecule optimization and band structure 

calculations were performed using the DFT approach with the 

Atomistix ToolKit package (ATK-2018.06) to determine the 

energy and states of the bipartite molecule. Subsequently, the 

Hamiltonian of the system was calculated based on these 

results. The NEGF formalism in MATLAB was then used to 

model the photodetector with the optimized molecule. We 

employed the SCF method and optical self-energy 

coefficients for modeling. Key properties of the 

photodetector, such as photocurrent, QE, and R, were 

calculated and compared using photons with an energy of 1 

eV. 

Next, current-voltage curves were extracted with and without 

light exposure. The results showed negative differential 

resistance at bias voltages of 2.425 V, 7.54 V, -1.36 V and -

6.34 V, depending on the frequency of the input light. The 

device exhibited a QE of 10.2% and an R of 0.34 (A/W). 

Additionally, we modeled the effect of charging on the 

photodetector. Two parameters, quantum and electrostatic 

capacitance, were calculated to model this effect. The current-

voltage curve, considering the charging effect, was displayed, 

showing the current reduction due to charging. Furthermore, 

the designed device demonstrated the ability to detect and 

absorb waves at different frequencies. 

 

NOMENCLATURE 

 

The highest occupied molecular orbital ............. HOMO 

The lowest unoccupied molecular orbital  .......  LUMO 

Transmission ................................................................................. T(E) 

Retarded Green's function .................................................. G(E) 

Fermi-Dirac distribution function.................................... f(E) 

Number of photons .......................................................................... N 

Electron charge .................................................................................... q 

Contact/molecule coupling .........................................................𝛤 

Density of state .................................................................... DOS(E) 

Electrochemical potential ............................................................ 𝜇 

Boltzmann's constant .................................................................. 𝐾𝐵 

Potential ................................................................................................... 𝑈 
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