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Abstract. This study examines how the current–voltage (I–V) characteristics of a graphene/MoS₂ heterostructure change when the structure is illuminated. The graphene/MoS₂ system is a van der Waals heterostructure in which graphene is combined with molybdenum disulfide (MoS₂). Each layer has its own distinctive electrical, optical, and quantum features. In this configuration, graphene provides high electrical conductivity, while the MoS₂ layer is responsible for absorbing light and generating charge carriers efficiently. Owing to these properties, the heterostructure exhibits photovoltaic behavior as well as quantum tunneling and other quantum-mechanical effects. In this work, the I–V characteristics of the graphene/MoS₂ heterostructure are analyzed under several illumination levels to show how they vary with light intensity.
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INTRODUCTION
In the past few years, graphene, a two-dimensional (2D) material, which is made of carbon atoms, received considerable attention regarding nanoelectronics applications [1−3]. The 2D material is defined as those that are comprised of only one layer or few layers of atoms. The physicochemical properties and applications of 2D materials are vast and significant in various branches of science and engineering. The popular 2D material, graphene, is comprised of a single layer of atoms of carbon, which are usually arranged in the shape of a hexagonal lattice. The distinct properties of electrical and thermal conductivity, mechanical strength, and high-temperature stability of graphene distinguish it from other 2D materials. The high mobility and Fermi velocity of charges in graphene enable the creation of fast electronic devices [4,5].
In [6], vertical MoS2/Gr heterostructures with monolayer and bilayer graphene (Gr) and MoS2, named (1−2L) MoS2/(1−2L) Gr, were studied, focusing on the presence of additional layers at interfaces, based on structural and physical properties. In this research, correlative scanning probe microscopy and microspectroscopy are used to study the excitonic properties of the (MoS2)L/(MoS2)L/(1−2L)/Au devices. The various effects on the surface-related electronic properties, namely, neutral excitations, concentration of charged excitons (trions), long-lived trions, and decreased work functions, were obtained. The effects experimentally confirm rectification and an increased photocarrier concentration due to electronic interactions between layers, suppressing the Fermi level at the MoS2/Au interface.
In [7], it is demonstrated that the effect of interlayer interactions in graphene/MoS₂ heterostructures affects their optical properties. The interaction enhances the efficiency of vertically combined optoelectronic devices and, importantly, provides insights into the design of optoelectronic systems based on graphene and MoS₂.
Generally, the value of ZT in 2D materials, for example, graphene and MoS2, is very low (ZT ≤ 1). In this case, graphene shows no thermoelectric properties at all (ZT ≈ 0), considering the high thermal conductivity of this material. In [8], the researchers suggested a novel strategy to overcome this issue and used layered heterostructures rather than monolayers and crossed-plane currents, focusing on both heat and current transportation. The research took into consideration crucial factors, which are phonon scattering barriers, Debye frequency mismatch (the maximum phonon frequencies within crystal lattices), and phonon scattering between layers. From this study, it is clear that structural modification of 2D materials provides novel opportunities, especially within high-quality thermoelectric applications, for example, sensors, cooling devices, and thermoelectric harvesting components, which are mainly based on vertical graphene/MoS2 heterostructures.
In [9], electron exchange between layers and PL properties in graphene/MoS₂ heterostructures were explored. The authors obtained evidence that the PL signal intensified by 5 times in F-G/MoS₂ and by 1.8 times in MoS₂/F-G composites (with F-G on top). The above findings clearly show that the order of layer assembly influences the PL properties, and modification of graphene by functionalization increases the optoelectrical properties of MoS₂ significantly. This paves the way for novel applications in photonics, quantum detectors, and optoelectronics, leveraging the properties of 2D materials.
Due to its semi-metallic nature, high carrier mobility, broadband light absorption, and fast response time, graphene is considered a highly promising material for optoelectronic applications. Molybdenum disulfide (MoS₂), a 2D semiconductor, is also well-known for its sensitivity to light. In [10], it was demonstrated that large-area, continuous monolayer MoS₂ can be synthesized using the chemical vapor deposition (CVD) method, and that graphene can be transferred onto MoS₂ layers. The resulting graphene/MoS₂ heterostructure-based photodetectors are capable of achieving exceptionally high photogain. Experimental results show that after light absorption, electron–hole pairs are generated in the MoS₂ layer and then separated across the layers. Unlike traditional metal–semiconductor junctions, photo-generated electrons do not remain trapped in MoS₂ but are transferred to the graphene layer. This transfer is facilitated by an effective out-of-plane electric field formed by a combination of internal electric fields, external electrostatic fields, and charged impurities or adsorbates (adsorbed molecules on the surfaces of MoS₂ and graphene, which induce additional electric fields). As a result, the photoresponsivity of the device can be tuned.
These findings demonstrate both experimentally and theoretically, the potential of the graphene/MoS₂ heterostructure as a thin, flexible, and highly sensitive photodetector. Such 2D heterostructures mark a significant step forward in the development of next-generation optoelectronic devices.
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FIGURE 1. Energy band diagram illustrating the separation of charge carriers under illumination in the graphene/MoS₂ heterostructure [10]
Fig.1. energy band diagram showing that p-type graphene in a graphene/MoS₂ heterostructure creates a stronger effective electric field, enabling more efficient separation of photo-generated electron–hole pairs in the MoS₂ layer. Conversely, increasing the n-type doping level in graphene results in a reduced effective electric field, resulting in reduced photogain.
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FIGURE 2. (a) Current–voltage (I–V) characteristics of the graphene/MoS₂ heterostructure under illumination; (b) Photocurrent as a function of applied voltage [10]
In Fig. 2, the transfer curves of a graphene/MoS₂ transistor illuminated with light of 650 nm wavelength at various power levels are presented [10]. It is observed that the charge neutrality point measured in the dark is located at approximately +10 V, indicating that the graphene is p-type. The shape of the transfer curve closely resembles that of pristine graphene on SiO₂, suggesting that charge transport in the device primarily occurs through the graphene channel.
When the graphene/MoS₂ heterostructure is illuminated, the current (I) in the p-channel is decreased, while the current in the n-channel is increased (Figure 2a), confirming that the photoexcited electrons are transferred into the graphene layer. Even under very low illumination, there is significant translation of the charge neutrality point into more negative voltages. The photoexcited holes are trapped inside the MoS₂ layer and act as an auxiliary positive gate voltage on the graphene channel. In [11], the electronic and optical properties of the graphene/MoS₂ heterostructure were explored through density functional theory (DFT) calculations. The graphene/MoS₂ system shows the redshift of the absorption coefficient, refractive index, and reflectance spectra, whereas the blueshift is shown by the loss spectrum. Monolayer graphene and MoS₂, combined together, show changed electronic and optical properties, proving the applicability of 2D material systems for advanced research and development. In [12], the effects of radiation on MoS₂-graphene FET devices caused by exposure to swift heavy ions were studied. From the experiment, it was found that after ion irradiation, there occurred the generation of a novel Raman spectrum, represented by the 'D’ peak Dirac point, confirming damage to the graphene layer by the ion beam. From the photoluminescence spectrum analysis of MoS₂, it was found that there occurred the transformation of trion-A⁻ into neutral exciton-A⁰ by the ion irradiations.
In [13], it was demonstrated that the electronic and structural properties of MoS₂/SLG heterostructures can be controlled by the chemical and morphological properties of the substrates. There are vast opportunities in the optoelectronic applications of MoS₂, including the creation of photodetectors, optical modulators, and transistors.As demonstrated in [14–17], the change in the electrophysical properties of 2D p–n junctions under external stimuli (light, high-frequency electromagnetic fields, mechanical strain) plays a crucial role in the design of optoelectronic devices.
For two-dimensional (2D) materials, the enhancement of the Raman spectrum is primarily governed by electronic transitions between probe molecules and the substrate materials. According to Fermi’s golden rule, the transition rate of such electronic transitions is given by [18]:

Here, denotes the transition probability rate, g(Ek)— represents the density of states, and  is the matrix element corresponding to transitions between the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) energy levels. Since graphene possesses a high electronic density of states [19], the transition rate  increases significantly when a graphene-based SERS (Surface-Enhanced Raman Spectroscopy) platform is employed. Additionally, the Fermi level of graphene lies close to the HOMO and LUMO levels of most probe molecules [20], which further enhances the probability of electron transitions between graphene and the analyte molecules. In [21], a non-metallic, reusable, and plasma-treated graphene–MoS₂ heterostructure-based SERS platform was proposed, which demonstrated high sensitivity in the detection of molecular analytes. This heterostructure showed excellent SERS performance, enabling the detection of analyte concentrations as low as 10⁻⁹ g. A comprehensive study [22] presented theoretical and numerical modeling, material characterization, and device physics involved in the design and analysis of photodetectors based on graphene/MoS₂ and graphene/h-BN/MoS₂ heterostructures incorporating plasmonic effects. However, in the aforementioned studies, the theoretical investigation of the I–V characteristics of the graphene/MoS₂ heterostructure under illumination remains insufficiently addressed. The objective of this work is to theoretically investigate the I–V characteristics of the graphene/MoS₂ heterostructure, identify changes arising under illumination, and analyze how photocurrents generated under various light intensities influence the overall current-voltage response of the system.
METHODS
In this work, the I-V curve of the graphene/MoS2 heterostructure is studied by theoretical modeling. The model is centered on the simulation of carrier processes in the system, including carrier transport, generation, thermionic emission, and quantum tunneling, as well as photocurrent in the presence of illumination. The graphene/MoS2 heterostructure is assumed to be a quasi-two-dimensional system, in which graphene is used as the electrode and MoS2 as the photoactive semiconductor layer. The model takes into consideration the van der Waals interaction between graphene and MoS2, which is important in the electron injection into graphene and exciton recombination in MoS2.
RESULTS AND DISCUSSION
In the graphene/MoS₂ heterostructure, graphene is a two-dimensional (2D) material with a zero band gap and high carrier mobility, thus playing a key role in electrical conduction. MoS₂, on the other hand, is a 2D semiconductor with a direct bandgap Eg >1.8 eV in its monolayer form. The layers of graphene and MoS₂ are not chemically bonded but interact via van der Waals forces. This interaction allows the layers to retain their individual properties and leads to the emergence of new physical phenomena at the heterointerface. When light is incident on the graphene/MoS₂ heterostructure, photons are primarily absorbed in the MoS₂ layer. If the photon energy satisfies , i.e., the photon energy exceeds the MoS₂ bandgap, electron-hole pairs (excitons) are generated. To dissociate the excitons into free electrons and holes, energy greater than the exciton binding energy must be delivered via an external electric field, satisfying the condition:

The condition must be satisfied. Here,is the elementary charge,  is the external electric field strength, is the average radius of the exciton (the distance between the electron and the hole, typically about 1–2 nm),   is the exciton binding energy, m* is the reduced effective mass of the electron and hole, εis the dielectric permittivity of the material, ℏis the reduced Planck constant.
In 2D materials, the exciton binding energy is relatively large. Therefore, a strong external electric field is required to dissociate the exciton. One of the main advantages of the graphene/MoS₂ heterostructure is that the excitons are generated within the MoS₂ layer. Since MoS₂ is a semiconductor, it acts as the absorbing layer. Graphene, being metallic in nature, facilitates rapid charge extraction. A difference in energy levels between graphene and MoS₂ creates a favorable band alignment, which enhances charge separation. The external electric field (or built-in potential barrier) drives electrons and holes in opposite directions, thereby contributing to the generation of photocurrent.
The total current in the graphene/MoS₂ heterostructure consists of two main components:
                                                                 (1)
Here, is the dark current, is the photocurrent.
The dark current can be expressed as the sum of the following components:
                                                                      (2)
– the generation current is associated with the formation of electron–hole pairs due to thermal energy.
The generation current is defined as follows:
                                                                         (3)
 where, – is the generation rate, S – the surface area of the heterostructure,
W – the thickness of the region where the electric field exists, ni ​ – the intrinsic carrier concentration,  the generation (carrier lifetime) time.
                                                   (4)
 Here, – Richardson constant, which in the case of 2D materials obeys quantum confinement, density of states, and 2D Fermi statistics [24]. – potential barrier height,– temperature, – Boltzmann constant. 
Jt – tunnel current. This current is related to the quantum tunneling effect, in which charge carriers pass through a narrow barrier by quantum mechanical means. Both graphene and MoS₂ are two-dimensional (2D) materials, and they are not chemically bonded (i.e., not through covalent or Schottky contact), but rather, they form an interface through van der Waals forces. Therefore, it is necessary to account for the tunneling current in the graphene/MoS₂ heterostructure [25]. In this paper, the tunneling current is calculated using the following expression:
               (5)
Here,  – current density, T(E) – energy-dependent tunneling probability, Ds,Dd – density of states, fs, fd​  – Fermi–Dirac distribution functions. The integral in this expression can be evaluated for the graphene/MoS₂ heterostructure using the following simplified assumptions:
The tunneling probability is taken as , meaning that tunneling occurs only at energies higher than the potential barrier. Here,  is the Heaviside step function, which mathematically expresses that the tunneling probability is zero below the energy threshold, and only electrons with  are allowed to tunnel. In other words, only energies above the potential barrier are permitted, while lower energies are forbidden.
For the graphene/MoS₂ heterostructure, the density of states is assumed to be constant, i.e.,. Here, is the constant approximation of the D(E) real density of states , D0=const  taken for the analytical calculation of the tunnel current.
The density of states of the graphene/MoS₂ heterostructure is linearly dependent on energy and is given by  . However, near ​ (i.e., for small energy variations), this value can be approximated as constant D0​, where μ is the Fermi energy, and   is the Fermi velocity in graphene.
If the temperature is sufficiently high, the Fermi–Dirac distribution takes the following form:

After these simplifications, the tunneling current is given by the following expression:
                                                           (6)
Here,  is the quantum transition rate for current.
Expression (6) shows how the tunneling current depends on the external voltage and the potential barrier height. In the tunneling current determined by this expression, electrons tunnel perpendicularly from MoS₂ to graphene. The effective tunneling probability increases with the applied voltage, and due to the difference in the Fermi-Dirac distributions, the current depends on the Fermi level and temperature.Considering these components, the total expression for the dark current is given by the following equation:                                             
                    (7)
When photons (light quanta) strike the MoS₂ layer, excitons are generated. If an external electric field is present, these excitons dissociate into electrons and holes, resulting in the formation of a photocurrent Jf(U):
                                                                      (8)
η – quantum efficiency,  – the number of photons incident per unit area.
When light is incident, excitons are generated in the MoS₂ layer. To separate these excitons and drive them as charge carriers through the circuit, an external electric field (i.e., voltage) is required. As the applied voltage increases, the electric field becomes stronger, excitons dissociate into electrons and holes more rapidly, the probability of recombination decreases, and both the photocurrent and quantum efficiency increase as functions of the voltage.
The quantum efficiency can be expressed as a function of voltage as follows:
                                                         (9)
Substituting equation (9) into equation (8), we obtain the expression for the photocurrent as a function of voltage.
                                                  (10)
Using equation (10), the graph of the photocurrent as a function of external voltage can be obtained.
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FIGURE 3. Variation of Photocurrent with External Voltage
This graph shows that in the graphene/MoS₂ heterostructure, the photocurrent varies sensitively with both light intensity and applied external voltage. The graph plotted using the derived equation (10) (Fig. 3) qualitatively agrees with the experimental results presented in Figure 2b from reference [10]. By using equations (7) and (10), a general expression for the current-voltage characteristics (I–V characteristics) of the graphene/MoS₂ heterostructure under illumination can be obtained.

					 (11)
Using equation (11), the current-voltage characteristic (I–V characteristic) of the graphene/MoS₂ heterostructure under illumination can be obtained.
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FIGURE 4. Current-voltage characteristics of the graphene/MoS₂ heterostructure at different illumination power levels.
Equation (11), by incorporating various current components and accounting for their dependence on both voltage and light intensity, qualitatively matches the experimental results presented in Figure 2a of reference [10], as shown in Figure 4. In particular, the combined use of tunneling and photocurrent models clearly explains the increase in current under illumination. Therefore, this equation is consistent with the experimental data and is considered suitable for describing the graphene/MoS₂ heterostructure.
CONCLUSION
In this research, the optoelectronic properties of the graphene/MoS₂ heterostructure were studied, and on the basis of the experimentally obtained current-voltage (I-V) characteristics under various light intensities, a theoretical model was developed. The experimental [10] and modeling studies revealed that under illumination, electron-hole pairs are mainly generated in the MoS₂ layer at the graphene/MoS₂ interface. On account of the effect of the electric field, the electrons migrate to the graphene layer, and the holes are captured by MoS₂, giving rise to the creation of a p-n junction and, hence, a non-metal semiconductor contact. This prompted the high photocurrent and high photo-responsivity.
There were four significant components in the current being modeled, namely the generation current, thermionic emission current, tunneling current, and photocurrent, and the model agreed well with the experimental data. Notably, the substantial rise in currents with the rise in light intensity within the range of -50V and 50V validated the consistency of the components and appropriately matched the experimental data. The consideration of the linear relationship between the tunneling current and voltage also contributed significantly to the graphene/MoS₂ heterostructure, as it helped interpret the mechanism of carrier transport. The results indicate that the graphene/MoS₂ heterostructure is a promising material for ultrathin, flexible, and highly sensitive photoelectronic devices. Moreover, modeling the photocurrent components generated within the structure has enabled a deeper understanding of the operation principles of such systems. Especially in the development of high-sensitivity photodetectors: lightweight and flexible detectors operating in the infrared, visible, and ultraviolet ranges, optoelectronic sensors: devices sensitive to light or radiation for environmental monitoring, biological analysis, and security systems, energy harvesting systems (PV): nanostructured solar panels that absorb sunlight and convert it into photoelectric energy, artificial vision systems and imaging: low-power, high-resolution image capturing technologies, 2D electronics and photonics: as key components for next-generation lightweight and flexible electronic devices — the application potential is considerable. In the future, the efficiency, controllability, and application scope of such structures can be enhanced by combining them with graphene nanoribbons, gapped graphene (graphene modified to exhibit semiconducting properties by creating a bandgap), or other 2D materials. The use of graphene nanoribbons or branched structures may allow for controlled photocurrent generation and improved on/off ratios.
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the creation of fast electronic devices [4,5].


 


In [6], vertical MoS2/Gr heterostructures with monolayer and bilayer graphene (Gr)


 


and MoS2, named (1


-


2L) 


MoS2/(1


-


2L) Gr, were studied, focusing on the presence of additional layers at interfaces, based on structural and 


physical properties. In this research, correlative scanning probe microscopy and microspectroscopy are used to study 


the excitonic properties of the (MoS2)L/(MoS2)L/(1


-


2L)/Au devices. The various effects on the surface


-


related 


electronic properties, namely, neutral excitations, concentration of charged excitons (trions), long


-


lived trions, and 


decreased work functions, w


ere obtained. The effects experimentally confirm rectification and an increased 


photocarrier concentration due to electronic interactions between layers, suppressing the Fermi level at the MoS2/Au 


interface.


 


In [7], it is demonstrated that the effect of in


terlayer interactions in graphene/MoS


2


 heterostructures affects their 


optical properties. The interaction enhances the efficiency of vertically combined optoelectronic devices and, 


importantly, provides insights into the design of optoelectronic systems ba


sed on graphene and MoS


2


.


 


Generally, the value of ZT in 2D materials, for example, graphene and MoS2, is very low (ZT 


=


 1). In this case, 


graphene shows no thermoelectric properties at all (ZT 


˜


 0), considering the high thermal conductivity of this 


materia


l. In [8], the researchers suggested a novel strategy to overcome this issue and used layered heterostructures 


rather than monolayers and crossed


-


plane currents, focusing on both heat and current transportation. The research 


took into consideration crucial


 


factors, which are phonon scattering barriers, Debye frequency mismatch (the 


maximum phonon frequencies within crystal lattices), and phonon scattering between layers. From this study, it is 


clear that structural modification of 2D materials provides nove


l opportunities, especially within high


-


quality 


thermoelectric applications, for example, sensors, cooling devices, and thermoelectric harvesting components, which 


are mainly based on vertical graphene/MoS2 heterostructures.


 


In [9], electron exchange betwe


en layers and PL properties in graphene/MoS


2


 heterostructures were explored. 


The authors obtained evidence that the PL signal intensified by 5 times in F


-


G/MoS


2


 and by 1.8 times in MoS


2


/F


-


G 


composites (with F


-


G on top). The above findings clearly show that


 


the order of layer assembly influences the PL 


properties, and modification of graphene by functionalization increases the optoelectrical properties of MoS


2


 


significantly. This paves the way for novel applications in photonics, quantum detectors, and optoe


lectronics, 


leveraging the properties of 2D materials.


 


Due to its semi


-


metallic nature, high carrier mobility, broadband light absorption, and fast response time, 


graphene is considered a highly promising material for optoelectronic applications. Molybdenu


m disulfide (MoS


2


), a 


2D semiconductor, is also well


-


known for its sensitivity to light. In [10], it was demonstrated that large


-


area, 


continuous monolayer MoS


2


 can be synthesized using the chemical vapor deposition (CVD) method, and that 


graphene can be t


ransferred onto MoS


2


 layers. The resulting graphene/MoS


2


 heterostructure


-


based photodetectors 


are capable of achieving 


exceptionally high photogain


. Experimental results show that after light absorption, 


electron


–


hole pairs are generated in the MoS


2


 layer and then separated across the layers. Unlike traditional metal


–


semiconductor junctions, photo


-


generated electrons do not remain trapped in MoS


2


 but are transferred to the 


graphene layer. This transfer is facilitated by an effective out


-


of


-


plane ele


ctric field formed by a combination of 




Light - Induced Variation in the I – V Characteristics of  Graphene/MoS 2  Heterostructures   Mukhammadjon Dadamirzaev, Mamura Kosimova   a) , Azamat Makhmudov ,  Bakhromjon Xusanboyev   Namangan State Technical University, Namangan, Uzbekistan     a) Corresponding author:  omamuraqosimova@gmail.com   Abstract.   This study examines how the current – voltage (I – V) characteristics of a graphene/MoS 2  heterostructure change  when the structure is illuminated. The gr aphene/MoS 2  system is a van der Waals heterostructure in which graphene is  combined with molybdenum disulfide (MoS 2 ). Each layer has its own distinctive electrical, optical, and quantum features.  In this configuration, graphene provides high electrical con ductivity, while the MoS 2  layer is responsible for absorbing  light and generating charge carriers efficiently. Owing to these properties, the heterostructure exhibits photovoltaic  behavior as well as quantum tunneling and other quantum - mechanical effects.  In this work, the I – V characteristics of the  graphene/MoS 2  heterostructure are analyzed under several illumination levels to show how they vary with light intensity.   Keywords:   Graphene/MoS 2  heterostructure, I – V characteristics,  light , photoabsorption, van der Waals junction.   INTRODUCTION   In the past few years, graphene, a two - dimensional (2D) material, which is made of carbon atoms, received  considerable attention regarding nanoelectronics  applications [1 - 3]. The 2D material is defined as those that are  comprised of only one layer or few layers of atoms. The physicochemical properties and applications of 2D  materials are vast and significant in various branches of science and engineering. Th e popular 2D material, graphene,  is comprised of a single layer of atoms of carbon, which are usually arranged in the shape of a hexagonal lattice. The  distinct properties of electrical and thermal conductivity, mechanical strength, and high - temperature st ability of  graphene distinguish it from other 2D materials. The high mobility and Fermi velocity of charges in graphene enable  the creation of fast electronic devices [4,5].   In [6], vertical MoS2/Gr heterostructures with monolayer and bilayer graphene (Gr)   and MoS2, named (1 - 2L)  MoS2/(1 - 2L) Gr, were studied, focusing on the presence of additional layers at interfaces, based on structural and  physical properties. In this research, correlative scanning probe microscopy and microspectroscopy are used to study  the excitonic properties of the (MoS2)L/(MoS2)L/(1 - 2L)/Au devices. The various effects on the surface - related  electronic properties, namely, neutral excitations, concentration of charged excitons (trions), long - lived trions, and  decreased work functions, w ere obtained. The effects experimentally confirm rectification and an increased  photocarrier concentration due to electronic interactions between layers, suppressing the Fermi level at the MoS2/Au  interface.   In [7], it is demonstrated that the effect of in terlayer interactions in graphene/MoS 2  heterostructures affects their  optical properties. The interaction enhances the efficiency of vertically combined optoelectronic devices and,  importantly, provides insights into the design of optoelectronic systems ba sed on graphene and MoS 2 .   Generally, the value of ZT in 2D materials, for example, graphene and MoS2, is very low (ZT  =  1). In this case,  graphene shows no thermoelectric properties at all (ZT  ˜  0), considering the high thermal conductivity of this  materia l. In [8], the researchers suggested a novel strategy to overcome this issue and used layered heterostructures  rather than monolayers and crossed - plane currents, focusing on both heat and current transportation. The research  took into consideration crucial   factors, which are phonon scattering barriers, Debye frequency mismatch (the  maximum phonon frequencies within crystal lattices), and phonon scattering between layers. From this study, it is  clear that structural modification of 2D materials provides nove l opportunities, especially within high - quality  thermoelectric applications, for example, sensors, cooling devices, and thermoelectric harvesting components, which  are mainly based on vertical graphene/MoS2 heterostructures.   In [9], electron exchange betwe en layers and PL properties in graphene/MoS 2  heterostructures were explored.  The authors obtained evidence that the PL signal intensified by 5 times in F - G/MoS 2  and by 1.8 times in MoS 2 /F - G  composites (with F - G on top). The above findings clearly show that   the order of layer assembly influences the PL  properties, and modification of graphene by functionalization increases the optoelectrical properties of MoS 2   significantly. This paves the way for novel applications in photonics, quantum detectors, and optoe lectronics,  leveraging the properties of 2D materials.   Due to its semi - metallic nature, high carrier mobility, broadband light absorption, and fast response time,  graphene is considered a highly promising material for optoelectronic applications. Molybdenu m disulfide (MoS 2 ), a  2D semiconductor, is also well - known for its sensitivity to light. In [10], it was demonstrated that large - area,  continuous monolayer MoS 2  can be synthesized using the chemical vapor deposition (CVD) method, and that  graphene can be t ransferred onto MoS 2  layers. The resulting graphene/MoS 2  heterostructure - based photodetectors  are capable of achieving  exceptionally high photogain . Experimental results show that after light absorption,  electron – hole pairs are generated in the MoS 2  layer and then separated across the layers. Unlike traditional metal – semiconductor junctions, photo - generated electrons do not remain trapped in MoS 2  but are transferred to the  graphene layer. This transfer is facilitated by an effective out - of - plane ele ctric field formed by a combination of 

