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 A B S T R A C T

This work presents a novel approach to studying, simulating, and modeling the graphene–silicon interface 
in Schottky diodes by integrating quantum-mechanical and device-level analyses. Such devices hold great 
performance potential in photodetecting, energy-harvesting, and sensing applications. Quantum-mechanical 
calculations determine key structural and electronic properties, such as the work function and effective mass, 
which are critical for understanding the interface’s behavior. These parameters are then incorporated into 
finite-element simulations, solving the Poisson and Continuity equations to develop a subthreshold and reverse 
bias model for the graphene/p-type silicon Schottky device. The model characterizes J–V curves, identifying 
dominant electron transport mechanisms like thermionic emission and diffusion at varying recombination 
velocities. It also sheds light on the image-force lowering effect, which significantly impacts current density, 
especially under reverse bias conditions, by modulating the Schottky barrier height.

The model is validated by comparing the model with experimental data from graphene–silicon photode-
tectors, demonstrating its accuracy in predicting device performance. This approach offers valuable insights 
into optimizing any kind of Schottky diodes. By effectively bridging quantum-mechanical theory with practical 
device performance, the model proves to be a powerful tool for designing advanced semiconductor devices 
with enhanced efficiency and functionality, ensuring consistency from the atomistic to the device level.
1. Introduction

Since 2004, when graphene was successfully exfoliated from
graphite, extensive research has been conducted on its different forms, 
including single-layer, bilayer, and multilayer graphene. This interest 
stems from graphene’s remarkable properties, such as its high elec-
tron mobility, high capacity for electrical current transport, and low 
resistance, making it a promising candidate for next-generation field-
effect transistors (FETs) [1–7]. Graphene is a classical Dirac semimetal, 
with linear energy–momentum dispersion near the Dirac points at the 
Fermi level. These Dirac cones, protected by symmetry in the absence 
of spin–orbit coupling, give rise to a number of unique electronic 
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properties [8]. Moreover, researchers have successfully created metal–
semiconductor junctions using single-layer graphene (SLG). A notable 
example is the fabrication of graphene–Si Schottky diodes, achieved 
by depositing exfoliated graphene onto silicon substrates [1]. These 
devices are currently employed in a wide range of applications in 
fields such as energy harvesting, chemical sensing, and optoelectron-
ics [9]. Graphene possesses distinctive attributes, such as high optical 
transparency and excellent surface conductivity [2,3,7,10,11]; these 
characteristics allow graphene-based Schottky diodes to be employed in 
solar cells based on graphene–Si junctions and are gaining recognition 
due to their low-cost and straightforward fabrication methods [2,11]. 
Additionally, these devices are considered environmentally friendly [3,
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12]. In [12], graphene–Si Schottky junctions were successfully utilized 
in the fabrication of Schottky barrier solar cells (SBSC).

Graphene–Si Schottky diodes are also commonly used for gas sens-
ing. Graphene’s large active surface area and sensitivity to chemical 
adsorbates make these devices highly effective for detecting gases like 
NO2, H2, and other pollutants [13]. Gas sensing is enabled by varia-
tions in the forward bias current–voltage characteristics of the diode, 
which change with different gas concentrations and temperatures [14]. 
In [13,14], graphene–Si Schottky-based gas sensors were proposed 
for detecting H2S and NO2, respectively. Both sensors demonstrated 
excellent performance, including high selectivity, reproducibility, and 
fast response times, confirming the suitability of graphene–Si Schottky 
diodes for this application. Additionally, these diodes have shown 
promise for humidity detection; [15] report a highly sensitive, selective, 
and multimode humidity sensor array based on a graphene–Si hetero-
junction, further broadening the environmental sensing applications of 
graphene–Si Schottky devices.

Another key application of the graphene–Si interface is in pho-
todetector devices, owing to graphene’s unique physical properties, 
high mobility, flexibility, and chemical stability [4,16,17], making it 
ideal for ultrafast, broadband, and flexible optoelectronics [18,19]. 
Photodetectors based on graphene–Si junctions show enhanced pho-
toresponsivity [17,20], as graphene replaces metal contacts in Schottky 
junctions to form shallow junctions with an improved photoresponse. 
Likewise, its semimetallic nature and tunable Fermi level enable func-
tionalities like bias-controlled detection [21,22]. Despite these ad-
vantages, graphene’s intrinsically low optical absorption limits device 
efficiency. To address this, hybrid structures have been developed 
that significantly enhance performance. For example, the Graphene 
Charge-Coupled Device (GCCD) uses pre-avalanche multiplication and 
charge storage [20], while the Graphene–Oxide–Semiconductor (GOS) 
device achieves avalanche amplification via field-effect coupling [23]. 
Additionally, graphene’s strong UV absorption supports long hot-carrier 
lifetimes and internal quantum efficiencies above 100% in silicon de-
tectors [24], and functionalized forms like fluorinated graphene enable 
broadband detection from UV to infrared [25,26].

The previous optoelectronics study conducted in [27] provides rele-
vant groundwork and serves as a case study for our work. In it, Schottky 
photodetectors (PDs) that operate with vertical illumination and exhibit 
enhanced resonant cavity behavior were fabricated, achieving efficient 
near-infrared (NIR) photodetection at 1550 nm. These devices have 
applications in fields ranging from optical communications to remote 
sensing. The PDs were fabricated on a p-type silicon substrate with 
a thickness of 200 μm, doped with a low boron concentration (𝑁𝐴 ∼
1015 cm−3). The findings provide a clear understanding of the devices’ 
functionality and demonstrate rectifying I–V behavior consistent with 
the Schottky diode equation. However, a comprehensive understanding 
of the physics involved at the graphene–Si Schottky barrier has yet to 
be achieved.

Relevant TCAD work on the graphene–Si interface has been devel-
oped in [28,29]. In [28], highly rectifying C/p-type Si junctions were 
characterized by constructing and optimizing 2D and 3D models based 
on the measured I–V characteristics. Similarly, in [29], the performance 
of graphene–Si Schottky-based solar cells was analyzed using I–V curves 
and internal quantum efficiency to understand the devices’ behavior. 
Both studies provide valuable insights and detailed results, contributing 
to the understanding of the underlying physics of the graphene–Si in-
terface. However, there remains a need for a more detailed description 
of the interface at the atomistic level, which could offer a deeper 
understanding of the phenomena involved. Furthermore, establishing 
a stronger correlation between theoretical models and experimental 
data would be beneficial for aligning simulation results with real-world 
device performance.

In this work, a novel approach is taken to rigorously study and 
model the graphene–Si interface. An initial quantum-mechanical anal-
ysis of the interface in a crystal supercell is conducted to obtain basic 
2 
electronic properties, such as work function, effective mass, and band 
structures. These results are then used in a finite element simulation to 
derive a TCAD-based model for the graphene/p-Si junction. The simula-
tion outputs are subsequently compared and fitted to the experimental 
data in [27]. The final subthreshold and reverse bias model developed 
for graphene/p-Si Schottky diodes is characterized by its atomistic 
properties which are then employed in simulation to obtain the current 
density–voltage (J–V) curve. This multi-scale approach, which links 
quantum-mechanical modeling, device-level simulation, and experi-
mental validation, provides a comprehensive framework that, to our 
knowledge, has not been reported in this form for graphene–Si Schottky 
diodes. Additionally, it significantly enhances the understanding of the 
underlying physical phenomena and current transport mechanisms at 
the junction.

Remarkably, although the graphene-based junctions analyzed in this 
work involve only p-type silicon, the study should be regarded as a 
versatile tool for investigating this class of junctions, regardless of the 
semiconductor type, specific experimental conditions, or fabrication 
process.

The remainder of this document is organized as follows: Section 2 
presents the methodology employed, Section 3 exhibits the results of 
the quantum-mechanical analysis and the TCAD simulation along with 
the subthreshold and reverse bias model, and Section 4 compiles the 
primary observations and findings of this work, and also proposes 
potential subjects for future research.

2. Methodology

The methodology employed for the computational modeling, as 
illustrated in Fig.  1, is divided into two stages. In the first stage, a 
quantum-mechanical analysis of the interface is performed using the 
High-Performance Computing (HPC) server and Quantum-ATK soft-
ware from Synopsys. The Density Functional Theory (DFT) is applied 
to approximate the solution to Schrödinger’s equation and to obtain 
important physical parameters such as the work function, Fermi level, 
effective mass, and band structure.

The second stage involves the finite-element simulation of the in-
terface. Here, the physical parameters obtained from the quantum-
mechanical analysis, along with the device geometry, are used as input 
parameters in Synopsys Sentaurus software. At this stage, Poisson’s 
equation, coupled with the drift–diffusion model and the continuity 
equation, is solved to obtain current density–voltage (J–V) curves and 
band diagrams characterizing the junction. The J–V curves are analyzed 
by exploring the mechanisms at the interface — thermionic emission, 
diffusion, and image-force lowering — while varying key parameters 
such as recombination velocity (𝑣𝑟ℎ) and interface resistance (𝑅). Vari-
ations in 𝑣𝑟ℎ and 𝑅 result in significant changes to the J–V curve 
behavior, particularly in the subthreshold swing (𝑆𝑆) and current 
density magnitude (𝐽 ). Additionally, band diagrams are studied to 
evaluate the effects of image-force lowering on Schottky barrier (𝛷𝐵) 
modulation. These analyses, which provide a detailed understanding of 
the parameter effects, are later employed to develop a comprehensive 
subthreshold and reverse bias model for the graphene/p-Si interface.

Finally, these results are fitted to the experimental data in [27] to 
further verify the validity and accuracy of the model.

2.1. Quantum mechanical calculations

The model for the quantum mechanical calculations was obtained 
by extending the unit cell of a [100] pure silicon surface (i.e., the 
most stable Si surface [30]) containing eight layers. The employed 
factors were 3 and 5 for the 𝑎 and 𝑏 directions, respectively. The 
latter resulted in a supercell model of 120 Si atoms, which was fully 
optimized (i.e., cell parameters and atomic positions) as a first step of 
the study. Subsequently, a monoatomic graphene sheet composed of 
80 C atoms was placed onto the optimized silicon supercell to obtain 
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Fig. 1. Methodology Flow Diagram.
Fig. 2. Optimized crystal supercell.
the interface model. It must be noted that the procedure followed to 
construct the semiconductor–metal model for the quantum mechanical 
calculations resulted in a semi-ordered 2D–2D vertical van der Waals 
stacked silicon–graphene bilayer with a near-zero twist-angle [31] (see 
Fig.  A.1(a) in Appendix  A).

Upon the construction of the model, the strain forces resulting 
from the atomic interaction at the interface were minimized by means 
of a further optimization process where neither symmetry nor geom-
etry constraints were imposed. As a result, the optimized structure 
is more accurately described as a turbostratic stacking system [32], 
where the carbon atoms maintain graphene’s characteristic honeycomb 
arrangement while the silicon atoms adopt a less ordered distribution 
(see Fig.  A.1(b) in Appendix  A). The latter behavior can be attributed 
to the inherent mobility of the silicon [100] surface atoms located 
at the interface [30]. All the calculations at this stage of the study 
were conducted at the Perdew–Burke–Ernzerhof (PBE) [33,34] level 
as implemented in the VASP 5.4.4 software [35–38]. Moreover, the 
dispersive forces were copped by means of a Grimme-like pairwise 
3 
potential [39]. The energy cutoff for the self-consistent field (SCF) 
calculations was set to 450 eV (as defined by an energy convergence 
test), and default values for geometry optimization and other control 
parameters were considered.

As exhibited in Fig.  2, the obtained model at equilibrium is an 
almost-rectangular cell with 𝑎 = 12.074945 Å, 𝑏 = 17.502307 Å, and 
𝑐 = 21.364605 Å, with a vacuum of about 9 Å along the 𝑐 direction. 
Moreover, the distance between the Si surface and the graphene sheet 
is about 3.4 Å.

A crystallographic information file (CIF) containing the model can 
be found as supporting information. The latter was then exported to 
the QuantumATK software to compute the electronic properties that are 
required for the subsequent simulation at the device level, namely the 
work function, the electronic effective mass, the density of states, and 
the approximate bandgap. QuantumATK was used because it is tightly 
integrated with Sentaurus, the software used for the finite-elements 
model (see Section 2.2).
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Table 1
Device measurements.
 Parameter Value  
 Graphene thickness 0.35 nm  
 Silicon thickness 200 μm  
 Area 𝜋 × 104 cm2 

Fig. 3. Device schematic (not to scale) - Graphene/p-Si Schottky diode.

In a subsequent stage of the study, the model employed in Quan-
tumATK was further modified to change the atomic distance at the 
interface, in order to assess the effect of changes in this distance on the 
electronic properties. Additionally, the band structure of the optimized 
graphene–Si configuration was compared to that of pristine graphene 
to highlight the impact of the interface interaction on the electronic 
properties.

2.2. Finite elements methods

A p-type Schottky device, doped with boron (𝑁𝐴 ∼ 1015 cm−3), con-
taining the graphene/p-Si interface was built in Sentaurus, following 
the measurements described in [27] (see Table  1). A schematic (not 
to scale) of the device is shown in Fig.  3. To accurately capture the 
physical behavior at the interface, a non-uniform meshing strategy was 
implemented. The mesh is highly refined in the vicinity of the interface, 
where key transport phenomena, such as thermionic emission–diffusion 
and the image-force-lowering effect, play a dominant role. A global 
refinement window was defined over the entire device area, enabling 
a gradual transition in mesh density. Within this window, a refinement 
function was applied that initiates with a fine mesh layer of 0.001 μm 
near the metal–silicon interface. The layer thickness then increases 
progressively by a factor of 1.1, up to a maximum of 0.25 μm laterally 
and 0.2 μm vertically toward the outer regions of the device. This 
graded mesh ensures fine resolution where it is most needed — near the 
interface — while maintaining computational efficiency in less critical 
areas.

The graphene material employed in the device was modeled us-
ing physical parameters — work function and effective mass — de-
rived from quantum mechanical analysis. Additionally, resistivity and
temperature-related parameters, including lattice thermal conductivity, 
lumped electron–hole–lattice heat capacity at 300 K, and the tempera-
ture coefficient, were obtained from [40–43].

The models employed for the aforementioned device in Sentaurus 
are described as follows.

Thermionic emission–diffusion theory was implemented in Sentau-
rus by activating the isothermal option. This model is described by 
(1) [44]. 

𝐽𝑇𝐸𝐷 =
𝑞𝑁𝑐𝑣𝑟ℎ
1 + 𝑣𝑟ℎ

𝑒−
𝑞𝜙𝐵
𝑘𝑇

(

𝑒
𝑞𝑉
𝑘𝑇 − 1

)

(1)

𝑣𝐷

4 
where 𝐽𝑇𝐸𝐷 is the thermionic emission–diffusion current density, 𝑁𝑐 is 
the effective density of states, 𝑣𝑟ℎ is the recombination velocity, 𝑣𝐷 is 
diffusion velocity, 𝜙𝐵 is the Schottky barrier height, 𝑉  is the applied 
voltage, 𝑘 is the Boltzmann constant, 𝑇  is the temperature, 𝑞 is the 
electron charge.

It must be noted that this model is limited under extreme tem-
perature and high doping conditions. At low temperatures, thermionic 
emission is suppressed due to insufficient thermal energy, and tunnel-
ing (field emission, FE) or thermionic-field emission (TFE) becomes 
significant [44]. At high temperatures, the recombination velocity 𝑣𝑟ℎ
becomes limited and eventually saturates due to the physical limit 
set by the thermal velocity (∼ 107 cm/s for Silicon) [44,45]. Besides 
this, for heavily doped semiconductors (> 1018 cm−3), the depletion 
width becomes very narrow, enhancing tunneling effects. In such cases, 
the semiconductor becomes degenerated, and the use of Fermi–Dirac 
statistics becomes necessary; this invalidates the model since it relies 
on the Maxwell–Boltzmann approximation.

Additionally, a sweep of 𝑣𝑟ℎ was performed to assess its contribution 
to the dominant current transport mechanism in the diode: thermionic 
emission versus diffusion. Eq. (1) establishes that when 𝑣𝑟ℎ ≫ 𝑣𝐷, 
the diffusion process becomes the limiting factor, and the saturation 
current density is given by 𝐽𝑇𝐸𝐷 = 𝐽𝐷 (diffusion current density). 
Contrary to this, when 𝑣𝐷 ≫ 𝑣𝑟ℎ, thermionic emission dominates the 
transport mechanism and 𝐽𝑇𝐸𝐷 = 𝐽𝑇𝐸 (thermionic emission current 
density) [44].

Moreover, depending on the dominant current transport mecha-
nism, the subthreshold swing 𝑆𝑆 may deviate from the standard value 
of 60 mV/dec. According to [44], when the dominant mechanism is not 
purely thermionic emission, ideality factor 𝜂 assumes a value greater 
than one to account for this effect. 𝜂 is introduced into the diode in 
(2). 

𝐽 = 𝐽0

[

𝑒
𝑞𝑉
𝜂𝑘𝑇 − 1

]

(2)

where 𝐽 is the diode current density and 𝐽0 is the saturation current 
density.

Eqs. (1) and (2) are relevant for Section 3.2 to analyze the results, 
providing insights into the behavior of the J–V curves, the underlying 
transport mechanisms, and the influence of the recombination velocity 
parameter (𝑣𝑟ℎ).

Next, the image-force lowering model in Sentaurus was applied 
to the device to analyze the bias dependent Schottky barrier 𝛷𝐵 at 
the graphene/p-Si interface [46]. A Schottky barrier model is utilized 
for the metal–semiconductor junction, incorporating the reduction of 
the potential energy barrier due to the image force. The impact of 
the image-force lowering effect is examined through a parametric 
sweep of interface resistance 𝑅. The magnitude of the bias-dependent 
image-force lowering is defined in Sentaurus manual (refer to [47]).

In addition, due to the presence of series resistance in the TCAD 
simulations, an external ’compact model’ was necessary to mitigate 
this effect and accurately graph and calculate subthreshold swings. 
This model was developed in MATLAB® and serves as an extrapolation 
of the data in subthreshold bias, which is described by the diode 
equation in (2). The compact model is used to preserve the subthresh-
old swing behavior typical of subthreshold bias in the forward bias 
regime, compensating for the series resistance and ensuring an accurate 
representation of the device’s characteristics.

2.3. Experimental case study description

The fabrication process and geometry of the graphene–Si Schottky 
photodetector (PD) from [27], as displayed in Fig.  4, are described as 
follows:

First, a 100 nm SiO2 layer is deposited onto a 200 μm-thick p-
Si substrate (𝑁𝐴 ∼ 1015 cm−3, Boron) using e-beam evaporation, as 
illustrated in Fig.  4a. Second, optical lithography, employing a laser-
writer from Microtech, delineates the pattern in 𝑆𝑖𝑂 , which is then 
2
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Fig. 4. The process of creating Si-Single Layer Graphene (SLG) Schottky: (a) Deposition 
of a SiO2 layer, (b) Defining areas for Schottky and Ohmic contacts, (c) Forming Al 
Ohmic contacts, (d) Depositing an Au protection layer, (e) Transferring SLG, (f) Shaping 
the SLG, (g) Depositing Au contacts onto SLG, and (h) Depositing an Au back mirror. 
Retrieved from [27].

etched in a BOE solution; as it can be seen in Fig.  4b. Third, Al/Cr/Au 
(50nm/3nm/50 nm) three-layer electrodes are fabricated on the p-
type Si using evaporation, lithography, and lift-off processes. Before 
depositing Cr/Au, the Al contacts undergo annealing at 460 ◦C in N2
to impart them with ohmic behavior; as depicted in Fig.  4c and 4d. 
Fourth, CVD graphene (0.35 nm) is wet-transferred to the target chips, 
as shown in Fig.  4e. Subsequently, graphene was patterned using lithog-
raphy and plasma oxygen etching to create the active graphene/p-Si 
circular junction with an area of 𝐴 = 𝜋 × 10−4 cm2, along with a PAD 
where Cr/Au (3 nm/50 nm) contacts were deposited on graphene via 
photolithography, evaporation, and lift-off processes; as evidenced in 
Fig.  4f.

The Raman analysis performed on the graphene layer after the 
fabrication process revealed a doping level of 9×1012 cm−2 (290 meV), 
single-layer behavior, and a uniform distribution within the active 
circular area, as reported in detail in [27].

An optical microscope image of the fabricated device, along with the 
corresponding Raman spectrum of graphene, is provided in Appendix 
B as Fig.  B.1.

3. Results and discussion

3.1. Quantum mechanical simulations — band structure and physical pa-
rameters – QATK

The simulations at the quantum mechanical level were conducted 
to determine the impact of the atomic distance of the graphene–Si in-
terface on the electronic properties of the supercell. The characteristics 
of the optimized crystal configuration are identified, and the changes 
caused by the displacement of the graphene layer are analyzed. More-
over, by employing DFT plane-wave simulations, the band structure, 
effective mass, and work function are calculated in every simulation 
for a quantitative and qualitative comparison.

For the optimized configuration (see Section 2.1), exhibited in Fig. 
2, the graphene sheet was placed 3.4 Å away from the Si crystal. This 
interlayer distance is consistent with the value reported by Sun et al. in 
their DFT study on graphene transferred on Si(110), where weak van 
der Waals interactions dominate the interface [48]. The band structure 
5 
obtained for this configuration is displayed in Fig.  5(a). The conduction 
and valence bands are close to each other, resulting in the absence of 
a band gap. Consequently, the interface acts as a metal since electrons 
can move freely from the valence to the conduction band.

Next, the graphene layer was displaced by −1 Å, positioning it 
at a distance of 2.4 Å from the Si crystal. The band structure in 
Fig.  5(b) indicates that, in this configuration, the metallic properties 
of the interface have intensified. The conduction and valence bands 
are closer together and more flattened, allowing electrons to move 
more freely between bands, resulting in enhanced direct conduction. 
Additionally, as shown in Table  2, the effective mass has decreased. Due 
to the inverse relationship between effective mass and conductivity, 
this suggests an increase in the latter, further reinforcing the earlier 
conclusion.

Subsequently, the graphene sheet was displaced by +2.5 Å from 
the optimized configuration, placing it 5.9 Å away from the Si crystal. 
In this case, the band structure in Fig.  5(c) reveals a shift in the 
interface properties, with a small indirect band gap emerging between 
the conduction and valence bands in the 𝑉 → 𝑈 path, indicating a 
reduction in metallic behavior. As a result, electron movement between 
bands is more restricted. Moreover, as exhibited in Table  2, the effective 
mass has increased. Again, considering the inverse relationship between 
effective mass and conductivity, this suggests a decrease in the latter, 
which aligns with the previous observation.

In addition, the band structure of pristine graphene is shown in 
Fig.  5(d) as a reference to illustrate the modifications produced by 
the interaction between the C atoms and the Si substrate. The calcu-
lated band structure exhibits a well-defined Dirac point at the Fermi 
level, where the conduction and valence bands meet, resulting in the 
characteristic negligible band gap expected for semimetallic systems. 
Near this crossing point, the bands display linear dispersion, forming a 
Dirac cone [49]. Remarkably, the conduction and valence bands near 
the Fermi level exhibit high symmetry. These characteristics underscore 
graphene’s exceptional electronic properties, including its high electron 
mobility. In contrast, the band structure of the optimized graphene–
Si interface shown in Fig.  5(a) reveals substantial differences. The 
Dirac cone is no longer preserved, and multiple extra bands appear 
near the Fermi level. This disappearance of the Dirac point, along 
with the emergence of additional states, indicates strong hybridization 
between graphene and silicon electronic states [50]. These changes 
clearly demonstrate the impact of silicon interactions on the intrinsic 
properties of graphene.

Notably, regarding the quantitative results, [51] reports a work 
function of 4.5 eV for pristine graphene. In this study, the work function 
obtained for the optimized configuration closely aligns with the value 
of 4.79 eV measured in [27]. The increase in the work function of 290
meV compared to pristine graphene is attributed to charge transfer 
at the graphene-p-type Si interface. When Si and graphene come into 
contact, electrons transfer from Si to graphene to reach equilibrium, 
effectively raising graphene’s work function [52,53]. At a separation 
of 3.4 Å , this interaction is strong enough to induce an electrostatic 
potential shift in graphene, further increasing the energy required to 
extract an electron, which is reflected as a higher work function [53].

Furthermore, when graphene is closer to Si, the work function 
decreases, indicating a stronger interaction with the p-type silicon 
and increased charge transfer. This transfer shifts the Fermi level 
of graphene upward, resulting in a reduced work function. On the 
other hand, when graphene is farther from silicon, the work function 
increases. This suggests a weaker interaction, leading to less charge 
transfer and a higher work function for graphene, with its Fermi level 
moving downward.

To summarize, the effects of displacing the graphene sheet are 
reflected in the changes in work function and effective mass. When the 
graphene sheet is closer to the silicon crystal, both the work function 
and effective mass decrease. Contrary to this, when the graphene 
sheet is farther from the silicon crystal, these values increase. This 
demonstrates that the electronic properties are strongly influenced by 
the geometrical parameters, as shown in the results in Table  2.
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Fig. 5. Band structures of: (a) Graphene–Si interface at the optimized configuration, (b) Graphene sheet displaced by −1 Å, (c) Graphene sheet displaced by +2.5 Å, and (d) 
Pristine graphene. The Fermi level is represented by 𝜀𝐹  (green dotted line).
Table 2
Physical parameters.
 Configuration Work function (eV) Effective mass (𝑚∗) 
 Pristine Graphene 4.5 –  
 Optimized 4.781765 0.859  
 −1 Å 4.615097 0.187  
 +2.5 Å 4.815251 0.882  

3.2. Finite elements simulations — Sentaurus

To model the graphene/p-Si diode at the device level, it was im-
portant first to determine the current transport mechanisms at the 
interface. According to (1), the recombination velocity 𝑣𝑟ℎ plays a 
crucial role in determining how the current is transported. Therefore, 
an initial set of simulations was conducted in Sentaurus varying 𝑣𝑟ℎ
from 102 to 2 × 106 cm/s. Fig.  6 presents the four most relevant J–V 
curves at different values of 𝑣𝑟ℎ.

For a low 𝑣𝑟ℎ of 102 and 103 cm/s, the dominant mechanism is 
thermionic emission. When measuring the subthreshold swing 𝑆𝑆 for 
the first curve, a value of 71.3 mV/dec was obtained along with an 
ideality factor 𝜂 = 1, which is very close to the standard value of 60
mV/dec (pure thermionic emission). Similarly, for the second curve, 
𝑆𝑆 was measured at 151.8 mV/dec and 𝜂 = 2, indicating a deviation 
from the standard value, though thermionic emission still dominates 
over diffusion. This can be further confirmed by the drift velocity 
calculated in Sentaurus as 𝑣 = 2.16 × 105 cm/s; since in both cases 
𝐷
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𝑣𝑟ℎ ≪ 𝑣𝐷, thermionic emission remains the governing mechanism, and 
the saturation current density 𝐽𝑇𝐸𝐷 equals 𝐽𝑇𝐸 (see (1)).

Conversely, when 𝑣𝑟ℎ is high, at 1 × 106 cm/s and 2 × 106 cm/s, 
the current transport is dominated by diffusion rather than thermionic 
emission. In these cases, since 𝑣𝑟ℎ ≫ 𝑣𝐷, the diffusion process becomes 
the limiting factor, and the saturation current density 𝐽𝑇𝐸𝐷 equals 𝐽𝐷
(see (1)). Here, the 𝑆𝑆 values were also calculated, yielding 664.0 
mV/dec and 672.8 mV/dec, respectively, and 𝜂 = 11 for both cases, 
which is significantly higher than the standard value.

With this initial set of simulations, it was determined that the 
forward bias curve was significantly affected by series resistance. As a 
result, a first range was established for the J–V calibration in this work 
[−2 V to −0.4 V]. Series resistance bends and distorts the characteristic 
J–V curve. To mitigate this effect, the compact model described in (2) 
was implemented. Both the original curve with series resistance and 
that with the compact model are depicted in Fig.  6. From this point 
forward, only the curves using the compact model will be considered.

Fig.  6 also shows that varying 𝑣𝑟ℎ affects the magnitude of the 
subthreshold and reverse current density [−0.4 V to 10 V]. For lower 
values of 𝑣𝑟ℎ = 102 and 103 cm/s, the current density is lower since 
the recombination velocity is insufficient to drive significant carrier 
transport. On the contrary, for higher values of 𝑣𝑟ℎ = 1×106 and 2×106

cm/s, the current density is higher because the increased recombination 
velocity enhances the carrier diffusion across the interface, leading to 
greater injection of charge carriers and higher current flow.

Next, it was necessary to study and characterize the remaining 
transport phenomena dominating the subthreshold and reverse bias 
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Fig. 6. J–V curves without (curves enclosed in the pink circle) and with (black dashed curves) the compact model, varying 𝑣𝑟ℎ: 1 × 102 cm/s (blue), 1 × 103 cm/s (red), 1 × 106
cm/s (yellow), 2 × 106 cm/s (purple). 𝐴𝑓  stands for Area factor.
Fig. 7. J–V curves without (blue curve) and with (other curves) image-force lowering, varying 𝑅: 10 Ω (red), 20 Ω (yellow), 40 Ω (purple), 100 Ω (green), and for given 𝐴𝑓  and 
𝑣𝑟ℎ.
regions. Thus, a second range for subthreshold and reverse bias [−0.4 
V to 10 V] was established for the J–V calibration. In this range, the 
Sentaurus model for image-force lowering was further explored by 
varying the interface resistance (𝑅) from 10 Ω to 100 Ω. A value of 
𝑣𝑟ℎ = 1 × 106 cm/s was considered.

Fig.  7 exhibits a comparison between the J–V curve without the 
image-force lowering effect and four J–V curves that include image-
force lowering at different values of 𝑅. The figure illustrates that 
image-force lowering significantly impacts the magnitude of the reverse 
current. In Schottky diodes, image-force lowering reduces the effective 
barrier height at the metal–semiconductor interface [46]. Since this 
effect is more pronounced under reverse bias conditions [46], a focused 
effort was made to accurately describe this phenomenon in said voltage 
range.

When comparing the curves without image-force lowering to those 
with the effect and varying interface resistances, through Fig.  7, it be-
comes evident that image-force lowering shifts the entire curve down-
ward. Although the 𝑆𝑆 remains unchanged, the current density de-
creases significantly, by two to three orders of magnitude, depending on 
the value of the resistance at the metal–semiconductor interface 𝑅. This 
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behavior highlights the critical role of 𝑅 in limiting charge transport 
across the junction, despite the reduced Schottky barrier height caused 
by image-force lowering.

Moreover, it was established that 𝑅 also affects the electric field dis-
tribution at the junction [54,55]. Higher interface resistances, i.e., 𝑅 =
40, 100 Ω, lead to a reduced electric field, which weakens the image-
force lowering effect. This makes the Schottky barrier more difficult 
to surpass, decreasing the reverse current density. Conversely, lower 
values of 𝑅, i.e., 10, 20 Ω, maintain a stronger electric field, which, in 
turn, increases the image-force lowering effect. This causes the Schottky 
barrier to be easier to surpass, increasing the reverse current density. 
Therefore, these results also highlight the existing dependence between 
the Schottky barrier height 𝛷𝐵 and the reverse bias voltage. Thus, 
the resistance at the junction influences the electric field distribution, 
affecting the image-force lowering effect. Lower resistance strengthens 
the electric field, enhancing the image-force lowering effect and mak-
ing it easier for electrons to overcome the barrier. Higher resistance 
weakens the field, reducing this effect and making it harder to surpass 
the barrier
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Fig. 8. Band Diagrams — Schottky Barrier Modulation: (a) at Equilibrium (𝑉 = 0), (b) under Forward Bias (𝑉 = −0.4 V), and (c) under Reverse Bias (𝑉 = 2 V). The conduction 
band (orange curve), valence band (green curve), and quasi-Fermi levels for electrons and holes (blue and light blue dotted curves) are displayed.
Furthermore, since image-force lowering induces a bias-dependent 
modulation of the Schottky barrier height, it is important to ana-
lyze the band diagrams at the interface. Fig.  8 exhibits the energy 
band profiles in equilibrium, forward bias, and reverse bias, effectively 
demonstrating this effect.

Fig.  8(a) shows the band diagram for the Schottky diode at equilib-
rium (𝑉 = 0), where the calculated Schottky barrier height is |𝛷𝐵0

| =
0.40 eV. Under forward bias (𝑉 = −0.4 V), as shown in Fig.  8(b), 
the barrier height remains approximately |𝛷𝐵0

| = 0.40 eV, indicating 
that 𝛥𝛷𝐵 is insignificant in this condition. Conversely, in reverse bias 
(𝑉 = 2 V), the band diagram in Fig.  8(c) demonstrates a reduction 
in the Schottky barrier height to |𝛷𝐵0

| = 0.34 eV. This underscores 
the pronounced effect of image-force lowering in reverse bias, where 
𝛥𝛷𝐵 ≈ 60 meV becomes relevant, making Schottky barrier modulation 
non-negligible.

Finally, Table  3 summarizes the results of the finite element simula-
tion and the main driving physical parameters, 𝑣𝑟ℎ and 𝑅. It highlights 
the mechanisms influenced by these parameters, including thermionic 
emission, diffusion, and the image-force lowering effect. The table 
details the specific impacts of 𝑣𝑟ℎ and 𝑅 on the J–V curve, such as 
shifts in current density, variations in the subthreshold swing (𝑆𝑆), 
and modulation of the Schottky barrier height (𝛷𝐵). Moreover, it 
identifies the voltage ranges where each parameter has the greatest 
impact, providing critical insights into the transport mechanisms at the 
graphene/p-Si interface.

These results are the highlight of this work, as they provide a 
comprehensive subthreshold and reverse bias model applicable to any 
graphene–Si Schottky device. In the following section, this model is 
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applied to an experimental case to determine the parameters that best 
fit the behavior of a photodetector device and to validate the theoretical 
findings with practical observations.

Note, when activating the tunneling effect in Sentaurus, it was 
observed that it does not significantly impact the J–V curve, as no 
changes in the results were detected. This is primarily attributed to the 
device dimensions detailed in Table  1. According to [56,57], tunneling 
is minimal in devices where the thickness of one material is substan-
tially large. In this case, the silicon layer is considerably thicker than 
the graphene layer, making significant hole tunneling unlikely. A more 
detailed discussion of the tunneling effect is provided in Appendix  C.

3.3. Comparison with experimental results

In order to validate the developed subthreshold and reverse bias 
model, the simulations conducted on the device depicted in Figs.  6 and
7 are calibrated and compared with the experimental data from [27].

When comparing the simulation results in forward bias ([−2 V to 
−0.4 V]) to the experimental curve, it was determined that, at the 
interface of the photodetector device (PD), the current density is best 
described by the thermionic-emission–diffusion theory, with diffusion 
dominating over thermionic emission. The experimental 𝑆𝑆 reported 
in [27] corresponds to 𝑆𝑆 = 664.9 mV/dec and 𝜂 = 11. This also 
suggests that the recombination velocity in the PD is high, in the order 
of 106 cm/s. Therefore, from Fig.  6, the simulation that best fits the 
experimental curve is the one where 𝑣𝑟ℎ = 1×106 cm/s and 𝑆𝑆 = 664.0
mV/dec.

Similarly, when comparing the simulation results in the second 
range to the experimental curve, it was found that, at the junction 
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Table 3
Summary of the main driving physical parameters finite elements simulation.
 Parameter Mechanism Effect on J–V curve Voltage range  
 
𝑣𝑟ℎ

Thermionic
Emission-
Diffusion

Variation of 𝑆𝑆 Forward bias  
 Shifts the magnitude

of current density
Subthreshold
and Reverse bias

 

  
 
𝑅

Image-Force-Lowering Reduces the magnitude
of current density

Entire range  
  
 Modulates 𝛷𝐵 Graphene/p-Si

interface
 

  
Fig. 9. Comparison with experimental results: J–V curves initial fitting for given 𝐴𝑓 , 
𝑣𝑟ℎ, and 𝑅.

of the PD, the image-force lowering effect has a significant impact 
on determining the reverse current density magnitude. The results 
presented in [27] suggest that the PD’s interface resistance has a low 
value, which strengthens the image-force lowering effect and increases 
reverse current density. From Fig.  7, curves with lower resistance 
values fit the experimental data better, with the best fit achieved by 
the curve with a resistance of 10 Ω.

Fig.  9 exhibits the first fitting performed for the experimental curve 
according to the observations compiled before, i.e., 𝑣𝑟ℎ = 1 × 106 cm/s 
and 𝑅 = 10 Ω with image-force lowering. From this figure, it is evident 
that after the initial fitting, a re-calibration of 𝑣𝑟ℎ was necessary solely 
to achieve a better correspondence to the experimental data. For this, a 
new simulation was run for 𝑣𝑟ℎ values between 3×105 and 1×106 cm/s, 
and 𝑅 = 10 Ω with image-force lowering. As shown in Fig.  10, the best 
fit occurs with a value of 𝑣𝑟ℎ = 5 × 105 cm/s. In this case, since 𝑣𝑟ℎ is 
still greater than 𝑣𝐷, it can be concluded that the diffusion transport 
mechanism continues to dominate over thermionic emission.

Additionally, it was observed that when applying the image-force 
lowering model, for values of 𝑣𝑟ℎ ≥ 9 × 105 cm/s, the reverse current 
density shows signs of saturation, indicating that further increases 
in 𝑣𝑟ℎ do not significantly affect the current transport. This suggests 
that beyond this threshold, the impact of diffusion-driven transport is 
maximized, and additional velocity does not enhance carrier injection.

In summary, Fig.  11 combines the best fits from both ranges ([−2V 
to −0.4V] and [−0.4 V to 10V]). The final Subthreshold and Reverse 
Bias models are depicted, along with the Compact model (in forward 
bias) for the entire range [−2V to 10V]. Table  4 summarizes the final 
parameters of the Subthreshold and Reverse Bias model. Notably, the 
key parameters of the subthreshold model that influence the diode 
current—𝑉𝑟ℎ, 𝑆𝑆, 𝜂, and 𝛷𝐵0

—closely align with those found in [27]. 
It is important to mention that the value of 𝛷𝐵0

 was extracted from Fig. 
8(a).
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Table 4
Final model parameters.
 Parameter This work [27]  
 𝑣𝑟ℎ 5 × 105 cm/s –  
 𝑅 10 Ω –  
 𝑆𝑆 664.0 mV/decade 664.9 mV/decade 
 𝜂 11 11  
 𝜙𝐵0

0.40 eV 0.46 eV  

4. Conclusions

In this paper, a novel approach was employed to thoroughly study 
and model the graphene–Si interface. In the quantum-mechanical anal-
ysis, simulations were conducted to understand the electronic prop-
erties at the junction and to obtain relevant physical parameters. As 
shown in Table  2, for the optimized configuration, the work function 
was found to be 4.78 eV, and the effective mass 𝑚∗ was 0.589 𝑚0. 
Likewise, through the band structure diagrams in Fig.  5, it was deter-
mined how the atomic distance between graphene and Si impacts the 
electronic properties of the interface.

Subsequently, the physical parameters acquired were employed in 
the finite-element simulations. A subthreshold and reverse bias TCAD-
based model was developed in Sentaurus by studying the physical 
phenomena at the graphene/p-Si interface that define the J–V curve. 
Both thermionic emission–diffusion and image-force lowering mech-
anisms were analyzed, and the main conclusions are summarized in 
Table  3. Overall, when 𝑣𝑟ℎ ≪ 𝑣𝐷, thermionic emission dominates the 
current transport process, while when 𝑣𝑟ℎ ≫ 𝑣𝐷, diffusion becomes 
the dominating mechanism. Additionally, it was concluded that image-
force lowering is a significant factor that influences current density and 
explains the existing dependency between 𝛷𝐵 and the applied bias, as 
evidenced in Fig.  8.

Finally, the derived model was compared with experimental data 
from the PDs in [27]. Since a higher 𝑆𝑆 and reverse current are 
necessary for this application, the final parameters established are 
shown in Table  4. These results aligned with those from [27], demon-
strating consistency from the atomic level to the device level and 
bridging theory, simulation, and practical implementation. The novelty 
of this work lies in the comprehensive, multi-scale methodology that 
integrates quantum-mechanical analysis, device simulation, and exper-
imental validation within a single framework. This approach provides 
a robust foundation for future research and development, enabling a 
more precise and predictive characterization of graphene–Si interfaces 
in various semiconductor applications. Notably, while this study fo-
cuses on graphene-based junctions with p-type silicon, the proposed 
framework is broadly applicable to similar junctions across different 
semiconductor types, fabrication methods, and experimental setups.

The importance of this TCAD model for Schottky diodes with 
graphene–Si interfaces extends beyond photodetectors, including ap-
plications in energy-harvesting devices, sensors, and other advanced 
technologies. By combining quantum-mechanical and device simula-
tions, the model enables the adjustment of key design parameters such 
as the J–V curve, subthreshold swing, current density, and Schottky 
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Fig. 10. Comparison with experimental results: J–V curves with 𝑣𝑟ℎ re-calibration: 3 × 105 cm/s (red), 5 × 105 cm/s (yellow), 7 × 105 cm/s (purple), 9 × 105 cm/s (green), 
1 × 106 cm/s (light blue), and for given 𝐴𝑓  and 𝑅.
Fig. 11. Comparison with experimental results: J–V curves best and final fitting for given 𝐴𝑓 , 𝑣𝑟ℎ, and 𝑅.
barrier height. This understanding allows researchers and engineers to 
optimize device performance to meet specific application requirements. 
For example, maximizing photocurrent in solar cells or improving 
sensitivity and speed in photodetectors can be achieved through in-
formed tuning of barrier height and interface quality. Additionally, the 
model allows simulations under various operating conditions, providing 
valuable insights that closely align with experimental observations.
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Fig. A.1. View of the ab (top) and ac (bottom) planes of the unit cell at the Si/C interface before (a, c) and after (b, d) geometric optimization at the PBE level of theory. Carbon 
and silicon atoms are shown in gray and purple, respectively.
Appendix A. Geometrical optimization of the Si/C interface
- quantum mechanical calculations

The Si/C interface before and after geometric optimization at the 
PBE level of theory is presented in Fig.  A.1.

Appendix B. Optical microscope image and Raman spectrum of 
graphene — experimental case study

An optical microscope image of the fabricated device is shown in 
Fig.  B.1(a). In addition, Fig.  B.1(b) presents Raman spectra of graphene 
at different stages: on copper (Cu) (green curve), after transfer to 
Si (black curve), and following device fabrication (blue), each with 
appropriate silicon background subtraction. Raman measurements were 
performed using a Renishaw InVia microscope equipped with a 100×
objective lens and a 514.5 nm excitation wavelength.

On Cu, the spectrum displays prominent G and 2D peaks, with a 
negligible D peak, indicating high-quality monolayer graphene. The 2D 
peak is a single Lorentzian centered at ∼2712 cm−1 (FWHM ∼ 29 cm−1), 
while the G peak appears at ∼ 1595 cm−1 (FWHM ∼ 9.5 cm−1). Intensity 
and area ratios are 𝐼(2𝐷)∕𝐼(𝐺) ≈ 1.9 and 𝐴(2𝐷)∕𝐴(𝐺) ≈ 5.8.

After transfer to Si, the 2D peak remains Lorentzian (Pos
∼2691 cm−1, FWHM ∼ 35 cm−1). The G peak shifts to ∼1587.5 cm−1

(FWHM ∼ 19.6 cm−1), with increased ratios: 𝐼(2𝐷)∕𝐼(𝐺) ≈ 4.32 and 
𝐴(2𝐷)∕𝐴(𝐺) ≈ 7.16, consistent with p-type doping (∼2.4 × 1012 cm−2, 
∼200 meV).
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Following device fabrication, the G and 2D peaks are located at 
∼1592.4 cm−1 (FWHM ∼ 10.7 cm−1) and ∼2691.4 cm−1 (FWHM ∼
31.1 cm−1), respectively. The corresponding intensity and area ratios 
are 𝐼(2𝐷)∕𝐼(𝐺) ≈ 2.53 and 𝐴(2𝐷)∕𝐴(𝐺) ≈ 6.3, suggesting increased 
doping (∼9 × 1012 cm−2, ∼290 meV). A measurable D peak emerges, 
with 𝐼(𝐷)∕𝐼(𝐺) ≈ 0.14, indicating some defect introduction during 
processing.

Appendix C. Tunnel effect — finite elements simulations

The following finite element simulations were performed using Sen-
taurus, where the band-to-band nonlocal tunneling model was enabled 
to assess whether the spatial extent of the tunneling process signif-
icantly influences the current density and contributes to the overall 
J–V characteristics. For this, a parametric sweep of the tunneling path 
length, denoted as 𝐿𝑡, was carried out. By default, Sentaurus uses 
the WKB (Wentzel–Kramers–Brillouin) approximation to calculate the 
tunneling probability, which is then used to determine the tunneling 
current 𝐽𝑡. Further details on the corresponding models and equations 
are available in the Sentaurus Device manual (see [47]).

Fig.  C.1 compares the J–V curves with and without the tunneling 
effect, for a recombination velocity of 𝑣𝑟ℎ = 1 × 106 cm/s, considering 
both the presence and absence of the image-force-lowering effect.

First, the tunneling effect was analyzed independently by varying 
the tunneling length 𝐿𝑡 across values of 1 nm, 10 nm, 100 nm, and 
1 μm. As seen in Fig.  C.1, the J–V curves obtained for all 𝐽  values 
𝑡
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Fig. B.1. (a) Microscope image of the device to which the results of this work refer. (b) Raman spectra, with the silicon substrate contribution subtracted, of graphene in three 
different conditions: (green) as-grown on copper, (black) transferred onto Si, and (blue) on Si after the fabrication process. Reprinted (adapted) with permission from Casalino, M.; 
Sassi, U.; Goykhman, I.; Eiden, A.; Lidorikis, E.; Milana, S.; De Fazio, D.; Tomarchio, F.; Iodice, M.; Coppola, G.; Ferrari, A.C. Vertically Illuminated, Resonant Cavity Enhanced, 
Graphene–Silicon Schottky Photodetectors. ACS Nano 2017, 11, 10955-10963. Copyright 2017 American Chemical Society.
Fig. C.1. J–V curves without (blue curve) and with (other curves) tunneling effect, 
varying 𝐿𝑡: 1 μm (red circle), 100 nm (yellow traingle), 10 nm (purple square), 1 nm 
(green diamond), and for given 𝐴𝑓  and 𝑣𝑟ℎ.

were exactly the same as the one without tunneling, indicating that 
the tunneling process does not contribute significantly under these 
conditions.

Subsequently, tunneling was re-evaluated in the presence of the 
image-force-lowering effect for interface resistances of 𝑅 = 10 Ω and
100 Ω, representing the lower and upper bounds discussed in Sec-
tion 3.2. Once again, the J–V curves with tunneling (at all 𝐿𝑡 values) 
were found to be identical to those without tunneling, confirming 
that the tunneling current has no meaningful influence on the overall 
current density in either case.

These results show that the tunneling effect is minimal in de-
vices where one of the materials is significantly thicker [56,57]. In 
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this graphene–silicon Schottky diode, although the graphene is only 
0.35 nm thick, the silicon layer measures 200 μm (approximately 
500,000 times thicker) making the tunneling probability extremely low. 
In addition, another important factor influencing tunneling is the width 
of the depletion region at the silicon side of the interface, which acts as 
the effective tunneling barrier [56]. This directly determines the like-
lihood of carriers tunneling across the junction, and its value depends 
mainly on the doping concentration and built-in potential [44].

Since the silicon is lightly p-doped with a boron concentration of 
𝑁𝐴 = 1015 cm−3, the depletion width on the silicon side is relatively 
large (in the range hundreds of nanometers). A wider barrier means a 
lower probability of quantum-mechanical tunneling, as the tunneling 
current decreases exponentially with increasing barrier width. It is 
well known in semiconductor physics, that tunneling becomes relevant 
only when the doping level is very high (above 1018 cm−3), since this 
significantly reduces the depletion width to just a few nanometers [44].

In summary, the results from Fig.  C.1 show three main curves 
unaffected by the tunneling effect—one without image-force lowering, 
and the other two including image-force lowering for different values 
of interface resistance (10 and 100 Ω). This confirms that other charge 
transport mechanisms, such as thermionic emission, diffusion, and 
image-force barrier lowering, dominate over tunneling in this lightly 
doped graphene–silicon Schottky junction. Therefore, the tunneling 
effect is considered negligible in this configuration.

It is important to note that silicon–graphene Schottky diodes typ-
ically use bulk silicon substrates with thicknesses around a couple 
hundred μm, which further suppresses tunneling due to the dimensions 
involved in these types of devices.
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