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In this paper, the authors explore the potential of an exotic multi-graphene layer/Si nanowire (MGL/SiNW) pin device as a switch in the THz frequency domain. The device is developed by the incorporation of multiple SiNWs into its intrinsic region. In contrast, cap and bottom layers are developed by the incorporation of multiple graphene layers. The electrical characterization of the proposed exotic pin device is carried out by developing a quantum-rectified Schrodinger–Poisson drift-diffusion (QRSP-DD) model. The developed QRSP-DD model is validated by analyzing experimental and simulation observations under similar operating conditions. After establishing its validity, the same model in conjunction with the PSpice simulator is used to obtain the switching characteristics of MGL/SiNW pin-based series-shunt and shunt single-pole single-throw (SPST), single-pole double-throw (SPDT), and single-pole multiple-throw (SPMT) switches in the THz frequency domain. The analysis proves that the MGL/SiNW pin-based SPMT switch offers low resistance (0.56 Ω), high isolation (91.15 dB), and low insertion loss (0.007 dB) at 5 THz frequency compared to its SiNW counterpart.
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1 INTRODUCTION
In recent years, device engineers have shown a remarkable increase in research interest in developing high-frequency switches due to their extensive applications in modern communication and defense sectors (Mamedes and Bornemann, 2021; Pratt and Oliver, 2021; Xu et al., 2021; Kundu et al., 2021a; Kundu et al., 2018; Paz-Martínez et al., 2021). The effective utilization of the sub-THz/MMW spectrum results in the development of high-performance active and passive devices, which are often expensive to fabricate. pin switches are the most powerful devices among RF switches, capable of controlling high-frequency RF signals with low DC current and voltage. Several studies investigated the switching characteristics of various materials and structures in pin switches, focusing on insertion loss and isolation within the frequency range of 1–100 GHz. The values of these two parameters do not significantly enhance device performance in the high-frequency region. It is observed from the reported research work that the size miniaturization and development of cost-effective, highly sensitive THz switches with low insertion loss and high isolation are still in the experimental stage (Buder et al., 2003; Camara and Zekentes, 2006; Kundu et al., 2019; Pinping et al., 2005; Pratt and Oliver, 2021; Yang et al., 2005; Kundu and Mukherjee, 2022). It is clear from the literature review that no report is available on multi-graphene layer/Si nanowire (MGL/SiNW)-based exotic pin switches at terahertz frequency.
Hence, there is a wide scope for improvement in the device performance by changing its geometric structure. Among different types of solid-state and electromechanical switches, pin-based switches are generally in demand for THz communication to date (Kundu et al., 2018; Paz-Martínez et al., 2021). The pin device consists of a lightly doped i-region between the heavily doped p and n regions. The lightly doped i-region plays an important role in handling large RF signals (Hadi et al., 2013). Hence, the doping concentration and the geometric structure of the i-region are the two essential factors for developing a pin-based THz-switch with low insertion loss and high isolation.
In this research work, the authors have investigated the switching properties of MGL/SiNW pin-based series-shunt and shunt single-pole single-throw (SPST), single-pole double-throw (SPDT), and single-pole multiple-throw (SPMT) switches in the THz frequency range. The miniaturized size of the device with low power consumption can be achieved by the incorporation of nanowires in the active region of the device. In nanowire devices, the energy band structure can be reformed due to its high surface area per unit volume (Ng et al., 2007). This phenomenon increases the electrical properties of the device to a certain level. As a result, the overall performance of the device is significantly enhanced (Tomioka et al., 2009; Tomioka et al., 2011). Due to the applied RF signal, the induced electric field excites the electron to move from the lower energy band to the higher energy band. The flow of the charged particles in the device depends on the amount of the applied RF signal. The overall performance of the device can be significantly enhanced by reducing internal RF resistance through band-bending engineering.
From the literature review, it has been observed that the switching properties of the conventional device can be obtained by solving the classical drift-diffusion model (Takahashi et al., 2011; Bellantoni et al., 1989; Boles et al., 2013; Egorov et al., 2018). Due to their miniature size, nanowire structures exhibit exceptional phenomena that cannot be described by the classical model. Therefore, in the case of nanowire devices, the switching characteristics are analyzed by the incorporation of necessary quantum correction to the classical drift-diffusion model. The quantum-rectified drift-diffusion (DD) model is developed by the inclusion of Bohm potential into the Schrodinger–Poisson equation. This quantum-rectified Schrodinger–Poisson DD model (QRSP-DD) is used to analyze the switching properties in device modeling with the appropriate boundary conditions. The validation of the developed QRSP-DD model is implemented through a comparability study of simulated and experimental results, retaining the variables (operating frequency, temperature, and electrical parameters) constant (Bogle et al., 2010; Henfiner et al., 2001). The performance of the device under test (DUT) is compared with that of the conventional Si nanowire counterpart. The geometric structure of the Si nanowire (SiNW) pin device is shown in Figure 1. In contrast, the geometric structure of the MGL/SiNW pin device is shown in Figure 2. It is observed from the geometric structure of MGL/SiNW devices that the p and n regions are made up of multiple graphene layers. Due to the inclusion of the multiple graphene layers into the p and n regions, the effective mobility of the charged particles in the p and n regions increases significantly (Novoselov et al., 2004; Oberlin et al., 1976; Johon et al., 2004). The design parameters of the device are calculated from the transit time phenomenon through several iterations in a computer program (Table 1). After developing the MGL/SiNW exotic pin device, the authors have designed and analyzed the switching performance of series shunt and shunt SPST, SPDT, and SPMT switches in the THz frequency domain in terms of insertion loss and isolation. The switching configurations of series shunt and shunt SPST, SPDT, and SPMT switches are shown in Figures 3A–D. The novelty of this research lies in the size miniaturization and the use of multiple graphene layers for the cap and bottom layers of the structure, which result in low power consumption, low insertion loss, and high isolation at THz frequencies.
[image: Figure 1]FIGURE 1 | 3D SiNW pin structure.
[image: Figure 2]FIGURE 2 | 3D MGL/SiNW-based pin structure.
TABLE 1 | Required design parameters of the proposed nanowire pin devices.
[image: Table 1][image: Figure 3]FIGURE 3 | (A) Series-shunt SPST, (B) shunt SPST, (C) shunt SPDT, and (D) shunt SPMT—ultra fast pin switches for high-frequency operation.
2 DEVICE MODELING
This section describes the device modeling for the design and analysis of the switching characteristics of MGL/SiNW exotic pin switches in the THz frequency region. The non-linear RF characteristics of the device at THz frequencies are analyzed through the development of the QRSP-DD model by considering appropriate boundary conditions, simulation techniques, and the device’s structure details. The development of the QRSP-DD model, its design parameters, and non-linear RF characteristics are discussed in detail in Sections 2.1, 2.2, and 2.3 respectively.
2.1 Quantum-rectified Schrodinger–Poisson drift-diffusion model
The QRSP-DD model is developed based on the solutions to the Schrodinger–Poisson equation, in which quantum-potential (QP) is incorporated, and it can be expressed as (Falco et al., 2005)
[image: image]
In the intrinsic region, the effective mass of electron and hole changes along the z-axis, as depicted in Figures 1A, B. The working principle of the pin switch can be properly explained under biasing conditions. The switch reaches its ‘ON’ and ‘OFF’ state under forward bias and reverse bias conditions, respectively. Consequently, the effect of the biasing voltage ([image: image]) is incorporated into Equation 1. However, the Schrodinger equation is modified by the inclusion of an effective energy term into Equation 1, as provided by Falco et al. (2005).
[image: image]
In Equation 2, [image: image] and [image: image] represent the effective density state of the conduction band and valence band, respectively, and [image: image] represents the effective potential. [image: image] represents the Bohm potential, which is given by Equation 3.
[image: image]
where n is the concentration of the negatively charged carrier and can be represented as Equation 4.
[image: image]
In device modeling, the moderately doped intrinsic region and heavily doped p and n regions are divided into barriers and wells. Subsequently, the Schrodinger–Poisson equation can be expressed in the following form.
[image: image]
In Equation 5, [image: image] represent well and barrier in the device, respectively.
The kinetic energy term is split into two components: i. out-of-plane component and ii. in-plane component. The out-of-plane component is represented by [image: image], and the in-plane component is represented by [image: image]. Due to the inclusion of multiple nanowires into the intrinsic region, the conduction band splits into two segments. In the in-plane components, [image: image]
The actual energy for well and barrier can be written as shown in Equation 6.
[image: image]
During device modeling, the change in the effective potential in well and barrier regions of the device can be obtained by Equation 7.
[image: image]
where [image: image] is the offset present in the conduction band.
The effective mass of the charged carriers in the well and barrier regions along in-plane and out-of-plane directions is given by (Greve, 2001; Ang et al., 2004) Equations 8a, 8b respectively.
[image: image]
[image: image]
In this device modeling, the wave function is represented by
[image: image]
In Equation 9, the periodicity of the Bloch function is denoted by [image: image]. In the case of nanowire structures, the term [image: image] can be substituted with [image: image] by considering the well and barrier components, and it is given by Equation 10.
[image: image]
where [image: image]
In Equation 5, the inclusion of position reliant effective mass [image: image] allows the substitution of non-Hermitian kinetic energy operator with its Hermitian counterpart. This substitution is further modified into Ben Daniel–Duke equation.
[image: image]
Applying the Ben Daniel–Duke boundary conditions, Equation 11 can be modified as
[image: image]
The assumption made in Equation 12 can be proven true as the total wave function, [image: image], is continuous at the interfaces. Furthermore, the periodic part of the Bloch function in well and barrier regions is assumed to be identical, and it can be represented as
[image: image]
The presumption made in Equation 13 affects the continuity of [image: image] under the conservation of current. In the heterocrystalline MGL/SiNW pin device, the effective density of states is represented by the solutions to Equation 11, which can be described as follows:
[image: image]
In Equation 14, [image: image] represents the effective mass of the electron. Furthermore, the 3-D density state of energy for the heterocrystalline MGL/SiNW device is obtained from Equation 15, which can be expressed as
[image: image]
Now, Equation 15 is solved by incorporating the appropriate boundary conditions, i.e., [image: image], [image: image], and [image: image]. Finally, the energy density function can be expressed as
[image: image]
where d is the number of nanowires, [image: image] is the wave vector, [image: image] is the position of the miniband, and Uunit-s is the unit step function. The range of the energy in [image: image] is between [image: image] and [image: image]. The charged carrier’s concentration is an important attribute of the device, and it can be determined by
[image: image]
In Equation 17, [image: image] denotes the occupation probability of the density function. The concentration of the charged carrier [image: image] is incorporated into the carrier transport equations (i.e., Poisson’s equation, current density equation, and continuity equation) and can be expressed as (Sze, 2008; Kundu et al., 2021b) Equation 18.
[image: image]
[image: image]
[image: image]
where [image: image]and [image: image] represent the concentration of donor and acceptor atoms, respectively; In Equation 18, [image: image] represents the avalanche generation rate of electrons and holes; and [image: image] represents the tunneling generation rate.
Due to the tunneling phenomenon, the electron and hole generation rate is expressed as Equations 21a–23,
[image: image]
[image: image]
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[image: image]
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[image: image]
In Equation 25, [image: image] represents the drift velocity of the charged carriers; [image: image] represents the mobility of the charged carriers; and [image: image] represents the saturation velocity of the charged carriers.
In Equation 24, the ionization rate of electrons and holes is denoted by [image: image], and it is calculated using the following expression.
[image: image]
In Equation 26, m represents the exponential co-efficient; [image: image] represents the pre-exponential electric field constant; and [image: image] represents the induced electric field constant.
The induced electric field [image: image] mentioned in Equations 21a, 21b and Equation 24 is obtained by Equation 27.
[image: image]
2.2 Design parameters
The width (W) and doping concentration ([image: image]) are two key factors for developing the MGL/SiNW exotic pin device in the THz frequency region. Therefore, the determination of the optimized width of the intrinsic region and the doping concentration of highly doped p and n regions are obtained by a number of computer runs. The amount of change in the doping concentration at the interfaces of the intrinsic region and the highly doped p and n regions can be obtained from Kundu et al. (2021a), Kundu et al. (2018), and Kundu and Mukherjee (2022).
[image: image]
At the steady-state condition, the solution to Equation 28 is given by
[image: image]
where [image: image].
In Equation 29, [image: image] represents the distance from the surface of the device; [image: image] represents the effective diffusion constant; [image: image] represents the diffusion time; and [image: image] represents the doping density of the impurity atoms.
The diffusion length ([image: image] is taken as 2–3 µm in this device modeling. The solution to Equation 29 is given in the Equation 30 and shown below.
[image: image]
In Equation 29, [image: image] denotes the doping concentration of the surface area. The value of the doping concentration of heavily doped p and n regions is obtained by
[image: image]
[image: image]
where Nd represents the impurity concentration of the donor atoms; Na represents the impurity concentration of the acceptor atoms; and s represents the exponential incremental factor for the doping concentration at the vicinity of the junction.
The value of s varies from 3.5 nm to 4.5 nm to calculate the doping concentration of p and n regions.
2.3 Non-linear RF characteristics
The study of the non-linear switching characteristics of the proposed device has been performed through the development of the QRSP-DD model (coupled with a PSpice simulator). In this non-linear analysis, the large RF signal is applied to the developed QRSP-DD model by considering a 50% modulation index over the breakdown electric field. The switching performance, as well as the electrical characteristics of the DUT, is obtained by considering the iteration up to harmonics of the applied large RF signal, and it can be expressed as follows (Kundu et al., 2018):
[image: image]
Equation 33 indicates the variation in the RF signal over the DC breakdown voltage. The equivalent circuit of nanowire SPST switches is analyzed at THz frequency by considering the voltage excitation approach of the non-sinusoidal RF signal. The component of large-RF-signal can be expressed as [image: image]. The precise investigation of non-linear switching behavior is taken by considering 2000 space steps and 400 time spaces with reproducibility and fidelity.
The V–I characteristics of the proposed DUT, which can be derived using Equation 34, yield the ideal values for DC current and breakdown voltage.
[image: image]
Equation 34 denotes the reverse saturation current of the proposed DUT. The charged particles are injected into the intrinsic region under forward bias conditions. The product of the carrier lifetime (τ) and the current flowing across the DUT under forward bias conditions yields the number of injected charged particles (Q) (Kundu et al., 2018). These injected charged particles move toward the anode and cathode under the biasing conditions. However, some of the charged particles remain in the intrinsic region. It can be eliminated by applying a reverse recovery process. The reverse recovery mechanism causes the instantaneous reverse-transit current (i(t)) to begin flowing across the DUT. The transit-current component (i(t)) is an important factor in power dissipation in the DUT. Therefore, the analysis of the DUT’s transit-time behavior is crucial for modeling the high-frequency device, and it can be represented as (Leenov, 1963)
[image: image]
In Equation 35, [image: image] represents the time constant of the reverse-recovery current component and [image: image] represents the maximum value of the same current component.
The solution to the 2-D carrier transport equation yields the RF resistance. The value of the RF resistance depends on the magnitude of the intrinsic region’s resistance ([image: image]) and the junction resistance ([image: image]) of the device. The expressions are provided as (Kundu and Mukherjee, 2022; Bellantoni et al., 1989) shown in Equations 36, 37.
[image: image]
[image: image]
Another important factor for the analysis of the switching behavior of the DUT is power dissipation [image: image], and it can be expressed as
[image: image]
In Equation 38, [image: image] is the characteristic-impedance of the device; [image: image] is the available RF power; [image: image] is the dissipated current; and [image: image] is the junction capacitance of the DUT.
Furthermore, the analysis of the SPST switch’s switching characteristics in the RF frequency region of the electromagnetic spectrum considers all these significant device parameters. Employing the combination of the QRSP-DD model and PSpice simulator, the switching characteristics of the device are obtained, taking into account the appropriate values of parasitic elements (Figures 3A–C). The proposed device-based SPST switch with series-shunt and shunt configurations is shown in Figures 4A–C.
[image: Figure 4]FIGURE 4 | Induced electric field profile of SiNW and MGL/SiNW pin devices obtained from the QRSP-DD model.
The expressions are provided as Kundu and Mukherjee, 2022; Bellantoni et al., 1989 shown in Equations 39–42.
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3 RESULTS AND DISCUSSION
In this section, the electrical characteristics of the DUTs and the performance of the switches are analyzed using the developed QRSP-DD model in conjunction with PSpice software. The authors have also divided this section into two subsections to describe the results and analysis in detail.
3.1 Electrical characterization of the DUTs
In this section, the authors investigate the electrical characteristics of the DUTs. The induced electric field in the i-region plays an important role in the separation of the charged carriers and enhancement of the conductivity of the device. This phenomenon plays an important role in increasing the overall performance of the solid-state switch. It is analyzed for a complete period of oscillation, i.e., 0 to [image: image], by considering the non-sinusoidal voltage-excitation method. The variation in the induced electric field is shown in Figure 4. It is observed from Figure 3 that in the case of a SiNW pin device, the magnitude of the electric field is ×2.2107 V/m, and in the case of MGL/SiNW pin devices, the magnitude of the electric field is ×4.1107 V/m. The higher value of the electric field proves the superiority of the MGL/SiNW pin device compared to its SiNW counterpart. In this section, the authors have established the correctness/validity of the QRSP-DD model by analyzing the results obtained from the simulation and experimental conditions under similar circumstances. In this validation, the authors considered the flat structure-based pin device in the range of microwave frequency as no experimental result was found in the THz frequency domain. Under simulation and experimental conditions, the plots of V versus I characteristics of the Si-based pin device are shown in Figure 5 (Bogle et al., 2010). It is clear from Figure 5 that the obtained simulated data are almost identical to the reported experimental data. Hence, the correctness/validity of the QRSP-DD model is established. After establishing the correctness/validity of the QRSP-DD model, the electrical characteristics of the DUTs are studied in detail. At ambient temperature, the plot of V versus I of the SiNW and MGL/SiNW devices is shown in Figure 6. It is observed from Figure 6 that the MGL/SiNW pin device offers better results compared to its SiNW counterpart. The transit time analysis provides a clear understanding of the reverse recovery time. The transit time analysis of the proposed device is shown in Figure 7. It is observed from this transit time analysis that the reverse recovery time is 1.15 ns for the SiNW device and 0.4 ns for the MGL/SiNW device. From this observation, it is clear that the reverse recovery time is much shorter for MGL/SiNW devices compared to SiNW devices. The value of reverse recovery time indicates higher switching speed. This feature of the MGL/SiNW device is in favor of the THz frequency operation. The RF resistance plays an important role in the determination of insertion loss and isolation of the device. The performance of the device can be enhanced by reducing the RF resistance. In the intrinsic region of the DUTs, the variation in RF resistance to the corresponding frequency component is shown in Figure 9. It is noticed from Figure 8 that the value of RF resistance is 1.17 Ω for the SiNW pin device and 0.56 Ω for MGL/SiNW at 4.6 THz. In the THz frequency domain, the variations in power dissipation of the designed devices are shown in Figure 9. As observed from Figure 9, the magnitude of power dissipation in the case of the MGL/SiNW is significantly smaller than that of its counterpart.
[image: Figure 5]FIGURE 5 | Variation in the diode current of the Si-based pin device at room temperature under experimental and simulated conditions.
[image: Figure 6]FIGURE 6 | Variation in the device current under the forward bias condition.
[image: Figure 7]FIGURE 7 | Reverse recovery current component for strained and unstrained Si-based pin devices under simulation conditions.
[image: Figure 8]FIGURE 8 | RF resistance of SiNW and MGL/SiNW pin devices obtained from the QRSP-DD model.
[image: Figure 9]FIGURE 9 | Power dissipation of SiNW and MGL/SiNW pin devices obtained from the QRSP-DD model.
3.2 Analysis of the switching characteristics of the series-shunt SPST and shunt SPST, SPDT, and SPMT switches
In this section, the authors have investigated the switching characteristics of the series-shunt and shunt SPST switches. The switching characteristics of the devices are studied in the THz frequency domain in terms of IL and ISO using the PSpice simulator coupled with the developed QRSP-DD model. The low insertion loss and high isolation can enhance the switching performance of the device at high-frequency operation. Hence, the optimization of these parameters is a challenging task for the device engineers. The authors have checked the model’s validity by analyzing the experimental observations and simulated data obtained from the PSpice simulator coupled with the QRSP-DD model in a similar operating environment (Henfiner et al., 2001). The authors have used the same model to analyze the switching characteristics of the devices in the THz frequency domain. The experimental observations and simulated data of IL and ISO with the variations in frequency in the microwave region are shown in Figures 10, 11, respectively. It is observed from Figures 10, 11 that the simulated data taken from the QRSP-DD model are similar to the actual data obtained from experimental observation. The abovementioned study clarifies the superiority of the developed model. In addition, the switching performance in terms of IL and ISO of the designed device-based series-shunt and shunt SPST switches are shown in Figures 12, 13, respectively, and shunt SPST and SPMT switches are shown in Figures 14, 15, respectively. It is observed from Figure 12 that the IL is 0.0052 dB at 5 THz frequency in the case of the MGL/SiNW-based shunt SPST switch. It is also observed from Figure 13 that ISO is −79.52 dB at 5 THz frequency in the case of the MGL/SiNW-based shunt SPST switch. The abovementioned discussion reveals the superiority of MGL/SiNW-based shunt SPST switches over their SiNW counterpart.
[image: Figure 10]FIGURE 10 | IL of Si pin devices under experimental and simulation conditions.
[image: Figure 11]FIGURE 11 | ISO of Si pin devices under experimental and simulation conditions.
[image: Figure 12]FIGURE 12 | IL of SiNW and MGL/SiNW pin device-based series-shunt SPST and shunt SPST switches.
[image: Figure 13]FIGURE 13 | ISO of SiNW and MGL/SiNW pin device-based series-shunt SPST and shunt SPST switches.
[image: Figure 14]FIGURE 14 | IL of SiNW and MGL/SiNW pin device-based shunt SPDT and shunt SPMT switches.
[image: Figure 15]FIGURE 15 | ISO of SiNW and MGL/SiNW pin device-based shunt SPDT and shunt SPMT switches.
It is also observed from Figure 14 that the IL is significantly small (0.007 dB) at 5 THz frequency in the case of the MGL/SiNW-based shunt SPMT switch compared to the shunt SPDT switch. On the other hand, ISO is significantly high (91.15 dB) at 5 THz frequency in the case of the MGL/SiNW-based shunt SPMT switch, as observed in Figure 15. Hence, this investigation reveals the superiority of the MGL/SiNW-based SPMT switch in the THz frequency region.
4 PROPOSED FABRICATION MODEL OF THE DEVICE
The authors established multi-graphene layer/Si nanowire pin-based series-shunt and shunt SPST, SPDT, and SPMT switches in the THz frequency range. The electrical characteristics of graphene make it suitable for switching applications in the THz frequency range.
The heterostructure graphene/Si nanowire switch can be fabricated using the molecular beam epitaxy (MBE) method, which allows the creation of abrupt and flat hetero-interfaces. From the maturity and cost efficiency perspective, Si (100) could be chosen as a substrate material for developing the epitaxial layer of graphene and Si according to the device’s design. Ohmic contacts with low resistance could be developed using the plasma etching process, followed by the rapid thermal annealing (RTA) process.
Low-resistive metals like Ni/Ti/Au could be chosen for developing cathode terminals on the heavily doped n-type multi-graphene layer. Ni could be selected to develop the anode terminal on the heavily doped p-type multi-graphene layer. The mesa-structure of the device could be formed using photolithography and lift-off processes. The proposed fabrication model of the device is shown in Figure 16.
[image: Figure 16]FIGURE 16 | Proposed fabrication model of the MGL/SiNW pin switch.
5 CONCLUSION
The performance of SiNW exotic MGL/SiNW pin device-based SPST, SPDT, and SPMT switches is analyzed in terms of insertion loss and isolation in the THz frequency domain. From this comprehensive study, it has been observed that exotic MGL/SiNW pin device-based SPMT switches offer low insertion loss and high isolation compared to their SiNW counterparts in the THz frequency domain. Hence, the superiority of the exotic MGL/SiNW pin switch is established for application in the THz frequency domain. This study is very useful in the field of device engineering for the development of high-frequency switches and detectors.
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Uunit-s unit step function
[image: image] effective mass of the charged carrier
[image: image] concentration of the charged carrier
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[image: image] concentration of donor atoms
[image: image] total wave function
[image: image] concentration of acceptor atoms
[image: image] effective energy term
[image: image] avalanche generation rate of electrons and holes
[image: image] effective potential
[image: image] tunneling generation rate
[image: image] Bohm potential
[image: image] drift velocity of the charged carriers
[image: image] bandgap energy
[image: image] mobility of the charged carriers
[image: image] effective density state of the conduction band
[image: image] saturation velocity of the charged carriers
[image: image] effective density state of the valence band
[image: image] ionization rate of electrons and holes
[image: image] energy into the effective density state
[image: image] exponential co-efficient
[image: image] concentration of the negatively charged carrier
[image: image] pre-exponential electric field constant
[image: image] effective mass of the charged carrier in the barrier region in the out-of-plane direction
[image: image] induced electric field constant
[image: image] developed potential across the well and barrier region
[image: image] induced electric field
[image: image] effective mass of the charged carrier in the barrier region the in-plane direction
W width of the i-region
[image: image] effective energy of the charged carrier in the well and barrier region
[image: image] doping concentration
[image: image] well
[image: image] distance from the surface of the device
[image: image] barrier
[image: image] effective diffusion constant
[image: image] periodicity of the Bloch function
[image: image] diffusion time
[image: image] position-reliant effective mass
[image: image] doping density of the impurity atoms
[image: image] wave vector
Nd impurity concentration of the donor atoms
[image: image] position of the miniband
Na impurity concentration of acceptor atoms
[image: image] offset present in the conduction band
S exponential incremental factor for the doping concentration at the vicinity of the junction
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