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Abstract—Fabrication of devices in deca-nanometer regime suffers from several limitations as the devices are being scaled in order to increase the speed and transistor density. This has led to a series of innovative techniques by the industry as well as academia. Formation of depletion regions associated with the p-n junctions in junction based (JB) metal-oxide-semiconductor field-effect transistors (MOSFETs) is one of the restrictive factors in scaling short channel devices. This has led to several short channel effects (SCEs). Recently, novel MOSFET structures devoid of p-n junctions have been developed and fabricated successfully. Such devices are named “junctionless transistors (JLTs)”. MOSFETs utilizing gate-all-around (GAA) architecture has been reported to be the ultimate device structures in silicon integrated circuits (ICs). In this paper, we have, therefore, developed an analytical short channel drain current model for GAA JLT, including source (S)/drain (D) series resistance, which is also one of the important parameters when devices with short channel are fabricated. We have obtained the potential distribution profile using Poisson’s equation, which was then used to obtain the drain current model. The model has been validated with both the experimental as well as simulation results. We have further analyzed the effect of S/D resistance on the drain current for different device parameters.
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Introduction
Limitations of the present-day fabrication techniques in the nanometer regime have led to the innovation of alternative device structures, to keep in line with the Moore’s law. One of the challenging factors that needs to be overcome in short channel (SC) junction based (JB) metal-oxide-semiconductor field-effect transistors (MOSFETs) is the fabrication of sharp and abrupt junctions between the channel and source/drain (S/D) region. A lot of short channel effects (SCEs) are associated with the formation of these junctions. Such challenges led to the development of Junctionless (JL) structures in which the concentration of dopants is uniform all over the S/D region and the channel region (Colinge et al. 2010). As a result, there is no longer a need for expensive ultra-fast annealing techniques, which lessen the demands on fabrication processes and the thermal budget (Colinge 2007; Colinge et al. 2010). This permits one to fabricate SC devices. Simple architecture (no p-n junction), no concentration gradient, low leakage and improved short channel characteristics are some of the advantages of JLTs. 
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Compared to other multi-gate structures, MOSFETs with GAA structure provides better immunity to SCEs, as the gate effectively controls the electrostatic potential inside the channel. Incorporating GAA in JL devices can further enhance the device characteristics (Colinge et al. 2010; Duarte et al. 2011; Yu 2014). The current research therefore focusses on the GAA JLTs.
There are numerous reports on drain current modeling of long channel GAA JLT (Duarte et al. 2011; Yu 2014). However, a few have reported the modeling of short channel devices (Hu et al. 2014; Jiang et al. 2014; Raut & Nanda 2022; Smaani et al. 2022). In this paper, we have developed an analytical short channel drain current model of GAA JLT, which is a recent area of research (Chaujar et al. 2023; Kumar et al. 2023; Kumari et al. 2023; Smaani et al. 2024), based on the previous compact model of junction-based GAA MOSFETs (Tsormpatzoglou et al. 2009), incorporating S/D series resistance. The S/D series resistance plays an important role in modeling of SC devices as in such devices, the series resistance becomes a considerable portion of the total resistance and hence needs to be considered in the device modeling. The model has been validated with both the experimental as well as simulation data. The effect of change in series resistance on the drain current characteristics has also been obtained. 
Theoretical Details
GAA structures offer superior short-channel characteristics due to the excellent control of gate over the channel in such structures. Due to the absence of junctions in JLTs, there is no requirement of doping concentration gradient and hence the problems associated with junctions are eliminated. The device is also reported to deliver improved driving current and sub-threshold properties when combined with GAA architecture. Figure 1 depicts the cross-section of such JL GAA MOSFET.
Device Physics
The JLT can be characterized as a device that is strongly and evenly doped throughout. This means the type of the dopant and its concentration is same all over the junction. The gate materials used are p+ polysilicon for n-type devices and n+ polysilicon for p-type devices. Thus, there is a work function difference of approximately 1eV resulting in the depletion of 
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Figure 1. Cross section of cylindrical Gate All Around MOSFET.

the channel. Gate bias must be applied to bring the channel out of depletion. The working principle of GAA JLT is as follows.
In the absence of gate voltage (Vg), the channel is fully depleted and between the source and the drain regions, a negligible amount of current flows. In such a situation, the transistor is said to be in the sub-threshold region of operation or in OFF condition. The valence band is completely filled while the conduction band is empty. Now if a gate voltage equal to the threshold voltage (VTH) of the device is applied, a thin neutral path (non-depleted region) is formed at the center of the channel over which bulk current flows. Increasing the gate voltage widens the path which increases the current flowing through it. This has been reflected in the energy band diagram where the concentration of positive charges in the valence band is reduced. A complete neutral channel is created when the applied VG becomes equal to the flat-band voltage (VFB). The device is now said to be in the flat-band condition as the conduction and valence bands become flat. It is now said to be turned ON. On further increasing the gate voltage accumulation layer is created at the surface and the negative charge carriers get accumulated at the surface resulting in the flow of surface current along with the bulk current. The schematic representation of GAA JLT in different regions of operation along with their corresponding energy-band diagram is shown in Figure 2. 
The Poisson’s equation in the cylindrical coordinate for n-type semiconductor can be expressed as

		(1)
where, ϕ represents the potential, 
r represents the radial direction, 
V is the applied voltage,
VT is thermal voltage, 
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Figure 2. GAA JLT in different regions of operation.

εSi is the permittivity of Si, and 
Nd is the uniform doping concentration throughout the source, drain and channel.
Considering only mobile carrier’s density and neglecting depletion charge density, the above equation can be simplified (Trevisoli et al. 2012) as

 										(2)
Boundary conditions applied for the GAA MOSFET can be expressed as (Jimenez et al. 2004)

															(3)
The change in threshold voltage ΔVTH, due to short channel can be expressed as (Tsormpatzoglou et al. 2009)

													(4)
where VTH,L and VTH,S are the long channel (Duarte et al. 2011) and short channel (Chiang 2012) threshold voltages of GAA JLT respectively.
Considering the drift-diffusion model, the drain current can be expressed as

										(5)
In the above equation, qi = Qi(V)/(4εsikT/qtsi), represents the normalized sheet charge density, Qi is the inversion charge density, and V varies from source to drain voltage.
On integrating the above equation, the drain current expression is obtained as

																							(6)
The expression for mobility can be represented as (Gaubert et al. 2010)

						(7)
where, α, θ1 and θ2 accounts for the Coulomb scattering, phonon scattering and scattering due to surface roughness respectively. Vgs is the gate to source voltage, µ0 is the low field mobility. Further, we have also considered the effect of channel length modulation by a factor FCLM (Tsormpatzoglou et al. 2009), which is expressed as

								(8)
where

															(9)

															(10)

																							(11)

												(12)
λ represents the distance by which the drain electric field penetrates into the channel. Replacing µ by µeff and multiplying FCLM to equation (6), the final drain current expression is given by

																								(13)
In short channel devices, the series resistance (Rsd) constitutes a large portion of the total resistance due to the reduction in intrinsic channel resistance. The series resistance reduces the supply voltages and degrades device driving capability. The extracted Rsd has been incorporated via following equations

														(14)

														(15)
The intrinsic gate and drain voltages are represented by V’gs and V’ds respectively. On incorporation of series resistance, the gate and drain voltages in the above mentioned equations (7- 
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Figure 3. Flowchart showing the calculation of Ids.

13) are replaced by the intrinsic voltages. On incorporating the above equations in the expressions of mobility and drain current, new expression of drain current is obtained.
From above equations, it is observed that the supply voltages are the functions of drain current. Thus, an iterative procedure has been utilized to calculate the supply voltages as well as the drain current (Kumar et al. 2016; 2017).
The iterative process used is depicted in Figure 3 in the form of a flowchart. The steps taken are: Initially the drain current is taken as zero. Then, in 1st iteration Ids is calculated using equation (13) with V’gs and V’ds obtained from (14) and (15) respectively (with Ids = 0 initially). Now, using the value of Ids obtained from the previous step, voltages V’gs and V’ds are calculated (using (14) and (15)). Now, in second iteration, Ids is obtained by substituting the calculated values of V’gs and V’ds along with the value of Ids obtained from the previous step. This procedure is repeated until consecutive constant values of Ids are obtained.
Validation Of The Model
The drain current model has been validated with both the experimental and the simulation data. The model has been verified with devices having different channel lengths ranging from 20 nm to 160 nm. The range of parameters Vsc and Qsc have been taken as 0.2-1.3 in all our computations. Figure 4 (a) and (b) shows the validation with experimental data (Singh et al. 2011) and (Moon et al. 2013).
In order to validate the accuracy of the model with the experimental data, the effect of source-drain series resistance (Rsd) has been incorporated. The source-drain series resistances were extracted (Kim et al. 2013) and were used in the calculations. From the figure, it is observed that the model agrees well with the experimental records.
Figure 5 illustrates the verification of the model with another experimental data (Choi et al. 2011). Here the gate length, effective oxide thickness (EOT) and doping concentration are 50 nm, 13 nm and 2×1019 cm-3 respectively.
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(a)
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(b)
Figure 4. Validation of the model with the reported data (a) (Singh et al. 2011); (b) (Moon et al. 2013). (Parameters Used: (a) L= 160 nm; ND = 6.7 ×1018 cm-3; (b) L = 150 nm; Width of NW =18 nm).
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Figure 5. Validation of the model with the experimental data (Choi et al. 2011). (Parameters Used: L = 50 nm, EOT=13 nm and ND = 2×1019 cm-3)

Using the extracted value of Rsd = 15 KΩ, the drain current has been computed using the model. The results obtained are in line with the experimental values with deviation from the reported one below 5%.
The model has also been compared with the simulation data. The drain current characteristics of GAA JLT with channel length 20 nm and 30 nm are presented in Figure 6 (a) and (b) respectively, for different drain voltages. As depicted from the figure, the model shows good accuracy with the reported 
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(b)

Figure 6. Validation of the model with the reported data (a) Hu et al. 2014); (b) (Wang et al. 2014).
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Figure 7. Comparison of simulated (Lou et al. 2012) and modeled output characteristics with L = 40 nm, tox = 2 nm, R = 5 nm and ND = 2×1019 cm-3.

simulation data (Hu et al. 2014; Wang et al. 2014).
We have validated the model with another simulated data (Lou et al. 2012), shown in Figure 7. The channel length, oxide thickness and doping concentration are 40 nm, 2 nm and 2×1019 cm-3 respectively. A good agreement is obtained between the results from the model and simulation, that further supports the accuracy of the model.
Results and Discussion
Figure 8 depicts the change in drain current with and without incorporating Rsd for different drain voltages. From the figure, it can be obtained that the drain current decreases with inclusion of Rsd, due to the reduction in terminal voltages. 
[image: ]
Figure 8. Variation of the drain current with different drain voltages with and without S/D resistance (Parameters Used: L = 50 nm, EOT = 13 nm and ND = 2×1019 cm-3, Rsd = 15 kΩ).

The variation in the drain current with changes in the gate overdrive voltage (Vgt = Vgs – VTH) for different S/D resistance has also been plotted and depicted in Figure 9.
Conclusion
To summarize, we have proposed a model of drain current for short channel JL GAA NW n- MOSFET incorporating S/D series resistance. The proposed model has been validated with experimental and simulation data. We have also presented algorithm based on multi-iterative technique for the computation of the drain current. These iterations are necessary 
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Figure 9. Variation of the drain current with gate overdrive voltage with and without S/D resistance (Parameters Used: L = 50 nm, EOT = 13 nm and ND = 2×1019 cm-3, Rsd = 15 kΩ).

because upon including S/D series resistance, the drain current transforms into the transcendental equation, resulting in a number of coupled equations involving the mobility, threshold voltage, and other variables. The effect of Rsd on the drain current has also been investigated. The proposed model may be helpful to the research community in predicting the performance parameters of the devices and circuits before going into final fabrication. This may save time as well as re-sources. We have not taken quantum mechanical effects into account which becomes significant in ultra scaled devices.
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