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ABSTRACT: 

In this paper design and simulation of an improved depletion-mode n-channel nanoelectromechanical field effect 

transistor (NEMFET) at 300K is reported. The designed NEMFET is based on NEMS technology and fully 

compatible with CMOS fabrication process. A NEMFET is composed of a NEM relay and a MOSFET and comprises 

a movable gate and a semiconductor part, so that the flowing current is always in the semiconductor part. The 

nanomechanical movable gate was a bossed doubly clamped beam and simulated by COMSOL Multiphysics software 

and the electrical part was designed and simulated by ATLAS software. The designed NEMFET had a 25 nm length, 

100 nm width and 5.2 nm thicknesses. Optimization was done by applying two 8.5 nm spaces, one between source to 

gate and the other between gate to drain. Simulation results show in the proposed structure, sub-threshold swing was 

decreased to 86 mV/dec and the Ion/Ioff ratio was increased to 8.68×104. 
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1.  INTRODUCTION 

Sub-threshold swing limitation in conventional field 

effect transistors current is related to drift and diffusion 

mechanism and determines the minimum sub-threshold 

swing of 60mV/dec. Among of important parameters to 

determine performance of a transistor is its sub-

threshold swing, so that, lower sub-threshold swing 

leads to higher performance. In the sub-threshold 

region, drain current is controlled by the gate. Sub-

threshold swing is calculated from (1): 

 

(1) 𝑆𝑆 = 𝑙𝑛(10)
𝑘𝑇

𝑞
(1 +

𝐶𝑑
𝐶𝑜𝑥

) 

 

To decrease short-channel effect and increase the 

gate control in FETs, it is needed to increase gate oxide 

capacitance. To increase this capacitance, dielectric 

thickness must be thinner or its dielectric constant 

should be greater. According to (1), when Cox tends to 

infinity, FET sub-threshold swing is limited to 

60mV/dec in 300K [1, 2]. Moreover, Static power 

consumption is also one of challenging of MOSFET 

scaling; which one of the major reasons is power 

consumption due to high off-state leakage current Ioff in 

transistors [3]. 

This article describes an optimized depletion-mode 

n-channel NEMFET transistor with 25 nm gate length 

contains two spaces equal to 8.5 nm (∆L) between 

source to gate and gate to drain. Typically, a NEMFET 

has a leakage current 100 times less than a MOSFET. 

So, logic circuits based on NEMFETs are suitable to 

implementing ultra-low power processors and 

operational units [4]. Abruptly switching characteristic 

is another property of a NEMFET [5]. Simple structure, 

switching, and NEMFET power issues can lead to the 

replacement of conventional MOSFETs in the 

implementation of future VLSI circuits [6]. 

 

2.  STRUCTURE DESCRIPTION AND NEMFET 

ANSISTORS FUNCTION ANALYSIS 
In Fig. 1 the structure and size of the proposed 

NEMFET transistors is shown. This transistor is 

composed of two mechanical NEM relay and electrical 

MOSFET. The mechanical part includes of a bossed 

doubly clamped beam and operates as a suspended gate 
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with 10 nm thickness. As shown in Fig. 1, the beam is 

separated from a thin dielectric by an air gap-spacing. 

To optimization, two spaces of ∆L between source to 

gate and gate to drain have been created. According to 

Fig. 2 (a), when the gate voltage is zero, the transistor 

will be in off-state and the air gap-spacing x is equal to 

zero. While in on-state (Fig. 2 (b)), suspended gate is 

located from thin dielectric with a distance of 1 nm. It 

is assumed that the gate electrode is attached to the 

channel firmly at two sides, resulting in the doubly-

clamped beam (with spring constant k) is suspended 

over the channel. To reduce adhesion between the gate 

and the channel when gate is lowered, the NEMFET 

must be located in a vacuum [3]. It is noteworthy that 

the average potential of the channel in the 

electromechanical model is considered to be Vds/2. In 

all simulations carried out, the displacement d in the 

gate voltage Vg=1V is zero and the maximum air 

distance x is equal to 1 nm. By lowering the gate 

voltage, the gate plate approaches the channel and the 

air gap x decreases. 

 

 
Fig. 1. Cross-section of the NEMFET structure used in 

the simulations. 

 

 
Fig. 2. Device operation of a NEMFET transistor in the 

(a) On state (b) Off state. 
 

3.  DESIGN OF THE SUSPENDED GATE NEM 

RELAY  

NEM relay with suspended gate is a bossed doubly 

clamped beam with dimension of h=1.2 nm, W=100 nm 

and L=15 nm for lateral supporting beams and 

dimensions of h=5.2 nm, W=100 nm and L=25 nm for 

the proof mass (boss) all made of polysilicon. 

Displacement of the suspended gate simulated by 

COMSOL Multiphysics software [7] is shown in Fig. 3. 

 Considering supporting beams spring constant k, 

displacement is highly dependent on its thickness and 

length. A beam with longer in length and thinner in 

thickness leads to lower stiffness and higher 

flexibility.as a result, the supported beams will further 

deflected and central section of the gate (boss) not 

deflected. Then, gate can be moved easily towards up 

and down. In contrast, in the thicker and shorter beams, 

deflection will be difficult. In order to uniform 

distribution of electrostatic force along the beam and 

ignoring remained stress, spring constant k is defined as 

(2), [8]: 

 

(2) 
𝑘 =

32𝐸𝑊ℎ

𝐿3

3

 

 

 Where E is the Young's modulus, h is the 

thickness, W is the width and L is the gate length. Pull-

in voltage in capacitive structures is calculated from 

(3), [9]. By increasing the pull-in voltage, the beam is 

deflected further downward. In situation which x equals 

to 2/3 x0, the beam loses its stiffness and gate collapses 

to the dielectric abruptly.  
 

(3) 𝑉𝑝𝑖 = √
8𝑘𝑥0

3

27𝜀𝑔𝑎𝑝𝑊𝐿
 

 

Where W is the width of suspended gate, L is the 

gate length, εgap is permittivity of the air gap, k is 

stiffness of the suspended gate and x0 is the initial air 

gap spacing.  By increasing gate voltage (Vg) from 0 to 

1 V for two voltage Vds=0 V, Vds=1 V air gap (x) is 

increased proportional to applied voltage. In Fig. 4, 

dependence of air gap x on gate voltage is shown. 

 

 
Fig. 3. Displacement of the doubly clamped beam 

simulated in COMSOL Multiphysics 
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4.  DESIGN OF ELECTRICAL PART (MOSFET) 

The electrical part includes a MOSFET transistor 

with a difference that in order to compromise between 

on-state and off-state currents, two spaces (∆L) 

between source to gate and gate to drain are included 

which further decrease of the off-state current, while 

increasing the on-state current. Simulation results with 

∆L from 7 nm to 10 nm are shown in Fig. 5. As it is 

obvious in figure 5, the 8.5 nm space is the most 

appropriate value, and this optimal amount has been 

used in all of simulations. 

 
Fig. 4. Dependence of air gap-spacing x on gate voltage 

for Vds=0 V and Vds=1 V. 

 

In order to determine the electrical characteristics of 

the NEMFET transistor, First, for different gate 

voltages and Vds = 1 V, the air gaps (values of x) were 

extracted from COMSOL Multiphysics software, then 

simulated by ATLAS software, which is a subset of the 

SILVACO software [10]. The transfer characteristic of 

Ids-Vg is shown in Fig. 6. Also, transfer characteristic of 

Ids-Vds is shown in Figure 7. 

 
Fig. 5. Drain current vs. gate voltage for ΔL values of 7 

nm, 8 nm, 8.5 nm, 9 nm, 10 nm for Vds=1 V. 

 

 
Fig. 6. Ids-Vg transfer characteristics of the simulated 

NEMFET transistor. 

 

 
Fig. 7. Output characteristics of Ids-Vds for the 

simulated NEMFET transistor. 

 

5.  CONCLUSION 
In this paper, electrical characteristics of an 

improved NEMFET transistor with gate length of 25 

nm and two gap spaces of ∆L=8.5 nm between gate and 

source and gate to drain were studied and simulated by 

COMSOL Multiphysics and ATLAS in two mechanical 

and electrical part. The suspended gate causes a 

abruptly movement in mechanical beam (gate 

electrode) and as a result, decreasing the sub-threshold 

swing and increasing the Ion/Ioff ratio. By considering 

the Simulation results and including effects of ∆L, sub-

threshold swing and Ion/Ioff ratio for 4 NEMFET 

transistor, common MOSFET, NEMFET and MOSFET 

including ∆L with same dimensions for Vds=1are 

shown in Fig. 8 and Fig. 9 respectively. The simulation 

results show decreasing off-state current (Ioff), and as a 

result decreasing power consumption, increasing the 

on-state to off-state current (Ion/Ioff) up to 8.68×10 4 and 

achieving sub-threshold swing equal to 86 mV/dec for 

NEMFET transistor with ∆L. According to the results, 

the NEMFET transistor with ∆L can be considered as a 

suitable replacement for the MOSFET transistor.  
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Fig. 8. Average sub-threshold swing for channel 

thickness of 10 nm in four different transistors with 

same dimensions for Vds =1 V. 

 

 
Fig. 9. Ion/Ioff ratio for channel thickness of 10 nm in 

four different transistors with similar dimensions for 

Vds =1 V. 
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