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Abstract: As the device feature size enters into the nanoscale, the modeling and simulation of short channel 

effects in FinFETs devices become challenging. In this paper an easy approach to model short channel effects 

threshold voltage roll-off in nanoscale n-channel FinFETs is presented. The decrease of threshold voltage with 

decrease in gate length is a well-known short channel effect called the “threshold voltage roll-off” has been 

simulated.  By using this threshold voltage, current-voltage characteristics have been observed for different 

operating regions of FinFETs with different channel lengths and also for different oxide thickness. In order to 

justify the validity of the proposed model the simulation results have been compared with the available 

experimental and/or simulation data. The analytical expressions derived in the present model can be a useful 

tool in device design and optimization.  
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I.        Introduction 

    FinFETs are the most promising device structures to address short channel effects and leakage issues in 

deeply scaled CMOS. As the dimensions of MOS devices are shrunk, the close proximity between the source 

and drain reduces the ability of the gate electrode to control the potential distribution and the flow of current in 

the channel region, and undesirable effects, called the “short-channel effects” start plaguing. Calculation of 

threshold voltage, which is a fundamental parameter in device characterization and modeling [1], is an important 

step towards having an in depth understanding of the electrostatics and dynamic behavior of this novel device. 

The FinFET characteristics in previous models [2]-[4] were not described in terms of threshold voltage roll off. 

A physics based model is studied [4] using semi-classical 3D Monte Carlo device simulator to investigate 

important issues in the operation of FinFETs. Fast Multipole Method (FMM) has been integrated with the EMC 

(Ensemble Monte Carlo) scheme to replace the time consuming Poisson equation solver.  Effect of unintentional 

doping for different device dimensions has been investigated and the result shows that the effect of unintentional 

doping becomes dominant near sub-threshold regime where number of mobile carriers is very few. Moreover, 

threshold voltage and DIBL in terms of body doping for nanoscale SOI FinFET is studied and compared with 

Bulk FinFET [5]. The quantum definition based threshold voltage is evaluated for triple-gate (TG) SOI FinFETs 

using self consistent Schrödinger-Poisson solver [6]. However, short channel threshold voltage roll-off is 

missing in literature.  

     In addition, a self-consistent solution of time consuming 3D Poisson-Schrödinger equation is obtained using 

multiresolution approach to estimate potential profile, subthreshold swing and threshold voltage roll-off [7]. 

Furthermore, threshold voltage roll-off is observed [8] for short channel FinFET devices, without the detailed 

analysis of how this method of calculating threshold voltage roll off can be applicable for a wide range of device 

family.  

    In this paper, a self-consistent method as an easy approach to model short channel threshold voltage roll-off 

in nanoscale SOI n-channel FinFETs has been proposed. Threshold voltage has been simulated with respect to 

work function and the physical device parameters. Then threshold voltage shift has been observed due to 

different channel length and oxide thickness. By using this threshold voltage, current-voltage characteristics 

have been simulated for different operating regions of FinFETs of different channel lengths.  For suitable 

arrangement, the rest of the paper is organized as: section II describes the proposed threshold voltage roll-off 

methodology and device parameters. In Section III, the results of the model of the FinFETs devices are 
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presented with an insight to their physical meaning. Section IV concludes the paper.  

II.  Simulation Model 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Fig.1. Test device of an n-Channel FinFET (2D 

           cross-section along transistor gate (SOI)). 

 

 For multigate MOSFET the relation between the physical device parameter and threshold voltage is given 

as [11]:  
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    The first term of (1), is the work function difference between the gate and the silicon film, which is equal to -

0.17eV in our simulations. The second term represents the potential Φ in the channel; it is inversely proportional 

to the silicon film thickness tsi and also depends on the oxide thickness. The third term is the lowest subband 

energy above conduction band minima. It is a quantum mechanical term which varies depending on the splitting 

of the conduction band energy level into subbands. The value of this is taken from the literature [10] for double 

gate FinFET.  

    The decrease of threshold voltage with decrease in gate length is a well-known short channel effect called the 

“threshold voltage roll-off”. As the channel of the device is reduced to nanoscale region, the charge distribution 

in the channel is influenced by the field originating from the source/drain. The critical geometry parameters 

which determine device short-channel behaviors spatially threshold voltage roll-off are gate length, fin 

thickness, fin height, oxide thickness and channel doping [11]. 

Threshold voltage fluctuation for channel length reduction can be found by the following expression [12]: 
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Where rj is the depth of the source and drain junction, Wm the maximum width of the depletion layer, Lch is the 

device channel length. The values of different parameters are available in [9]. Threshold voltage roll-off can be 

found by subtracting thV from the threshold voltage, thV  as: 

Threshold voltage roll-off = thth VV          (3) 

    Moreover, semi-classical expressions are used for I-V characteristics [13].      
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   Due to their excellent control over short channel 

effects and their superior current driving ability, 

FinFETs have been regarded as a promising 

replacement for the conventional bulk CMOS [9]. 

The structure of a FinFET is shown in Fig.1.  Even 

though current conduction is in the plane of the 

wafer, it is not strictly a planar device. Rather, it is 

referred to as a quasi-planar device, because its 

geometry in the vertical direction (viz. the fin 

height) also affects device behavior.  The gate 

wraps around the body from three sides, and this is 

responsible for higher gate-channel control and 

therefore reduced SCE. The calculation of threshold 

voltage for FinFET devices is based on the method 

shown in [10], where 2D charge profile is calculated 

along the cross section perpendicular to the 

transport direction (Fig. 1). 
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The channel conductance of the device also depends on threshold voltage, is defined by the following 

expression [14]:   
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where effW  is the channel width or effective channel width and eff  the effective mobility. The MOSFET 

transconductance is defined as the change in drain current with respect to the corresponding change in gate 

voltage. The transconductance for an n-channel device operating in the linear region is given as [12]: 
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The transconductance for the saturation region can be found as [12]: 

 

              (6) 

                                                    

III.  Result and Discussion 

 

Fig.2: Threshold voltage shift (ΔVth) with channel length.    Fig.3: Threshold voltage roll-off for nanoscale  

                FinFET. 

    Threshold voltage shift with respect to channel length is shown in Fig.2. It is seen that threshold changes 

sharply above channel length of 60 nm, after this the fluctuation of threshold voltage is comparatively less. 

Threshold voltage changes due to the reduction of charges in the depletion layer for reduction of channel length. 

From the Eq.(2), threshold voltage roll-off also depends on oxide layer substrate impurity doping  concentration 

(Na).  As the thickness of oxide is decreased, less gate voltage is required for strong inversion. Threshold voltage 

roll-off is shown in Fig.3. For shorter channel lengths, the value of threshold voltage reduces. 
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Fig.4: Drain current versus gate voltage.                                    Fig.5: Effect of oxide thickness on drain current.  

 

 

 Fig.6: Drain current versus drain voltage.  Fig.7: Channel conductance versus drain  

       voltage.    

 

Fig.8: Transconductance versus gate        

 voltage. 

       The drain current versus gate voltage is shown in Fig.4. The continuous lines for this work and the circles 

represent the experimental results. Drain current are plotted for 50mV and 1.0V of drain voltages and compared 

with the experimental data. It is seen that the transfer characteristics lies very close to the experimental results 
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for low as well as high drain bias. The effect of oxide thickness on drain current versus gate voltage is plotted in 

Fig.5. It is seen that when the oxide thickness is increased, the drain current decreases and the curves move 

downward. This is because, the oxide capacitance increases with the decrease in oxide thickness and the oxide 

capacitance is directly proportional to the drain current.  

The drain current versus drain voltage of channel length 102.2 nm FinFET with oxide thickness 2 nm is plotted 

in Fig.6. The effect of gate voltage on the output characteristics has also observed. It is seen that as the gate 

voltage is decreased, the drain current curves move downward. The saturation current increases at higher gate 

bias.  

      The channel conductance or output conductance is observed with respect to drain voltage is shown in Fig.7 

in semi log scale for channel length of 90 nm. The other dimensions of this device are available in the literature 

[11]. When gate voltage, Vgs is larger than Vth, channel inversion charge density increases, which increases the 

channel conductance. At saturation, the increment of channel conductance at the drain becomes zero, which 

means that the slope of ID versus VD curve is zero and hence at this region conductance remain constant. The 

transconductance of n-channel FinFET of channel length 90 nm versus gate voltage is plotted in Fig.8. Here the 

drain voltage is kept constant for both the linear and saturation regions in order to observe the effect of effective 

mobility. As the effective mobility increases linearly with the increase in gate voltage, transconductanc also 

increases. At higher value of gate voltage, effective mobility decreases hence transconductanc also decreases. 

IV.   Conclusion 
    

    This paper shows a simple approach of threshold voltage roll-off methodology for nanoscale n-channel 

FinFET. The mathematical expression for threshold voltage roll-off has developed. By using this expression the 

threshold voltage roll-off has been simulated by considering the different physical device parameters and device 

channel length.  Moreover, transfer characteristics and out put characteristics of the device for channel length 

102.2 nm and oxide thickness 2.0 nm have observed. The results show a very good agreement with the 

experimental data. Furthermore device channel conductance and transconductance have been simulated and 

compared with experimental results. The effect of oxide thickness on I-V characteristics has also been simulated 

and shows that it has a great impact on drain current. To further development of this model, other realistic 

effects can be accounted, such as 3D parasitic effects that are especially severe in FinFETs. 
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