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Abstract: Current-voltage characteristics curves of NFinFET are presented and are fitted with the modified 

current-voltage (I-V) formulas, where the modified term in the triode region is demonstrated to be 

indispensable. In the as-known I-V formula, important parameters need determining to make both the 

measured data and the fitting data as close as possible. Those parameters include kN (associated with the sizes 

of the transistor and mobility), λ (associated with Early Voltage), and Vth (the threshold voltage). The 

differences between the measured data and the fitting data vary as the applied source-drain bias, proving that 

the mobility of the carriers not consistently constant. On the other hand, a modified formula, called kink effect 

factor, is negatively or positively added simulating solitary heat waves or lattice vibration, which disturb the 

propagation of carriers and thus influence the Source-Drain current (IDS). The new statistical standard 

deviations (δ) are then found to be effectively suppressed as the kink effect is taken into account. 
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1. Introduction 

Transistors fabricated in semiconductor industry successfully achieve various desired functions, 

including signal processing, data calculating, and decision-making. All the functions are associated 

with memory transferring at a comparable speed. So the size of transistor continues to shrink not 

mainly for the benefits of increasing number of integrated circuit (IC). The speed of IC’s somehow 

becomes the pursuing goal. Three concerns appear manifested in a sense. They are outrageous loss 

of controllability, unavoidable heat, and un-expected limitation of photolithograph. The 

controllability is closely related to leakage current due to proportional dimension shrinkage even 

though some adopted prevention including halo implant or pocket implant has been done at the 

planar device level. In addition, the promotion of electrical performance at the same scale using 

compressive or tensile stress technique is seriously taken into account as well. Unfortunately, channel 

lengths below tens of nanometers seem not to work out any more as desired no matter what has been 

taken. Instead of planar bulk silicon substrate, there comes the 3-D structural fin-like field effect 

transistor (FinFET), which make use of slim strip of epitaxial silicon as body substrate wrapped by 

insulator-separated gate poly-silicon. The strip of channel substrate gets depleted as the gate poly-

silicon is applied with a bias. This bias causes the depletion region of the substrate strip impressively 

and effectively to block the leakage current in between Source and Drain. As for the generated heat, 

it is basically linked to the equivalent resistors, whose resistance is actually proportional to the length 

of the resistor and inversely dependent of the area of the cross section. The resistance of decreasing 

dimension soars up making the increasing Ohm’s heat tremendously degrade its electrical 

performance and thus competitively loss leading status. Therefore, the conduction of heat dominates 

the whole process flow and material choosing. Copper is thus preferred for its higher conductivity. 

The expose of ultra-violet ray suggests diffraction immunity, which is identified as the use of shorter 

wavelength, improvement of refraction angle (refractive index, n), and subtle design and 

combination of masks. Traditional optics and modern optics are both utilized or designed to resolve 

diffraction issues.   
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Furthermore, the electrical performances for any transistor have to be reliable and repeatable. 

Models are thus proposed to address the electrical performances and are able to fit the measured 

characteristics curves. And all the circuit designs, including analog and digital, rely solely on the 

established model. Research has to be paid to understand the electrical data. The most commonly 

used formulas have been posed for over many decades, and they surely reduce the tremendous work 

on the designing level. Therefore, the current-versus-voltage characteristic curves showing electrical 

performance of transistors are necessarily parameter-extracted in the model. Nevertheless, ones are 

still intrigued to know if the “modified” conventional formula is applicable for fitting repeated 

characteristic curves. [1–14] In the model, useful parameters are supposed to be constants even 

though they need interpreting. Some evidences in this paper do show some limitation. For example, 

the mobility is no longer reasonably treated as constant as the measured data are compared to the 

modified conventional formula.  

Furthermore, one thing that causes attention is about carriers traveling in the crystallized silicon, 

which is diamond structure. The crystal thermally vibrates at certain temperature causing trouble to 

the carriers. As the carriers speed up, they confront more obstacles. More obstacles generate more 

heat and more friction, which may slow down the carriers, especially in the triode region. For 

example in our daily life, the rain falls at the almost constant terminal speed near the ground 

addressing the similar situation. The lattice interacts with the carriers and is energetically quantized 

as phonons, which is analogous to photons in electrical magnetic field. The analogy becomes good 

referencing facts that are readily explored.  

In this study, the as-measured (IDS, VDS) data are referred to the transistors fabricated by 3-D 

FinFET structure process. The “modified” conventional I-V characteristic curve formulas in Equation 

(1) with λ (the inverse of the absolute value of Early voltage, VA) is deliberately introduced in the 

triode region for VDS is less than (VGS-Vth), whereas Equation (2) is kept unchanged for the saturation 

regime. Delta deviation in Equation (3) for the whole fitting is suggested and effectively reduced the 

discrepancy between the fitting data and the measured data. In addition, a solution to a non-linear 

differential equation, called the sine-Gordon equation, is first proposed for addressing a solitary 

wave, which is some kind of phonons coming from quantized sound. The solution is proven to be 

Gaussian and is introduced to further reduce the delta deviation in the electrical characteristic curves, 

which is really encouraging.  

2. Preparation of as Measured Data and Fitting 

2.1. Preparation 

The as measured (IDS, VDS) data is obtained through the probe station on the FinFET technology, 

which uses epitaxial silicon grown on silicon wafer and an dry-etched floated island “I” with two 

head ends as Source and Drain and the channel in between two ends. Dry oxidation of 14 angstroms 

on the slim sides followed by 4000 angstrom poly-silicon as Gate functions the transistor looking like 

a fin after dry-etching. The measured data and the self-generated data coming from the modified 

conventional formulas in Equations (1) and (2) as followed in the next paragraph are merged into one 

graph for comparison of fitting. 

2.2. Fitting IDS-VDS and IDS-VGS 

For MOSFET devices, the commonly conventional formulas are modified as follows: 

2

2

( ) [( ) ](1 )
2

exp[ ( ) ]

DS
DS N GS th DS DS

DS

V
I Triode k V V V V

V

λ

α β χ

= − − +

− − −

 (1) 

and   

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 July 2023                   doi:10.20944/preprints202307.0933.v1

https://doi.org/10.20944/preprints202307.0933.v1


 3 

 

2

2

( )( ) (1 )
2

exp[ ( .) ]

GS th
DS N DS

DS

V V
I Saturation k V

V

λ

α β χ

−
= +

− − −

 (2) 

A

o

ox

N

V

and

L

WC
k

where

1
=

=

λ

µ  
 

Cox is the gate capacitance, W and Lo are the width and the length of the transistor, and µ is the 

mobility of carriers. Also VA means Early Voltage, α is the kink effective coefficient, and β and χ are 

the corresponding speed-associated values.  

For one thing, it is worth mentioning that the term (1+λVDS) in Equation (1) is necessarily added 

because, with or without it, the differences on fitting are demonstrated as in Figure 1. 

 

Figure 1. IDS-VDS characteristic curves and the corresponding fitting (a) without taking the term 

(1+λVDS) in Eq.(1) into account. (b) with taking the term (1+λVDS) in Equation (1) into account.  
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2.3. The Delta Deviation 

The fitting data by Equations (1) and (2) are deliberately used to fit the as-measured I-V 

characteristic curves. Those parameters are mainly determined predominantly according to the 

minimum delta (δ) in the following Equation (3): 

2

1
( )

N

fitting measured i

i

I I

N
δ =

−

=


 
(3) 

For example, the final value of kN is determined to be 1.49×10-4(1/V2) through the smiling curve 

as the minimum delta is located in Figure 2. [15,16] 

 

Figure 2. IDS-VDS characteristic curves and the corresponding fitting with minimum delta (δ) skill 

in the following Equation (3)  

2.4. The kink effect 

The non-linear differential equation addressing a moving electron scalar field in the strongly 

inversed layer is presented as follows: 
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which is named as sine-Gordon equation. [17] The moving electrons accelerated by the electrical 

field confront phonons with group velocity c of thousands of meters per second in the lattice [18]. 

The space-time variables are adjusted with respect to the referencing frame as follows: 
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The non-linear solution of Equation (5) is expressed as 
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The speed of the electron, closely associated with current density (J=nev), is proportional to the 

derivative of the wave function with respect to ξ. 
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(7) 

Therefore, the fine variations of IDS in Figure 3a are to be easier modified by using the above 

Gaussian form, followed by Figure 3b with less minimum delta. The final fitting curves are then as 

shown in Figure 3c.  

 

(a) δ 0.25=2.86x10-7, δ 0.5=4.50x10-7, δ 0.75=5.64x10-7, δ 1.0=4.38x10-7 referring to Figure 1b 

 

(b) advanced:δ 0.25=1.37x10-7, δ 0.5=1.55x10-7, δ 0.75=1.57x10-7, δ 1.0=1.25x10-7 
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(c) advanced 

Figure 3. (a) The subtraction values of IDS-VDS characteristic curves and the corresponding fitting 

without taking the Gaussian term into account. (b) with taking the Gaussian term into account. (c) the 

corresponding fitting in Figure 3b 

3. Application 

The minimum delta (δ) in Equation (3) can be used to determine the chosen parameters with or 

without taking kink effects into account, which are listed in Tables 1 and 2. [8] In both tables, the 

minimum delta at different Gate biases requires different kn, lambda (λ), and threshold voltages. For 

one thing, both Table 1 and Table 2 have reasonable delta trends; the higher the VGS is, the higher the 

delta is because of larger scales. Furthermore, the fitting with kink effects is apparently superior to 

the one without. As referred to Figure 4, the fitting is not as good. Once the curves are enlarged in 

Figure 4b, the fitting curves do not consistently match the as measured data. Therefore, the minimum 

delta shown in Table 1 is usually at the order of 10-6, except VG=1.0 Volt.  

With taking kink effects into account as shown in Table 2, the deviation (delta) can be suppressed 

as lowly as 10-7., and the fitting is improved a lot in Figure 5. When turning off kink effects as shown 

in Figure 5a,b, the fitting curves are always lifted up at VDS ～ (VGS - Vth) as compared to the as 

measured data. To take care of the issue on which fitting curves are commonly lower than as-

measured currents, the kink effects are thus considered. The solitary waves can be in thermal form, 

or maybe in phonons. The electron might be deflected because of the collisions with phonons, and 

those collisions may cause degradation of electrical performances. The item is thus introduced and 

subtracted, which is proportional to the exponential with the Gaussian form, as seen in Equation (1) 

and Equation (2). In Figure 5c,d, the fitting is really encouraging. The enlarged figure in Figure 5d 

does enhance the fitting.  

Table 1. Transistors Using 0.25 micron Process Technology without Kink Effect Factor 

Gate Bias kN Vth_fit   

VG=1.00V 2.080×10-4 0.5275 0.138 5.9311×10-7 

VG=2.00V 3.181×10-4 1.1437 0.073 1.6219×10-6 

VG=3.00V 3.547×10-4 1.9238 0.075 2.3925×10-6 

VG=4.00V 2.859×10-4 2.5900 0.079 2.3448×10-6 

VG=5.00V 2.151×10-4 3.2157 0.099 3.3145×10-6 
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Table 2. Transistors Using 0.25 micron Process Technology with Kink Effect Factor 

Gate Bias kN Vth_fit   

VG=1.00V 2.260×10-4 0.5275 0.082 2.2803×10-7 

VG=2.00V 3.365×10-4 1.1437 0.040 6.5269×10-7 

VG=3.00V 3.850×10-4 1.9238 0.030 6.8806×10-7 

VG=4.00V 3.060×10-4 2.5900 0.044 7.6246×10-7 

VG=5.00V 2.296×10-4 3.2157 0.065 8.9941×10-7 

 

 

Figure 4. 0.25 micron process (a) IDS-VDS characteristic curves and the corresponding fitting without 

taking kink-effect factor into account. (b) Enlarged IDS-VDS characteristic curves and the corresponding 

fitting without taking kink-effect factor into account. 
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Figure 5. 0.25 micron process (a) IDS-VDS characteristic curves and the corresponding fitting by turning 

off kink-effect factor. (b) IDS-VDS characteristic curves and the corresponding fitting by turning on 

kink-effect factor. (c) Enlarged IDS-VDS characteristic curves and the corresponding fitting by turning 

off kink-effect factor. (d) Enlarged IDS-VDS characteristic curves and the corresponding fitting by 

turning on kink-effect factor. 
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4. Conclusions 

The as measured data redrawn as characteristic curves can be fitted with the ones based on the 

modified conventional current-voltage formula. Even though it is quite engineering, such a fitting 

may be quite easy to be undertaken because all the parameters do not have to be the same and are 

easily adjusted. Instead, the trends or scales of some specific parameter always give some thoughts. 

On the other hand, the kink effect does really exist as referred to Figure 5a,c for 0.5 micron process 

and, furthermore, Figure 6a,b for 0.09 micron process, and it shall efficiently help to work out the 

fitting as referred to Figure 5b,d, and Figure 7a,b, where the minimum delta (δ) is proven to effectively 

reduce as expected. 

Fitting with Kink effects gives the idea that the mobility implicitly shown in kN varies all the 

time correlating to the subtractions in Figure 3a,b while the gate capacitance and the effective channel 

length and width shall be reasonably treated as fixed quantities. In the conventional model, the 

mobility included in kN is supposed to be averagely constant, which is, in turn, unable to be 

convincing. Therefore, the mobility is then proven to be a variant along the strongly-inversed channel 

length. In addition, all the kink modified terms in Equation (7) for the fitting demonstrate that the 

values of (－γ2/2) are about tens, e.g., (－50). That is to say, the velocity of electron is quite the same 

order of the group velocity of the phonon, thousands of meters per second.[18] 

 

Figure 6. 0.090 micron process (a) IDS-VDS characteristic curves and the corresponding fitting without 

taking kink-effect factor into account. (b) the corresponding fitting with minimum delta (δ)  
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Figure 7. 0.090 micron process (a) IDS-VDS characteristic curves and the corresponding fitting by 

turning on kink-effect factor. (b) the corresponding fitting with improved minimum delta (δ)   
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