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Abstract—This paper presents a new methodology for the 

extraction of low-frequency noise or random telegraph noise 

parameters, such as the gate oxide interface trap density, Nt, and 

the mobility fluctuations factor, Ω, without the influence of the 

source/drain series resistance, Rsd. The method utilizes the Y-

function -which is immune to any first-order degradation, 

including the series resistance- as well as the intrinsic mobility 

degradation factors θ1,0 and θ2. The proposed extraction technique 

is first demonstrated through numerical calculations and then 

applied on experimental results of n-channel short length 

FinFETs. It is shown that if the Rsd impact is not accounted for, the 

extracted LFN parameters through the classic carrier number 

fluctuations with correlated mobility fluctuations model 

(CNF/CMF) can lead to significant extraction errors. This mainly 

concerns the correlated mobility factor Ω, which may be strongly 

underestimated, but also the extraction of the trap density Nt. 

 

Index Terms—Low frequency noise, Carrier number 
fluctuations, Correlated mobility fluctuations, FinFETs, 
mobility degradation, series-resistance, Remote Coulomb 
scattering 

I. INTRODUCTION 

Low-frequency noise (LFN) and Random Telegraph Noise (RTN) 

effects in MOSFETs [1], [2] have become significant performance 

limiting factors in advanced nano-scale devices [3] and circuits [4]. 

The reason is that the amplitude of these trap-related fluctuations is 

reciprocally proportional to the gate oxide area [2]. Therefore, it is of 

great importance to properly characterize experimentally these types 

of noise, and extract the noise model parameters with high accuracy. 

Apart from helping us gain a better understanding of the fluctuation 

mechanisms and conclude on interface and material quality, the 

precise parameter extraction offers a highly valuable input in the 

development and utilization of noise models in circuit simulations. It 

is in fact a prerequisite for achieving high accuracy noise-aware 

circuit design. Traditionally, the main parameters that can be 

extracted through an LFN experimental characterization in 

MOSFETs are the volumetric oxide interface trap density, Nt 

(/cm3/eV), and the remote Coulomb scattering coefficient, αsc (Vs/C) 

[5]. Using the carrier number fluctuations (CNF) with correlated 

mobility fluctuations (CMF) model [5], Nt can be  extracted through 

the flat-band voltage  power  spectral 

 
  

A. Tataridou, G. Ghibaudo, and C. Theodorou are with the Institute of 

Microelectronics, Electromagnetism and Photonics (IMEP-LAHC), 

University Grenoble Alpes, University Savoie Mont Blanc, C.N.R.S., 

Grenoble INP, Grenoble, 38000, France (e-mail: 

angeliki.tataridou@grenoble-inp.fr, gerard.ghibaudo@grenoble-inp.fr, 

christoforos.theodorou@grenoble-inp.fr). 

 

 

density SVfb = q2kTλNt/(WLCox
2f), where q is the elementary charge, 

k the Boltzmann constant, T the temperature, Cox the gate oxide 

capacitance per area, f the frequency and W, L the channel width and 

length respectively. In recent years, our team has proposed to replace 

the extraction of the gate voltage sensitive αsc with the extraction of 

parameter which is bias-independent for a wide range of drain 

currents, the factor Ω = αscμeffCox, where μeff is the effective channel 

mobility [6]. For long channel devices, this extraction can be 

sufficiently reliable, however in short channel devices, where the 

source/drain series resistance (Rsd) becomes important with respect to 

the reduced channel resistance, the extraction process can be 

jeopardized. The reason behind this issue is the fact that some static 

parameters which are utilized for noise parameter extraction, such as 

the transistor gain gm/Id, are affected by mobility degradation effects 

as well as access resistance issues. Concerning the latter, in one of 

our recent works [7] we demonstrated that the presence of Rsd can 

lead to an underestimation in the extraction of Ω and we suggested to 

exploit the series resistance immunity of the Y-function (Y = Id/√gm) 

[8] in the extraction methodology. Nevertheless, the Y-function is 

also suppressing the intrinsic first-order mobility attenuation factor 

θ1,0, which may cause a different type of error in the extracted 

parameters. In this work we study in detail how both the mobility 

attenuation and the Rsd-related degradation can impact the level of 

LFN in strong inversion, and explore some modeling approaches to 

present a new parameter extraction method, independent of these 

effects. An experimental application of the proposed method on 

short-channel FinFETs is also presented.  

II. IMPACT OF DEGRADATION EFFECTS ON LFN 

A. Mobility attenuation factors 

The channel mobility degradation effects are typically expressed 

through the conventional model of the effective mobility by 

introducing the first and second order attenuation factors θ1,0 and θ2, 

respectively, through (1) [9]: 

𝜇𝑒𝑓𝑓 =
𝜇0

1 + 𝜃1,0 (
𝑄𝑖

𝐶𝑜𝑥
) + 𝜃2(

𝑄𝑖

𝐶𝑜𝑥
)2

 (1) 

 

 

where μeff is the effective channel mobility, μ0 the low-field mobility, 

Qi the total inversion charge per unit area. 

In order to properly probe the exact impact of these factors on the 

behavior of LFN, we should begin from the classic carrier number 

fluctuations with correlated mobility fluctuations (CNF/CMF) 

approach [5]. According to this generally accepted model, a 

fluctuation in the oxide charge due to trapping of carriers induces a 

change in the drain current, ΔId, directly through the variation in the 

number of free carriers and indirectly through a change in the 

effective mobility due to the trapped charge Qox. Considering the 

classical drain current expression in linear region (2), [9], this can be 

all expressed through (3). 
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𝑊

𝐿
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where Vd is the applied drain voltage and Vg the gate voltage. 

The index “0” refers to the absence of series resistance, Rsd, and μeff 

is given by (1). After calculations, we obtain: 

 

𝛥𝐼𝑑

𝐼𝑑
|

0

= −
𝑔𝑚

𝐼𝑑
|

0

𝛥𝑉𝑓𝑏 (1 + 𝛺
𝐼𝑑

𝑔𝑚
|

0

) (4) 

 

where Ω = αsc.μeff.Cox is the CMF factor [6], ΔVfb = Qox/(WLCox) the 

flat-band voltage fluctuation caused by the trapped charge Qox, and 

gm/Id the transistor gain calculated as follows: 

 

   
𝑔𝑚

𝐼𝑑
|

0

=
𝐶𝑔𝑐

𝑄𝑖
(1 −

𝑄𝑖

𝐶𝑔𝑐

𝜃1,0 + 2𝜃2𝑄𝑖/𝐶𝑔𝑐

1 + 𝜃1,0 𝑄𝑖 𝐶𝑔𝑐⁄ + 𝜃2(𝑄𝑖 𝐶𝑔𝑐⁄ )
2) (5) 

 

where Cgc = dQi/dVg is the gate-to-channel capacitance. One can 

easily notice in (5) that θ1,0 and θ2 are already accounted for through 

gm/Id in (4). Indeed, as shown in Fig. 1, regardless the presence of 

mobility degradation or not, the CNF/CMF model captures well the 

simulated data from weak to strong inversion. The simulation results 

were obtained in Python using (2), with Qi numerically calculated 

using the Lambert-W function [10], and the following parameters: W 

= 0.1 μm, L = 0.1 μm, μ0 = 100 cm2/Vs, T = 300 K, η = 1, tox = 1.2 

nm, Vt = 0.2 V and Vd  = 30 mV. 

 
Fig. 1.  Simulated data (symbols) and CNF/CMF model (lines) of 
normalized drain current variation versus gate voltage. Parameters 
used:  θ1,0=1V

-1
, θ2=0.5V

-2
, Rsd=1kΩ. 

 

B. Series resistance: a degradation of extrinsic origin 

Despite the fact that the effective mobility-related drain current 

degradation is well accounted for in the CNF/CMF model -as shown 

in paragraph II.A, this is not necessarily true in the case of an 

attenuation related to source/drain series resistance, Rsd, because it is 

an extrinsic effect. The simplest way to express this kind of current 

degradation is through (6): 

 

𝐼𝑑 =
𝐼𝑑,0

1 + 𝐺𝑑,0𝑅𝑠𝑑
 (6) 

  

where Gd,0 = dId,0/dVd is the intrinsic channel conductance. It can be 

easily proven that the total derivative of (6) is: 

 

 

Combining (7) with (4) results in (8): 

 

Note how the CNF part (gm/IdΔVfb) includes the impact of Rsd, 

whereas the parenthesis expressing the impact of CMF is not affected 

by Rsd. As a result, if we use the measured Id/gm instead of the 

intrinsic Id/gm|0 (without Rsd), the model is not expected to fit the 

measured data. This effect is shown in Fig. 1, where it is evident that 

although θ1,0 and θ2 are not affecting the model’s accuracy, Rsd can 

cause a significant deviation from the simulated data, mainly in 

strong inversion. In fact, there is a perfect fit when we use the 

improved CNF/CMF as proposed through (8). 

 It is also interesting to examine how this effect can impact the 

extraction accuracy of the CMF factor Ω. Ω is usually extracted using 

the input-referred gate voltage noise ΔVg = 𝛥𝐼𝑑/𝑔𝑚 (or √SVg = 

√SId/gm for PSD analysis) [5], to take advantage of its linear 

dependence with Id/gm and extract Ω using the slope: 

This quantity is plotted in Fig. 2, versus both gate voltage 

overdrive Vg-Vt and Id/gm. As expected, the CNF/CMF model using 

the measured Id/gm cannot predict the noise behavior when Rsd is non-

negligible. Furthermore, comparing these two figures leads us to 

conclude that while ΔVg does not seem affected by Rsd, when plotted 

against Id/gm, it seems as if it was degraded. This can be attributed to 

the increase of Id/gm with Rsd, which in turn leads to a less steep slope 

and to an eventual underestimation in the extraction of Ω, as shown 

in [7]. It is also obvious that it might result in an overestimation of 

ΔVfb. 

 

 
 
Fig. 2.  Simulated data (symbols) and CNF/CMF model (lines) of input-
referred gate voltage variation versus gate voltage overdrive (left) and 
Id/gm (right). Parameters used:  θ1,0=1V

-1
, θ2=0.5V

-2
, Rsd=1kΩ. 

III. PROPOSED METHODOLOGY FOR SUPPRESSING THE IMPACT OF 

RSD 

As was demonstrated in part II, in order to achieve an accurate 

extraction of LFN parameters when Rsd is important, we need a 

precise estimation of Id/gm|0. A quantity that is completely immune to 

Rsd is the Y-function, which is defined through Y = Id/√gm. As shown 

in [7], in the ideal case when θ1=θ2=0, Id/gm|0 can be very well 

approximated with Y/√(βVd), where β = Wμ0Cox/L. However, as 

     𝑑𝐼𝑑 =
𝑑𝐼𝑑,0

(1 + 𝐺𝑑,0𝑅𝑠𝑑)
2 ⇔

(6) 𝛥𝐼𝑑
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=

𝛥𝐼𝑑

𝐼𝑑
|

0

1

(1 + 𝐺𝑑,0𝑅𝑠𝑑)
 (7) 
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= −

𝑔𝑚
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𝐼𝑑

𝑔𝑚
|

0

) (8) 

𝛥𝑉𝑔 = −𝛥𝑉𝑓𝑏 (1 + 𝛺
𝐼𝑑

𝑔𝑚
|

0

) (9) 
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demonstrated in [11], a more accurate approach of Id/gm|0 is needed to account for θ1,0 and θ2.

𝐼𝑑

𝑔𝑚
|

0

=
𝜂𝑘𝑇

𝑞
+

𝑌

√𝛽𝑉𝑑

(1 + 𝜃1,0

𝑌

√𝛽𝑉𝑑

+ 𝜃2 (
𝑌

√𝛽𝑉𝑑

)

2

) (10) 

 

Equation (10) is actually a simplification of (5), which, if inverted, 

gives: 

 

𝐼𝑑

𝑔𝑚
|

0

=
𝑄𝑖

𝐶𝑔𝑐
(

1 + 𝜃1,0 𝑄𝑖 𝐶𝑔𝑐⁄ + 𝜃2(𝑄𝑖 𝐶𝑔𝑐⁄ )
2

1 − 𝜃2(𝑄𝑖 𝐶𝑔𝑐⁄ )
2 ) 

 

(11) 

 

and 𝑄𝑖/Cgc is well approximated with Y√(βVd). However, in the 

presence of θ2, the Y-function in strong inversion should be corrected 

as shown in [12]. Thus, for Vg>Vt, (11) can be evaluated using the 

corrected Y-function, Yn, as: 

 

𝐼𝑑

𝑔𝑚
|

0

=
𝜂𝑘𝑇

𝑞
+ 𝑌𝑛 (

1 + 𝜃1,0𝑌𝑛 + 𝜃2(𝑌𝑛)2

1 − 𝜃2(𝑌𝑛)2 ) (12a) 

 

𝑌𝑛 = 𝑌√
(1 − 𝜃2(𝑉𝑔 − 𝑉𝑡)

2
)

𝛽𝑉𝑑
 (12b) 

 

Fig. 3 illustrates how (12) can perfectly emulate Id/gm|0, and how it 

can ensure a proper extraction of SVfb and Ω through linear 

regression. 

 
Fig. 3.  Comparison between simulated Ιd/gm|0 and calculated through 
(12) (top). Simulated data οf input-referred gate voltage variation 
versus Ιd/gm, simulated with and without the Rsd impact and calculated 
through (12) (bottom). Parameters used: Rsd=1kΩ. 

IV. EXPERIMENTAL APPLICATION OF THE METHOD 

The method presented above requires the extraction of several 

device parameters from static measurements: Vt, β, θ1,0 and θ2. Then 

the Id/gm|0 can be calculated using (12) and applied on the CNF/CMF 

model (15). We applied the proposed methodology on n-channel 

FinFETs fabricated at IMEC-Leuven with number of fins 4, fin 

height Hfin = 26 nm, and fin width Wfin =6 nm. In order to extract the 

θ1,0 coefficient we performed Id-Vg measurements for 3 different 

channel lengths, L= 44,70 and 90 nm, in the linear region (Vd = 30 

mV), using the programmable bias point probe system NOISYS7 by 

Synergie Concept [13], combined with a semi-auto 300 mm Cascade 

Micro Tech probe station . After extracting the Vt and β parameters 

using the Y-function method, we extracted the effective mobility 

attenuation coefficients θ1 and θ2 from the linear fit of the θeff 

quantity, as given by (13), versus Vg -Vt in the strong inversion 

region [12]. A representative example of the θ1 and θ2 extraction is 

shown in fig.4. The extracted values of θ2 were between 0.1 and 0.3 

V-2 in all cases. 

 

𝛩𝑒𝑓𝑓(𝑉𝑔) =
𝛽𝑉𝑑

𝐼𝑑
−

1

𝑉𝑔 − 𝑉𝑡
= 𝜃1 + 𝜃2(𝑉𝑔 − 𝑉𝑡) (13) 

The dependence of θ1 on Rsd, as given by (14), allows the 

extraction of θ1,0 and Rsd when θ1 is plotted with β for different 

channel lengths as shown in Fig. 4. It should be noted that the static 

parameters θ1, θ2, β and Vt, were extracted by the average I-V 

characteristic of 9 devices for the case of channel length 70 and 90 

nm and of 41 devices for the 44 nm channel length. 

𝜃1 = 𝜃1,0 + 𝛽𝑅𝑠𝑑 (14) 

θ1,0 and Rsd, normalized by the effective gate oxide width, were 

extracted to be 0.497 V-1 and 203 Ω∙μm respectively. 

 
Fig. 4. Θeff vs (Vg-Vt) for channel length 90 nm along with the linear fit 
(left). First order mobility attenuation factor (θ1) vs β for 3 different 
channel lengths (44, 70, and 90 nm) along with the linear fit (right).  

 
In order to avoid the variability effect in our LFN analysis, we 

measured 41 devices for L = 44 nm, and we extracted an average Id-

Vg curve, from which we calculated gm and the Y-function. The 

curves and the extracted subthreshold slope SS, which we need in 

order to calculate the ideality factor η = qSS / (kTln(10)) [14], used in 

(12), are shown in Fig.5. The ideality factor was extracted to be η = 

1.13. 

 
Fig. 5.  Current-Voltage characteristics in linear and logarithmic scale 
of 41 dies along with the average Id-Vg curve, extracted by taking the 
mean value of the drain current of each device. 
 

Detailed LFN measurements were also performed and the input-

referred gate voltage noise power spectral density SVg=Sid/gm
2 was 

extracted for 41 devices at various gate voltage values. The spectra, 

along with the average spectrum, extracted by taking the mean 

logarithmic [15] value of SVg of each device, are shown in Fig. 6. The 

1/f behavior of the    average   spectrum  allows  the   application  of  
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the CNF/CMF model as it can be considered that a uniform trap  

distribution is present for each bias condition. 

 
Fig. 6.  Input-referred gate voltage noise vs frequency, for 41 devices 
with L = 44 nm, biased under Vg= 0.58 V. 
 

Fig. 7 shows the √SVg extracted at 10 Hz vs both the measured 

Id/gm and the calculated Id/gm|0 using (12), for the extraction of the 

flat-band voltage power spectral density, SVfb and the Ω component, 

using the generalized form of (9) for the linear fit in strong inversion. 

 

It should be noted that SVfb is actually the equivalent of ΔVfb when 

going from a single trap to a distribution of traps. ΔVfb refers to the 

electrostatic impact of a trapped charge Qox whereas SVfb is the flat-

band voltage power spectral density caused by a fluctuating oxide 

charge, SQox. Therefore, ΔVg is more useful when simulating the noise 

amplitude behavior or studying single trapping effects such as RTN, 

but SVg is necessary for studying 1/f noise, where a distribution of 

trap time constants is involved. 

 

Fig. 7.  Square root of input-referred noise, √SVg, versus the measured 
ratio of drain current and transconductance, Id/gm, and the calculated 
one using (12) along with the strong inversion linear fit based on (9). 

Table I shows the extracted values of Nt  = SVfbWLCox
2f / λq2kT 

and Ω with both the measured Id/gm and the Rsd-free Id/gm|0 (12). As it 

can be seen, there is a slight overestimation of Nt with the classical 

method. More importantly, the Ω component seems to be highly 

influenced by the Id/gm values used, as explained in part II. In fact, 

the new Ω is more than two times higher, revealing a much more 

critical magnitude of the remote Coulomb scattering. 

TABLE I  

NT AND Ω EXTRACTED VALUES 

 
Measured 

 Id/gm  
Id/gm|0 as calculated  

by (12) 

NT (eV/cm3) 5.13x1016 3.36x1016 

Ω (V-1) 2.15 5.29 

V. CONCLUSION 

A complete, Rsd-immune methodology has been proposed for the 

accurate extraction of CNF/CMF noise model parameters, such as Nt 

and Ω. An Id/gm independent of Rsd is extracted using the the Y-

function properties, thus any questionable issues on the accuracy of 

the LFN extracted parameters due to the Rsd presence have been 

overcome. This method was successfully applied in experimental 

measurements performed on short-channel n-FinFETs. It was 

revealed that the extraction of Ω using the classical method, with no 

suppression of the series resistance impact, was underestimated by 

more than a factor of two.  
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