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Abstract 
The results of a comparative literature analysis of internal electrical noises 
and signal-to-noise ratio for nanoscale BioFET (biological field-effect tran-
sistor) and DNA (deoxyribonucleic acid) sensors based on different architec-
tures MIS (metal-insulator-semiconductor), EIS (electrolyte-insulator-semi- 
conductor) and ISFET (ion-selective field-effect transistor) are presented. 
Main types, models and mechanisms of internal noises of bio- & chemical 
field-effect based sensors are analyzed, summarized and presented. For the 
first time, corresponding detail electrical equivalent circuits were built to cal-
culate the spectral densities of noises generated in the active part of a solid 
(semiconductor, dielectric) and in an aqueous solution for MIS, EIS and 
ISFET structures based sensors. Complete expressions are obtained for the 
rms (root mean square) value of the noise current (or voltage), as well as the 
noise spectral densities for the architectures under study. The miniaturization 
of biosensors leads to a decrease in the level of the useful signal-current. For 
successful operation of the sensor, it is necessary to ensure a high value of the 
SNR (signal-to-noise ratio). In case of weak useful signals, it is necessary to 
reduce the level of internal electrical noise. This work is devoted to a detailed 
study of the types and mechanisms of internal electrical noises in specific 
biosensor architectures. 
 
Keywords 
Noise, Sensor, BioFET, Signal-to-Noise Ratio 

 

1. Introduction 

The field-effect transistor-based biosensors (BioFETs) [ion sensitive field effect 
transistors (ISFET), electrolyte-insulator-semiconductor (EIS) structures, its 
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modifications] are a potential candidate for future bioassay applications due to 
its low cost, fast response, high sensitivity and small sensing size. The pH-sen- 
sitive ISFETs are very important sensors for in vivo continuous monitoring ap-
plication of physiological and environmental system. The accuracy of ISFET 
output measurement is greatly affected by the presences of internal noise, drift 
and slow response of the device. Although the noise analysis of BioFETs so far 
performed in different literature relates only to sources originated from FET 
structure which is almost constant for a particular device, the pH-dependent 
electrochemical noise has not been substantially explored and analyzed in detail. 
Reliable ways of DNA sequencing by ionic and tunneling current require 
low-noise and high-speed measurements of current in aqueous environments [1] 
[2] [3]. In nanopore experiments that involve ionic and/or tunnel current detec-
tion, several sources of noise need to be recognized and reduced. In addition, 
when a voltage is applied across the nanopore, a steep increase in low-frequency 
(LF) noise is observed. This region of the noise spectrum is called 1 f -noise, 
which is due to transient factors that influence the current flux (e.g., surface 
charge fluctuations, hydrophobic pockets on the pore surface, etc.) [4] [5] [6] 
[7]. Fluctuations of the environment parameters, such as ions and DNA mole-
cules motion, introduce important scattering processes that may affect the via-
bility of this approach to sequencing. A simple model that captures the role of 
this complex environment in electronic dephasing and its ability to remove 
charge carriers from current-carrying states is analyzed in [8]. It is finding that 
these effects do not strongly influence the current distributions due to the 
off-resonant nature of tunneling through the nucleotides. This result is expected 
to be a common feature of transport in molecular compounds. In particular, on-
ly large scattering strengths, as compared to the energetic gap between the mo-
lecular states and the Fermi level, significantly alter the form of the current dis-
tributions. Since this gap itself is quite large, the current distributions remain 
protected from this type of noise, further supporting the possibility of using 
transverse electronic transport measurements for DNA sequencing. 

Previous works showed the four DNA nucleotides possess statistically distin-
guishable electronic signatures [9] [10] in the form of current distributions when 
accounting for structural distortions and partial control of the DNA dynamics 
(i.e., by a transverse field) [2] [9] [10] [11] [12] [13]. These results indicate DNA 
sequencing is, in principle, possible via transverse current measurements. How-
ever, such studies have neglected scattering processes, such as fluctuations of the 
environment, which introduce current noise, and may thus affect the ability to 
distinguish the bases. It is clear that the noise of the force signal connected with 
the orientation of the bases in the pore on the passing current will be added, and 
the current signal will be distorted. The environment is composed of ionic and 
water fluctuations and other excitations that may drastically affect the electron 
dynamics, and thus the current and noise [14]. The complexity of the problem 
considered by Krems with coauthors, both in the number of atoms involved and 
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the type of scattering processes to take into account [8]. 
A solid-state nanopore platform with a low noise level and sufficient sensitiv-

ity to discriminate ssDNA homopolymers of poly-A40 and poly-T40 using ionic 
current blockade sensing are proposed and demonstrated in [15]. The key fea-
tures of this platform are:  

1) highly insulating dielectric substrates that are used to mitigate the effect of 
parasitic capacitance elements, which decrease the ionic current root mean 
square (rms) noise level to sub-10 pA and  

2) ultra-thin silicon nitride membranes with a physical thickness of 5 nm (an 
effective thickness of 2.4 nm estimated from the ionic current) are used to 
maximize the SNR and the spatial depth resolution. 

The reliable formation of small nanopores (<2 nm in diameter), fabrication of 
an extremely thin sensing zone with a thickness comparable to the spacing of 
each nucleotide, decrease of the noise level, and control of the translocation 
speed that would guarantee sufficient time to sense each nucleotide are the few 
challenges that limit the performance of solid-state nanopores. Among these is-
sues, the excess noise level in solid-state nanopores (a few tens of pA to 100 pA, 
10 times larger than that of protein counterparts [17] [18] [19] [20]) has been 
one of the key issues responsible for the degraded signal-to-noise ratio (SNR) 
and temporal and spatial resolution. In particular, the elevated parasitic capa-
citance generates a high level of dielectric noise that prevents sampling at high 
bandwidths. A novel solid-state nanopore platform with a sub-10 pA noise level 
by fabricating a SiNx membrane directly on top of highly dielectric substrates 
proposed in [15]. It is demonstrated that high-frequency noise signals can be 
significantly reduced by replacing the commonly used Si substrate with an insu-
lating one. Nanopore fabrication method presented in [16] consistently produc-
es nanopores with low 1 f -noise levels (see Figure 1), comparable to fully 
wetted transmission electron microscopy (TEM)-drilled nanopores. 

In [21] noise was calculated from the current versus time curves recorded in 
the solvent at 50 kHz sampling rates with 100 kHz low-pass filtering. The noise 
spectra showed linear components at the frequency above 102 Hz. This feature is  
 

 
Figure 1. Power spectra density (PSD) of the ionic current at pore voltage of 0 and 100 
mV. Root mean square noise of 40 pA is usually achieved at Vp = 0. Adapted from [16]. 
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naturally interpreted as stemming from the voltage noise in the current amplifier 
coupled to the net capacitance of the mechanically controllable break junction 
(MCBJ) system. Morikawa reported also a use of insulator-protected nanoprobes 
for achieving 7.6 pA rms noise at 50 kHz sampling rates in an electrolyte solu-
tion [22]. Dielectric-covered MCBJ to create a pair of nano-exposed insula-
tor/Au coaxial electrodes closely separated by 1 nm were utilized. It is observed 
insulator layer thickness dependent noise levels, which was attributed to de-
creased capacitance through replacing capacitive electric double layers by the 
low-k dielectrics. 

The LF pH-dependent electrochemical noises that originate from the ionic 
conductance of the electrode-electrolyte-FET structure of the device and that the 
noise depends on the concentration of the electrolyte and 1 f  in nature are 
investigated in [23]. The statistical and frequency analysis of this electrochemical 
noise of a commercial ISFET sensor, under room temperature has been per-
formed for six different pH values ranging from pH2 to pH9.2. It is also pro-
posed a concentration dependent a f  and 2b f  model of the noise with 
different values of the coefficients a and b. 

In [24] the small-signal and noise modeling of BioFET sensors implemented 
with EIS structures is studied, with emphasis on design guidelines for low-noise 
performance. In doing so, a modified form of the general charge sheet MOSFET 
model that better fits the EIS structure is used. It is discussed how if the refer-
ence electrode and the insulator-electrolyte generate no noise associated with 
charge transport, then the main noise mechanisms are the resistive losses of the 
electrolyte and the LF noise of the FET. It is found that for realistic sensor geo-
metries and high electrolyte concentrations, the noise from the FET dominates 
the thermal noise from the electrolyte resistance, and the optimal biasing point 
for the FET for minimum noise is found to be around moderate inversion. 

Syu with coauthors discusses how BioFET sensor can be designed by CMOS 
platform and the integration with sample processing and data processing appa-
ratus for clinical sample testing [25]. This technology by clinical application is 
categorized, and a brief summary and comparison for BioFET sensor solutions 
are provided to each clinical problem. Because most of biomolecules carry elec-
trostatic charges and bioactivities involve electrical potential changes. Noise 
contribution of commercial ISFETs, as well as of new designed pH-sensors, is 
studied and measured. Selected CMOS technology offers lower noise properties 
for designed ISFETs compared to commercial device, which is an advantage. 

With the increased use of ISFET as a commercial micro- and nano-BioFET 
sensor for accurate biomedical measurements, noise factors will determine the 
performance limits of the system. The total noise comes from the ISFET sensor 
itself, as well as from the read-out circuit. The important noise components are 
present in a MOS transistor. The first one is the thermal noise, and the other 
1 f -noise.  

The study of noise in BioFETs is important for the reason that any source of 
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noise present in the sensor will impose a fundamental limit on the resolution 
and accuracy of the measurements and, hence, sensitivity of BioFETs limited by 
the sensor noise. In BioFET sensors presents several intrinsic and extrinsic rms 
noise sources [26]: 

1) Intrinsic noise 2
1di  generated by the electronic device itself (1 f -noise, 

channel thermal noise, source and drain diffusion resistance thermal noises, 
substrate resistance noise, shot noise). 

2) Extrinsic electrochemical noise 2
2di  generated by ion-membrane interac-

tions, in the solution and at the reference electrode. 
3) Extrinsic noise source 2

3di  coming from biasing elements (power supplies, 
reference electrode biasing, external biasing resistances). These noise sources can 
generally be filtered. 

The BioFET total noise spectrum can be presented as 
2 2 2

1 2nd d di i i= + .                          (1) 

Extrinsic electrochemical noise has been modeled in [27]. Another noise ana-
lytical model was introduced in [28] based on site-binding model [29] electro-
chemical equilibrium equations and kinetic reaction rate expressions. The model 
described charge distributions in the electrolyte-oxide interfacial region and the 
manner in which ions are transferred between them. 

The trend towards miniaturization of biosensors leads to a decrease in the lev-
el of the useful signal current. A high signal-to-noise ratio must be ensured for 
the sensor to work successfully. In case of weak wanted signals, it is necessary to 
reduce the level of internal electrical noise. As follows from the analysis of lite-
rature data, many types of internal electrical noises with different generation 
mechanisms and with different frequency behavior arise in biosensors. To im-
prove the performance of sensors and increase the SNR value, it is necessary to 
study in detail the mechanisms of these noises and identify their effect on the 
operation of the sensors. 

This work is devoted to a detailed study of the types and mechanisms of in-
ternal electrical noises, especially low-frequency noise, in specific biosensor ar-
chitectures. For this purpose, the corresponding electrical equivalent circuits will 
be constructed and expressions for the rms noise value will be obtained. 

Note that BioFETs several structures (ISFET, EIS, etc.) tend to be operated at 
low frequencies, where 1 f -noise is dominated, therefore, our main attention 
in the next parts of the paper will be focus mainly on low frequency noise. 

2. Definition and Specification of Internal Current Noises 

Main types of semiconductor based BioFET sensors operated using peculiarities 
of field-effect, especially properties of depletion layer near the interface of semi-
conductor-insulator. Those are field-effect biosensors: MIS, EIS and ISFET 
structures. 

Electrical noises both in solids and in aqueous solutions have been well stu-
died. Despite this, when considering specific biosensor architectures, it becomes 
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necessary to take into account some specific factors that are usually not taken 
into account in well-known formulas for noise. These factors are associated with 
miniaturization (size effects), with the generation of complex physical processes 
at the interfaces and surfaces of specific materials, etc. In this section, for a com-
plete understanding of the problem, in addition to the already known formulas, 
we will also present expressions obtained and modernized by us for specific de-
signs of sensors operating in different modes and frequency ranges. 

Obvious that sensitivity, selectivity and detectivity of electronic devices 
determined in general by the internal electrical noise’s types, its level and fre-
quency behavior, and consequently by the SNR [30]. Voltage (or current) noise 
spectral density (NSD) VS  (or iS ) usually are presented by the rms value of 
the fluctuating voltage, 2V , or by the fluctuating current 2i  [31]: 

2
VV S f= ∆ , 2

ii S f= ∆ .                       (2) 

Here f∆  is the elementary frequency bandwidth. Usually one assumes 1f∆ =  
Hz. 

Equivalent schematic analogy of a noisy resistor presented in Figure 2 for the 
case of equivalent voltage noise source (Figure 2(a)) and equivalent current 
noise source (Figure 2(b)). 

Below we will shortly characterize the NSD and sources of the main types of 
noises in metals, semiconductors, dielectrics, bio liquids and electrolyte me-
diums.  

The detailed analysis shows that main types of noises in bio- and chemical 
sensors can be classified as follows [24] [32] [33] [34] [35] [36].  

2.1. Main Types of Noises in Bio- & Chemical FET Based Sensors 

1) Noise generated in solid state region: 
• Thermal noise; 
• Generation-recombination (g-r) noise in the space charge region at the sub-

strate-channel interface; 
• 1 f  and g-r noises generated due to trapping and detrapping on the semi-

conductor/insulator interface; 
• Hooge’s bulk 1 f -noise; 
• Channel 1 f -noise. 
 

 
(a)                     (b) 

Figure 2. Equivalent schematic analogy of a noisy resistor R. 
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2) Electrochemical noise associated with the ion/membrane interactions: 
• Thermal noise; 
• Shot or Schottky noise; 
• 1 f -noise in corrosive interfaces; 
• Spurious noise. 

3) Noise generated in the solution and at the reference electrode as well as 
noise resulting from the fluctuations of the biasing elements: 
• Bulkthermal noise; 
• Diffusion layer thermal noise; 
• Biological noise. 

Thermal noise is the electronic noise generated by the thermal motion of the 
charge carriers (electrons in conductors, electrons and holes in semiconductors, 
ions in aqueous solution, bio liquids, electrolytes and dielectrics) inside an elec-
trical conductor at equilibrium, which happens regardless of any applied voltage. 
Thermal noise is present in all electrical circuits, and in sensitive electronic 
equipment such as sensors can drown out weak signals, and can be the limiting 
factor on sensitivity of electrical devices. In an ideal resistor it is approximately 
white, meaning that the power spectral density is nearly constant throughout the 
frequency spectrum [31]: 

4T
VS kTR=  or 4T

iS kTG= ,                    (3) 

where T is the thermodynamic temperature, R is the resistance and G is the 
conductance of the sample. 

Those frequency independent noise spectra represent a simplification. An ac-
curate calculation based on a quantum mechanics model gives 

( ) 1 14
2 e 1

T
V hf kTS f Rhf  = + − 

, 

so that Equation (3) is basically only valid for hf kT , i.e. for “low” frequen-
cies and high temperatures ( h  is the Plank’s constant). However, the quantum 
noise for hf kT  has to be considered basically only for frequencies very 
much higher than in radio frequency and microwave application of concentra-
tion of non-equilibrium carriers during the random g-r and trapping-detrapping 
processes as on the interface impurity states and site bindings, as a result of the 
bulk random g-r processes.  

Generation-recombination noise. NSD of the g-r noise determined by the 
following expression:  

( )
0

21
g r

V
SS
ωτ

− =
+

. 

Here 0S  is the some constant depending on the semiconductor bulk and 
surface properties, 2 fω π=  is the cyclic frequency, τ  is the time constant 
(for bulk semiconductors usually fluctuating minority carriers’ life time). Gener-
ation-recombination noises spectra are described by the Lorentzians. 
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Biological noise conditioned by the random fluctuation of the number of 
captured particles/molecules in acqeous solution. Biological processes, such as 
protein synthesis or trafficking, undergo random fluctuations, “noise”, that are 
often detrimental to reliable information transfer, but can also constitute op-
portunities for more efficient cellular computations.  

Cellular noise is often investigated in the framework of intrinsic and extrinsic 
noise. Intrinsic noise refers to variation in identically-regulated quantities within 
a single cell: for example, the intra-cell variation in expression levels of two iden-
tically-controlled genes. Extrinsic noise refers to variation in identically-regulated 
quantities between different cells: for example, the cell-to-cell variation in ex-
pression of a given gene. The main source of stochastic variability on the cellular 
level is the intrinsic thermal fluctuations of biochemical reactions driving gene 
expression, signaling, cell cycle, motility, etc. These reactions occur through 
random collisions and transient binding of various molecular species within a 
single cell. Cellular noise is random variability in quantities arising in cellular 
biology. For example, cells which are genetically identical, even within the same 
tissue, are often observed to have different expression levels of proteins, different 
sizes and structures. These apparently random differences can have important 
biological and medical consequences [37] [38] [39]. Cellular noise was origi-
nally, and is still often, examined in the context of gene expression levels either 
the concentration or copy number of the products of genes within and be-
tween cells. As gene expression levels are responsible for many fundamental 
properties in cellular biology, including cells’ physical appearance, behaviour 
in response to stimuli, and ability to process information and control internal 
processes, the presence of noise in gene expression has profound implications 
for many processes in cellular biology. For biological noise in [34] predicted a 
Lorentzian NSD (like g-r noise) with amplitude proportional to the number of 
particles/molecules in the solution. 

Shot noise. Shot noise is a form of noise that arises because of the discrete 
nature of the charges carried by charge carriers, electrons, holes or ions. When 
looking at what is shot noise, it can be seen that it is particularly obvious when 
current levels are low. This is because the statistical nature of the current flow 
together with the discrete charge levels is more apparent. The continuous flow of 
these discrete pulses gives rise to almost white noise. There is a cut-off frequency 
which is governed by the time it takes for the electron or other charge carrier to 
travel through the conductor. This noise depends on the current flowing and is 
independent of temperature. The current through the space charge areas of a 
semiconductor junction (source-channel or drain-channel in BioFET sensors) 
are composed of many individual current impulses, due to the transport of indi-
vidual charge carriers. Since this motion of carriers is statistical, we always have, 
besides the expected dc current I, also an ac noise component. With the assump-
tion of individual, rectangular current impulses of the width τ  for every charge 
component, we can calculate an NSD as following: 
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( )
( )

2

2

sin
2S N

i
f

S eI
f
π τ

π τ
− = × . 

For low frequencies, there is ( )sin 1x x ∝  and we get the commonly used 
expression for the shot noise 

2S N
iS eI− = .                          (4) 

Spurious noise. To discuss digitally-based noise, we need to modify the tradi-
tional definition of noise. “Noise is almost always defined as being random, 
while digitally-based “noise” is deterministic, that is, it can be computed ma-
thematically” [40]. It can be argued that this noise sources are, in fact, all spu-
rious signals, determined by the repetition rate, rise/fall time, amplitude and 
waveform shape of the electronic signal at various points in the digital circuit. 
However, the number of these discrete spurious signals is sufficiently large that 
the net effect is much like random noise, not just a collection of well-defined 
spurs. 

Usually the time constants involved in the detection of biological and chemi-
cal species in bio-liquid or electrolyte medium via field effect are relatively large. 
Therefore, it would be expected that LF (or flicker) noise is more critical than 
other types of noises in FET based bio- and chemical sensors. 

Heerema with coauthors present an extensive study of the 1 f -noise in the 
ionic current through graphene nanopores and compare it to noise levels in sili-
con nitride pore currents [41]. They find that the 1 f -noise magnitude typical-
ly two orders of magnitude higher than for silicon nitride pores. This signifi-
cantly lowers the SNR ratio in DNA translocation experiments. From examining 
the noise for pores of different diameters and at various salt concentrations, 
authors find that in contrast to silicon nitride pores, the 1 f -noise in graphene 
pores does not follow Hooge’s relation. From studying the dependence on the 
buffer pH, they also show that the increased noise cannot be explained by charge 
fluctuations of chemical groups on the pore rim. 

Low frequency noise conditioned by the random fluctuations of concentra-
tion or mobility of non-equilibrium carriers, ions and charged molecules in 
aqueous solution, by the trapping-detrapping processes on the free energetic 
states on the interface surface, as well as by the electron-phonon interactions in 
the bulk of semiconductor, and by the fluctuation of electron’s and phonon’s 
distribution functions. For the BioFET sensors LF NSD can be determined by 
the Hooge’s model, McWhorter or correlated number-mobility fluctuation 
model and charge fluctuation model.  

The main mechanisms of the formation of 1 f -noise in semiconductors 
(active part of FETs) presented in [27] [34] [42]-[55]. The basic 1 f -noise 
theories and models have been proposed to explain the phenomenon in FET 
based devices: the carrier density or number fluctuation model introduced by 
McWhorter [56], the carriers mobility fluctuation model proposed by Hooge 
empirical relation [57], electron-phonon interaction model [51] [53] [54] [58] 
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and charge fluctuation model [58] [59] proposed by us.  
1) Hooge model [45] [46] [47] [48] [54] [60].  
In his paper [45] Hooge proposed that 1 f -noise is essentially a bulk phe-

nomenon. Working with metal films he championed an empirical relation for 
1 f -noise in terms of resistance fluctuations, where the spectral density of the 
resistance is [60]: 

2
2 H
n

RR
N f
α

= . 

Here N is the total number of free carriers in the bulk, and Hα  is known as 
“Hooge’s constant” an empirical parameter. This equation fits his data for metal 
films very well. In [61] Vandamme developed Hooge’s theory for MOSFET de-
vices, starting from the lattice scattering theory presented in [62], calculating 

( )

2 2
2 0 0 1H D
n

eff l GS th

q II
wl V V f

µ µ α
µ µ

 
=   − 

,                  (5) 

where 0µ  is the low-field mobility of the carriers, lµ  is the mobility if only 
lattice scattering exists, 

( )
0

1eff
GS thV V
µµ

θ
=

+ −
, 

θ  is the mobility attenuation factor, GSV  and thV  are gate-source and thre-
shold voltages. Again, significant bias dependences can be explained by changes 
in the assorted mobility parameters. 

For modeling ( )iS f  dependencies barely will be useful Hooge’s universal 
formula of current noises for materials and structures with macroscopically ho-
mogeneous current density [45]: 

( )
2

H
i

tot

IS f
N f γ

α
= ,                        (6) 

where Hooge’s parameter Hα  for semiconductors typically 32 10Hα
−≈ ×  [42] 

[44] [46] [47] [48] [54], totN  is the total number of electrons in the sample 
(means the total number of moving carriers in the sample), I is the current, 
magnitude of γ  close to 1. Unfortunately, Hooge’s formula does not give 
opportunity to take into account the processes take place in the bio-liquid or 
electrolyte medium of the BioFET sensors on the base of bare EIS and ISFET 
structures [63] [64]. 

2) McWhorter’s or Correlated Number-Mobility Fluctuation Model 
McWhorter, working with germanium filaments at MIT Lincoln Laboratory 

in 1957 proposed that flicker noise is primarily a surface effect [56]. He cites a 
number of experiments that showed that the 1 f -noise in germanium is de-
pendent on the ambient atmosphere of the filament. He writes, “recent results 
now leave little doubt that the noise is predominantly, if not entirely, a surface 
phenomenon.” Thus, the McWhorter number fluctuation ( n∆ ) theory states 
that flicker noise is generated by fluctuations in the number of carriers due to 
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charge trapping in surface states. McWhorter obtained the necessary 1 f - 
spectrum by assuming that the time constant τ  of the surface states varied 
with a 1 τ  distribution. Christensson et al. [65] [66] were the first to apply the 
McWhorter theory to MOSFETs, using the assumption that the necessary time 
constants are caused by the tunneling of carriers from the channel into traps lo-
cated inside the oxide.  

In the correlated number-mobility fluctuation theory NSD of the flat-band 
voltage fluctuation can be described as [27] 

( )
2

, 2
1t

V FB
e kTNS f

fwl Cβ
= .                       (7) 

Here, w  and l  are width and length of the insulator gate, 
2 2 ΦBmβ ∗=


 is  

the McWhorter’s or tunneling parameter ( m∗  is the effective mass of electrons, 
ΦB  is the tunneling barrier height seen by electron at the interface), tN  is the 
oxide equivalent trap density in eV−1cm−3, C is the cumulative capacitance. 

The McWhorter’s model attributes the origin of 1 f -noise to the random 
fluctuation on the number of carriers in the channel due to fluctuations in the 
surface potential1. The fluctuations are caused by rapping and detrapping of car-
riers by energetic traps located near the Si-SiO2 interface [67] [68]. In the satura-
tion regimes the drain current NSD is calculated as: 

( ) 2
1F ds

id
ox

K IS f
fC L

= . 

where FK  is a quality independent on bias but dependent on sensor fabrication 
process. 

The Hooge’s empirical model attributed 1 f -noise to carriers’ mobility fluc-
tuations, due to carrier interactions with crystal lattice fluctuations [45] [57]. At 
saturation 

( ) ( )
2

1H f ds gs th
id

q I V V
S f

fL
α µ −

= , 

where Hα  is Hooge 1 f -noise parameter (Hooge’s parameter), fµ  is carri-
ers’ effective mobility.  

For low noise applications the level of thermal and 1 f -noises must be suffi-
ciently low.  

Based on the number fluctuation noise model [44] the calculations of the 1 f
-noise spectra for ISFET has been presented in [69]. At saturation 

( )

2

2
1ot dsat

id f
ox

q N IS
fC L

µ
= , 

and at sub-threshold 

( ) ( )

4 2 2

4 2

1
( )

ot ds inv
id f

ox D

q N I CS
fC C kT WL

=
+

. 

 

 

1In further we will show that for DNA sensors the fluctuations in the surface potential is depend on 
DNA molecules concentration. 
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Here invC , oxC  and DC  are the inversion, oxide and depletion layers capa-
citances per unit area, otN  is the effective oxide traps density per unit area. 

Problems of minimization of ISFET noises and results of LF noise measure-
ments are detailed discussed in [70]. 

3) Charge Fluctuation Model 
We can consider 1 f -noise source, 2V , via fluctuation of the oxide traps 

(free bonds of proton donors O−  and proton acceptors 2OH+ , Figure 2 in 
[13]) charge density. The charge density of occupied traps tQ  can be described 
as: 

ot
t

eNQ
wl

= ,                          (8) 

where otN  is the number of occupied traps. Then the NSD of the charge fluc-
tuation of occupied traps is: 

( ) ( )
2

otQ N
eS f S f

wl
 =  
 

.                     (9) 

Spectral density of the number fluctuations of occupied traps can be determined 
as [44]:  

( )
otN

wlNS f
f

= .                        (10) 

The voltage-fluctuation noise spectral density can be calculated using the ex-
pression: 

( ) ( ) 2

2 2
1Q

V
ef ef

S f e NS f
fC wlC

= = .                   (11) 

In expressions (10) and (11) N is the equivalent density of traps per unit area at 

the SiO2/electrolyte interface, i d
ef

i d

C CC
C C

=
+

, iC  is the capacitance of the insu-

lator (oxide) layer and dC  is the capacitance of the semiconductor depletion 
layer. 

2.2. Signal-to-Noise Ratio (SNR)  

SNR is a measure for comparison of the level of a desired signal to the level of 
background noise. SNR is defined as the ratio of signal power PS to the noise 
power PN. For linear devices SNR can be calculated from expressions: 

SNR S S S

N N i

P I I
P I S f

= = =
∆

                    (12a) 

S S tot

N V

V I R
V S f

= =
∆

.                       (12b) 

Here ( )S SI V  and ( )N NI V  are useful signal current (voltage) and noise equiv-
alent current (voltage), correspondingly, totR  is the total resistance of the sam-
ple.  

In review [70] different FET structures and detection principles are discussed, 
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including label-free and indirect detection mechanisms. The fundamental detec-
tion principle governing every potentiometric sensor is introduced, and different 
state-of-the-art FET sensor structures are reviewed. This is followed by an analy-
sis of electrolyte interfaces and their influence on sensor operation. The success-
ful detection of biomolecules by a BioFET is dictated by the sensor’s intrinsic 
SNR. The detection limit of a traditional BioFET is fundamentally limited by 
biomolecule diffusion, charge screening, linear charge to surface-potential 
transduction, and flicker noise (1 f -noise). In [71] authors demonstrate that t 
transistor technology called Negative Capacitor Field Effect Transistor (NCFET) 
offers nonlinear charge transduction and suppression of flicker noise to dramat-
ically improve the SNR over classical Boltzmann sensors. The SNR improvement 
by interpreting the experimental results associated with the signal and noise 
characteristics of 2D MoS2-based transistors quantify. The combined sensitivity 
enhancement and noise rejection guarantee a high SNR of the NCBioFET, mak-
ing this device a promising candidate for realizing advanced integrated 
nano-biosensors. Most importantly, NCFETs can improve the SNR compared to 
traditional MOSFETs by reducing the LF flicker noise related to carrier number 
fluctuations. The results of the analysis show that despite the fundamental limits 
of charged-based BioFETs, the NCBioFET can improve the limits of label-free 
detection of biomolecules. 

McAndrew with coauthors shows how correlated noise can be implemented in 
Verilog-A, and presents a new and simple technique to simulate the noise corre-
lation coefficient using only the standard Space noise analyses [72]. An analytic 
proof is given that the noise contributed by the distributed gate resistance of the 
MOSFET can be modeled by including a gate resistance of value 3gR  in series 
with the gate capacitance. Analyses of series and parallel combinations of devices 
are done to derive fundamental geometric scaling relations for noise. It is shown 
that gate noise must be distributed between gate-source and gate-drain compo-
nents by maintaining proper symmetry. In saturation the correlation coefficient 
between gate and drain noise currents is imaginary ( 5 32j ) [72]. For resistors 
(including both thermal and 1 f -noise components) [73] 

( )
2 14i F

IS f kTG K
WL f

= + . 

Numerical and analytical theory of signal and noise of double-gated 
pH-sensors was provided in [74]. Relatively high noise floor of ultra-scaled NW 
sensors limits the SNR and the corresponding pH resolution (ΔpHmin) of such 
devices. It is defined ΔpHmin as being the minimum change in pH above the 
noise floor that can be continuously (without signal averaging) detected by the 
FET-sensor. In this article, authors offer a comprehensive theoretical analysis of 
double-gated pH sensors, with emphasis on the “so-called” amplified Nernstian 
response and the SNR. Authors combine the classical theory of the MOSFET 
[75] and the site-binding model [29] [76] to calculate the signal amplification 
and the noise levels for DGFETs (Double Gate FET) in various biasing configu-
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rations (i.e., accumulation, depletion, and inversion). For the noise calculation in 
DGFET sensors, authors account for the noise sources from the top and bottom 
sides of Si body by assuming that the DGFET can be viewed as two independent 
MOSFETs with different oxide thicknesses and gate voltages.  

In [77] the electrical characteristics and pH responses of a Si-nanonet ISFET 
with ultra-thin parylene-H as a gate sensing membrane was reported. From the 
LF noise characterization, the SNR was extracted as high as ~3400 A/A with the 
lowest noise equivalent pH value of ~0.002 pH. These excellent intrinsic electric-
al and pH sensing performances suggest that parylene-H can be promising as a 
sensing membrane in an ISFET-based biosensor platform. The pH sensitivity of 
the pH ISFETs in various buffer solutions and conducted LF noise analysis for 
potential development in bioassay applications is evaluated. The pH responses of 
the devices were evaluated in various pH buffer solutions. A high pH sensitivity 
of 48.1 ± 0.5 mV/pH with a device-to-device variation of ~6.1% was achieved. 
The LF noise measurements of pH ISFET were performed in pH = 7 buffer solu-
tion under various gate bias conditions. The noise spectrum SID shows a typical 
1 f α  behavior with the exponential slope 1α ∝  in a 3-dec frequency band-
width of 1 2 1 1000f f− = −  Hz. The SNR was extracted based on the following 
equation [78]: 

( )2

1
SNR d

f
IDf

I S f f= ∆ ∫ , 

where ΔI is the drain current change in the range of pH = 4 − 10. In range 1 − 
1000 Hz ( ) ( )20 2510 10IDS f − −∝ ÷  A2/Hz ( 0.8 1.2gV ∝ ÷  V), maxSNR 3000∝  
A/A at 1.0gV ∝  V. 

Our research in the field of mechanisms of LF noise in semiconductors, semi-
conductor devices and BioFET sensors is devoted to a number of works (e.g. 
[50] [53] [54] [58] [59] [62] [79] [80] [81] [82]). 

The main sources of electron mobility fluctuations in semiconductors were 
analyzed in [54], the theory of 1 f -fluctuations of the lattice mobility of cur-
rent carriers in homogeneous semiconductors, the problems of space confined 
and bulk temporal fluctuations of acoustic phonons and relationship between 
models of 1 f -noise in semiconductors are developed, analyzed and presented 
in [58]. Phonons interface percolation dynamics detailed investigated in [51]. 
Influence of long-wave acoustic longitudinal-phonon percolation dynamics on 
1 f -type noise level is modeled for homogeneous, non-degenerated and 
bounded semiconductors. Phonons percolation from semiconductor media to 
environment regions via so called “refraction points” of phonons’ wave vector 
phase space is modeled within framework of the bulk mechanism of electron lat-
tice mobility fluctuation. On the base of this mechanism it is shown, that 
semiconductor surface is the source of suppression of 1 f -noise [83]. Phonon 
mechanism of equilibrium fluctuation of carrier’s mobility and properties of 
1 f -noise analyzed also in [53]. 

Brief overview of the basic tendencies of development of nanoscale (bio-)chemical 
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sensors is presented in [79]. Last years’ experimental data and theoretical models 
for LF excess noises are summarized and analyzed; in particularly works in the 
field of sensors functionalized by the nanoparticles, nanotubes (NT) and nano-
wires (NW) are discussed. Nanoscale FETs electrolyte gate field-effect devices 
and capacitive EIS structures were discussed. Main mechanisms of excess noises 
formation, behavior and peculiarities of the NSD, and the Hooge parameter were 
analyzed. Role of the functionalization (with several nanoparticles, NTs and 
NWs) on the essential reduction of 1 f -noise level is discussed. On the base of 
the analyses of electrical, physical, bio-chemical and other characteristics of the 
nanoscale sensors based on the NTs and NWs do some conclusions [79]: 
• Low-frequency noise spectral density generally expressed as 

2

v
VS A

f

β

γ

+

= . 

• The noise amplitude (parameter A) reflects the sample quality and increases 
with decreasing device size and depends on many parameters of material, its 
structure, sizes, NTs bulk and surface physical and chemical conditions, from 
its fabrication method.  

A R∝ , 
1A
N

∝ , 
1A
L

∝ . 

where R is the device resistance, N is the number of atoms or carriers in the 
system, L is the sample length ( N L∝ ). 111 10A R−= × . Parameter A varies 
within 10−13 up to 4 × 10−4. 

• The size scaling is incorporated in Hooge’s empirical law HA
N
α

= . 

• In the linear regime 1 g thA V V∝ −  if noise is due to mobility fluctuations 
and 

2
1 g thA V V∝ −  if noise is due to number fluctuations. 

• Parameter 0β =  is expected for pure resistance fluctuation in ohmic con-
ductors. The 1γ ≠  behavior is associated with nonlinear characteristics. 

• Excess noise with a slope different from unity ( 1γ ≠ ) can be explained by a 
superposition of a few Lorentzians. 

In [58] charge fluctuation LF noise model is modifying for an EIS structure. 
Physical processes take part in the semiconductor, insulator and electrolyte me-
dium responsible for LF charge fluctuation are discussed. The complete electrical 
noise equivalent scheme for EIS structure is designed. Dependencies of NSD 
from charge fluctuation connected with processes on the electrolyte-insulator, 
insulator-semiconductor interfaces and bulk semiconductor are determined. It is 
shown that in the bare EIS structure a number of binding sites of the insulator 
surface actively take part in the trapping-detrapping processes with the ions and 
molecules situated in the electrolyte. Usually these are very slow processes. The 
capacitance oxC  and captured charge will be slowly fluctuated. In the other 
hand capacitance of the semiconductor depletion region also depend on charge 
fluctuation of insulator-semiconductor and insulator-electrolyte interfaces and 
fluctuated with them via surface potential. Generally, noise determined by the 
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modulation of semiconductor depletion region capacitance and surface potential 
due to charge fluctuation at the insulator-electrolyte interface. Low-frequency 
noise in an EIS structure functionalized with a multilayer of polyamidoamine 
(PAMAM) dendrimer and single-walled carbon nanotubes (SWNT) is studied in 
[64]. The NSD exhibits 1 f γ  dependence with the power factor of 0.8γ ≈  
and 0.8 1.8γ = ÷  for the bare and functionalized EIS sensor, respectively. The 
gate-voltage NSD was practically independent on pH value of the solution, and 
is increased with increasing the gate voltage or gate-leakage current. It has been 
revealed that functionalization of an EIS structure with the PAMAM/SWNTs 
multilayer leads to an essential reduction of 1 f -noise. To interpret the noise 
behavior in bare and functionalized EIS devices, a gate-current noise model for 
capacitive EIS structures based on an equivalent flat band-voltage fluctuations 
concept has been developed [64]. The experimentally observed gate-voltage de-
pendence of the noise explained by the gate-voltage-dependent changes in the 
occupancy of the oxide trap levels resulting in a modulation of the conductivity 
of current paths or charge carriers passing through the EIS structure.  

LF noise spectroscopy at nanoscale and noise reduction in BioFET sensors 
functionalized with carbon NT multilayers areee detailed analyzed in [80] [82]. 
Transport properties of Si NW double gated BioFET sensors were investigated 
involving noise spectroscopy and current-voltage characterization [81]. Trans-
port and noise properties of NW FET structures were investigated as in sensor 
configuration in an aqueous solution with different pH values. Furthermore, it is 
studied channel length effects on the noise, and pH sensitivity (Figure 3). The 
magnitude of the pH sensitivity increases with the increase of channel length 
approaching the Nernst limit value of 59.5 mV/pH. It is demonstrated that do-
minant 1 f -noise can be screened by the generation-recombination plateau at 
certain pH of the solution. It is shown that the measured value of the slope of 
1 f -dependence on the current channel length is 2.7 which is close to the theo-
retically predicted value of 3. 
 

 
Figure 3. Noise spectra of NW double gated FET sensor, measured in different pH solu-
tions Spectral dependence of LF noise for NW with length l = 10 μm measured at 300 K 
and several pH values: 6.3, 7.0, and 8.2 at the back gate voltage −5 V and front gate vol-
tage −1 V. Adopted from [81]. 
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3. Noises in BioFET Structures (MIS, EIS, ISFET) 

In this section, for the first time, complete equivalent electrical circuits of some 
biosensors are constructed, taking into account the characteristics of a semi-
conductor, dielectric, aqueous solution, analyte and reference electrode. On the 
basis of these schemes, the spectral densities of the internal electrical noises (or 
rms values) were calculated. In these calculations, we used both well-known 
formulas (for example, for thermal noise) and formulas that we have moder-
nized and obtained for specific investigated cases and operating modes. We also 
used the results of studies by other authors. These expressions and formulas can 
be found both in ours and in articles by other authors listed in the cited refer-
ences. 

For analyzing the noise properties, we need model equivalent electrical 
schemes of the elements of investigated structures. Below we will use the stan-
dard equivalent schematic analogy of a noisy resistor R consisting serial con-
nected voltage generator via average square of the fluctuating voltage 2V , or by 
the parallel connected current generator via average square of the fluctuating 
current 2i  (Figure 2(a), Figure 2(b)). 

3.1. MIS Structures 

On Figure 4 the schematic picture of MIS structure is presented. Electrical and 
other characteristics of such type structures detailed are investigated [42] [48] 
[84] [85]. 

Electrical equivalent scheme for noises analyses for this case can be presented 
as the serial connection of semiconductor and insulator layers (see Figure 5). 
Each part has its bulk resistance ( SR  and iR , correspondingly for semicon-
ductor and insulator layers) and parallel connected capacitances ( dC  and iC , 
correspondingly for semiconductor depletion layer and insulator), 2

SV  and 
2

iV  are the noise sources for semiconductor and insulator, correspondingly, 
2

FBV  is the noise source conditioned by the flat-band voltage fluctuation. Total 
noise can be presented as the sum 

2 2 2 2
MIS i S FBV V V V= + + , 

where 

( )
2

2
44

1
Sd

S Sb
Sd d

kTRV kTR
R Cω

= +
+

, 2 4i iV kTR= , 
2

2
2

1
FB

ef

e kTNV
fwlCγ

= , S Sb SdR R R= + , 

 

 
Figure 4. MIS structure (Al-pSi-SiO2-Al). 
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Figure 5. Electrical scheme for MIS noise analyses. 

 

SbR  and SdR  are resistances of the bulk region and depletion layer of the sem-
iconductor, correspondingly. Note that second term in right hand of 2

SV  is the 
g-r part of the noises, conditioned by the g-r processes in the depletion region. 
The noise source 2

FBV  characterizes fluctuation processes which take part on 
the interface of the depletion region and insulator. Thus 

( )
( )

( )

2
2

2 2

2

2 2

414
1

414 ,
1

t Sb
MIS Sb i

ef Sd d

t Sb
i

ef Sd d

e kTN kTRV kT R R
fwlC R C

e kTN kTRkTR
fwlC R C

γ ω

γ ω

= + + +
+

≈ + +
+

 

as i SR R . Therefore, noises consist of the thermal, flicker and g-r compo-
nents.  

3.2. EIS Structures 

Schematic picture of EIS structure and its electric equivalent scheme are pre-
sented in Figure 6 and Figure 7. On the base of detailed analyses of several prop-
erties of EIS structures (see, e.g. [24] [27] [33] [36] [55] [86]), the electrical scheme 
for noises analyses for the case presence of DNA molecules (as a biomolecule) can 
be presented as on Figure 9. Main noise sources are conditioned by the flat-band 
voltage fluctuation, semiconductor bulk resistance fluctuation and electrolyte bulk 
resistance fluctuation. Comparable with the case of MIS structure, the following 
additional new sources of noises are presented on Figure 7: 

2
2

2
1

ch
ef

e NV
fAC

= ; 2 4D DV kTR= ; 2 4RE REV kTR= ; 2 4b bV kTR= ; 2 D D
DNA b

K VV
f

α

= . 

Here 2
chV  is the spectral density of the charge fluctuation on the insula-

tor-electrolyte interface [43], 2
DV  is the spectral density of the thermal noise of 

charge transfer resistance fluctuations; DR  is the charge transfer resistance 
across electrolyte; 2

REV  is the spectral density of the thermal noise of the refer-
ence electrode resistance fluctuations; RER  is the resistance of reference elec-
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trode. 2
bV  is the bulk electrolyte resistance ( )bR  noise. The bulk electrolyte  

resistance can be approximated by the spreading resistance 1
bR

K wl
π

≈ , K is  

the electrolyte conductivity [24]. The noise source 2
DNAV  represents an antic-

ipated noise source, DV  is the potential on the DNA layer, DK  some parame-
ter, α  and b  is the some exponents. This is due to the random motion of the 
immobilized DNA probes within the electrolyte. This motion can couple to the 
semiconductor channel and cause random fluctuations in the carriers. It is ex-
pected that this noise source would depend on the potential across the DNA 
layer, since a higher potential could potentially further immobilize the probes 
and cause less noise [24].  
 

 
Figure 6. Schematic picture of EIS structure. 

 

 
Figure 7. Electrical scheme for EIS noise analyses. 
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Therefore, for EIS structure we can write 

( )

( )

2

2

2 2

4

411 .
1

D D
EIS Sb i b D RE b

t Sb

ef Sd d

K VV kT R R R R R
f

kTN kTRe N
N fwlC R C

α

γ ω

= + + + + +

 
+ + + 

+ 

 

Taking into account that  
i S b D RER R R R R+ + + , 

for the NSD of the EIS biosensor we get 

( )

2
2

2 2
414 1

1
t SbD D

EIS i b
ef Sd d

kTN kTRK V e NV kTR
N ff wlC R C

α

β ω
 

≈ + + + + 
+ 

. 

3.3. ISFET/MOSFET Structures 

For the sensors on the base of such structures we have important difference. 
Schematic picture and electrical scheme of the ISFET/MOSFET structure pre-
sented on Figure 8 and Figure 9, correspondingly. There we have two “current 
channels” [24] [33] [43] [44] [78] [79] [87] [88]: 1) vertical leakage current or 
equivalent voltage noise scheme (Metal-Semiconductor-Insulator-Electrolyte-RE, 
e.g. EIS, which electrical equivalent scheme presented on Figure 7), and 2) ho-
rizontal equivalent current noise scheme Source-Channel-Drain, (Figure 9, be-
low). 

Source-drain current noise can be successfully described by the Hooge’s 1 f - 
noise, flat-band voltage fluctuation, semiconductor potential fluctuation and 
depletion region resistance fluctuation. 

The NSD of the drain current noise in MOSFETs using also results of [24] can 
be presented as: 

( )
( )

2
0 00

2 22 0
2 2

2
4

1 .
1

S D
DS ef ef FB S A

i

t
m ef ef D

ef

e Nwi kT C V V
l C

e kTN Ig C I
fwlC

ε
µ ϕ ϕ

ωταµ
γ ωτ

 
′= + − − −  

 

+ + +
+

        (13) 

Here first term describes thermal, second term, flicker and third term, g-r part of 
the noise. 
 

 
Figure 8. MOSFET/ISFET schematic picture. 
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Figure 9. Electrical scheme for ISFET/MOSFET noise analyses (non faradaic electrode). 

 
The NSD of the drain current noise in a load resistor LR  connected between 

source and drain in the linear regime approximated as [79] [88]: 

( )

2 2 2 2
2

2
1

dSCh Ch DS R
DS

Ch dS L

i g R i
i

g R R

+
=
 + + 

.                   (14) 

According to Hooge’s empirical mobility fluctuation model for elementary 
bandwidth 1f∆ =  Hz 

( ) ( )
2

,1/ 2
1 1H ef DS DSH DS

i DS f
ox GS T

e i Ve iS f i
wlC V V f fl

α µα
= = =

−
.         (15) 

In (12)-(13) α  is Coulomb scattering coefficient; dC  is the capacitance of the 
diffusion layer; efC  is the effective capacitance per unit area, consisting of the in-
sulator and any functionalization layer; dlC  is the depletion layer capacitance; 0I  
in (13) is the any parameter; LR  is the load resistor resistance; SdR  is the resis-
tance of semiconductor bulk and depletion layer; dSR  is the series resistances; 

2
Chi  is the noise contribution from the channel with conductance Chg ,  

2
SV  is the semiconductor bulk resistance voltage noise; 

1
ct

T

kTR
Ze i

=  is the  

charge transfer resistance [34]; Z is the atomic number, Ti  is the total redox 
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current; mg  is the transconductance; ( )2
1 14W ct WV kT R R= + ; 2

2 24W WV kTR= ; 

1WR  and 2WR  are the Warburg impedances [24]; ( )2
1 2 Ti Zei K ω=  is the 

non-equilibrium noises source describe specific mass transfer effect at the elec-
trolyte-electrode interface; ( )K ω  is the corresponding coefficient [33]. 

As we can see noise spectral density for all investigated cases consist three ob-
ligatory components: thermal, low-frequency and generation-recombination. 
Depending on the special experiment conditions either type of noises will be 
dominated in the appointed frequency interval. For example in EIS functiona-
lized with PAMAM SWNT 1 f -noise dominates over thermal noise lower 10 
Hz [63] [64], drain current NSD for the silicon-on-insulator (SOI) p-MOSFET 
biased back gate voltages 1 f -noise dominates in the region up to 500 Hz [79], 
for ISFETs at the buffer solutions pH7 and pH10 above a corner frequency ~1 
Hz up to 400 Hz the measured spectra correspond to 1 f -noise and below this 
corner frequency the measured spectra correspond to 21 f , in n- and 
p-channel dynamic-threshold MOSFETs on SOI substrate NSD has both quasi 
1 f  and Lorentzian spectra up to 104 Hz [89]. 
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