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Abstract: The main types of internal noises in (bio-) chemical sensors on the base of electrolyte-
insulator-semiconductor structures, ion selective field-effect transistors and light addressable 
potentiometric sensors, are classified. Corresponding detailed electrical equivalent schemes are 
modeled and designed; expressions for noise spectral density are developed. The sources of the main 
types are shortly characterized. Copyright © 2012 IFSA. 
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1. Introduction and Definition of Noises 
 
Main types of semiconductor based bio-(chemical) sensors operate using peculiarities and possibilities 
of field-effect, especially properties of depletion layer (DL) on the semiconductor-other media 
interface. Those are field-effect sensors: metal-insulator/oxide-semiconductor (MIS, MOS) and 
electrolyte-insulator-semiconductor (EIS) structures, light addressable potentiometric sensors (LAPS). 
It is obvious that sensitivity and selectivity of electronic devices, particularly sensors, are determined 
in general by the internal noises types and its level. Voltage (or current) noise spectral density (NSD) 
SV (or Si) usually are presented by the average square of the fluctuating voltage (root means square 

value) 2V , or by the fluctuating current 2i : 
 
 fSV V2 ,  fSi i2 . (1)
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Here f  is the elementary frequency bandwidth over which the noise is considered (further we will 
assume 1f  Hz). 
 
Fluctuating value (e.g. current ( )I t ) can be presented as the sum of none-fluctuating (i0) and 
fluctuating (i(t)) components: 
 
 

0( ) ( )I t i i t  . (2)
 
Then NSD will be determined as 
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Here Tt is the long time period, f  is the frequency, t is the current passage time. 
 
While the noise is usually regarded as an undesirable property of materials for applications, the 
fluctuation phenomena contain important information about the material performance and may be 
utilized as a valuable method for characterization of semiconductor materials and devices for 
identification and exact quantitative description of the (bio-) chemical species in electrolyte medium. 
Noise spectroscopy is a powerful method also for studying the transport properties, performance and 
reliability of materials and devices. It should be noted that many standard methods of the material 
study like utilization of Hall effect, photoconductivity measurements, capacitance-voltage 
characteristics became not effective for the large group of materials and devices, especially for 
nanoscaled materials and devices. At the same time, noise spectroscopy is even more sensitive method 
for study the objects with scaling their sized down to nanoscale. The tools to extract and analyze the 
information are power spectra or noise spectral density. Presently, flicker-noise spectroscopy can be 
applied to several types of problems: 
 Determination and characterization of the dynamics or structural features of materials; 
 Determination and characterization of the transport phenomena of individual materials; 
 Determination of flow dynamics in distributed systems based on the analysis of dynamic 

correlations in stochastic signals that are simultaneously measured at different points in space. 
 
In this paper, the main types of internal noises in above-mentioned structures are classified. 
Corresponding detailed electrical equivalent schemes are modeled and designed, expressions for NSD 
are developed. Analyses show that main types of noises in chemical and bio-sensors can be classified 
as diagram in Fig. 1 [1-4]. Below we will shortly characterize the NSD and sources of the main types 
of those noises. 
 
 
2. Specification of Noises 
 
Thermal noise conditioned by the carrier‘s chaotic thermal motion. An accurate calculation based on a 
quantum mechanics model gives 
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Fig. 1. Main types of noises in chemical and bio-sensors. 
 
 
where R is the resistance of the sample. For “low” frequencies and high temperatures (hf<<kT) we 
have frequency independent white noise and 
 
 4T

VS kTR . 

 
Generation-recombination noise can be understood by considering a semiconductor with a number of 
traps. The continuous trapping and de-trapping of the charge carriers causes a fluctuation in the 
number of carriers in the conduction and valence bands. The noise spectral density is Lorentzian in 
nature, with a corner frequency given by n , the lifetime of the electrons in the conduction band. The 

current noise density can be presented as 
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where 22)( In  , I is the current. It should be noted that the corner frequency of this noise in 

observed spectra is dispersed, implying a wide distribution of lifetimes. 
 
Biological noise conditioned by the fluctuation of the number of captured particles. Biological noise is 
very critical for regulating biological processes. Within each living cell, there are many "genetic 
circuits," each composed of a distinct set of biochemical reactions that contribute to some biological 
process. Randomness in those reactions contributes to biological noise. Note that in a Lorentzian NSD 
with amplitude proportional to the number of particles in the solution is predicted [3]. 
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Shot noise in electronic circuits is due to the quantized nature of the electric charge. It consists of 
random fluctuations of the electric current in a d.c. current due to that current actually consisting of a 
flow of discrete charges. Because the electron has such a tiny charge, however, shot noise is of relative 
insignificance in many (but not all) cases of electrical conduction. For instance, 1 A of current consists 
of about 6.24×1018 electrons per second; even though this number will randomly vary by several 
billion in any given second, such a fluctuation is minuscule compared to the current itself. Since shot 
noise is a Poisson process due to the finite charge of an electron, one can compute the root mean 

square current fluctuations as being of a magnitude feI2 , and the spectral density is given by 

 
 eIfSi 2)(  . 

 
Here e is the elementary charge of an electron, and I is the d.c. current flow. 
 
Low frequency (LF) or flicker noise conditioned by the random fluctuations of concentration or 
mobility (life times) of non-equilibrium carriers, ions and charged molecules, by the trapping and de-
trapping processes on the surface and interface states, as well as by the electron-phonon interactions in 
the bulk of semiconductor and the fluctuation of electron's and phonon's distribution functions. Usually 
the time constants involved in the detection of chemical and biological species in an electrolyte 
medium via field effect are relatively large. Therefore it would be expected that low frequency noise is 
more critical than other types of noises in chemical and bio-FETs. Therefore, we will more detail 
discussed below low frequency noise mechanisms and its peculiarities. 
 
For the field-effect based sensors, low frequency noises can be determined by the Hooge, McWhorter 
or charge fluctuation model. Usually in the FED-based sensors the semiconductor region mainly 
consists. Processes take place in those kinds of sensors mainly determined and described by the 
semiconductor part. On the Fig. 2 the main mechanisms of low-frequency 1/f noise in semiconductors 
are presented [5-10]. 
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Fig. 2. Main mechanisms of 1/f noise in semiconductors. 
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For the field-effect based bio-chemical sensors NSD of low-frequency noises can be determined by the 
following models. 
 
 
2.1. Hooge Model [11, 12] 
 
The Hooge’s universal formula for materials and structures with macroscopically homogeneous 
current density will be useful for modeling ( )iS f  dependencies barely [11]: 

 
 2

( ) H
i
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I
S f

N f 


 , (6)

 
where H  is the Hooge’s parameter (for semiconductors typically 32 10H

   [11, 12], totN  is the 

total number of electrons in the sample (means the total number of moving charges), magnitude of   
is close to 1. Unfortunately, the Hooge’s formula does not give opportunity to take into account 
processes taking place in the electrolyte medium of the sensors made of EIS and ISFET structures 
[13]. 
 
 
2.2. McWhorter’s or Correlated Number-mobility Fluctuation Model 
 
In the correlated number-mobility fluctuation theory NSD of the flat-band voltage fluctuation can be 
described as [2] 
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Here, w and l are width and length of the insulator gate, 
2

2 Bm  


 is the McWhorter’s or 

tunneling parameter ( m  is the effective mass of electrons, B  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. 
 
 
2.3. Charge Fluctuation Model 
 
According to this model NSD can be calculated using the expression [14]: 
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Here N is the equivalent density of traps per unit area at the SiO2/electrolyte interface, i d
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iC  is the capacitance of the insulator layer and dC  is the capacitance of the semiconductor depletion 

layer. 
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Last two models can be successfully used for describing the LF noises in EIS and ISFET sensors. 
 
For analyzing the noise properties, we need for model equivalent electrical scheme of the elements of 
investigated structures. Below we will be use the standard equivalent schematic analog of a noisy 
resistor R consisting of serial connected voltage generator via average square of the fluctuating voltage 

2 ,V  or by the parallel connected current generator via average square of the fluctuating current 2i  
(Fig. 3). 
 
 

a) b) 

2i R
~

R  

2V  

 
 

Fig. 3. Equivalent schematic analogy of a noisy resistor. 
 

 
3. Noises Sources and Equivalent Electrical Schemes 
 
3.1. EIS (MIS, LAPS) Structures 
 
The EIS schematic picture is presented in Fig. 4a. Note that interchanging in a EIS structure, DNA 
layer, electrolyte and reference electrode by the metallic layer we will get ordinary MIS structure, and 
by the adding the LED (light emitting diode) to EIS structure we will get LAPS. On the base of 
detailed analyses of several properties of this structures (see, e.g. [1, 2, 14]) the electrical scheme for 
noises analyses for the case of the presence of DNA layer can be presented as in Fig. 4b. On Fig. 4b 
electrical scheme for MIS structure is show by the dashed green zone in the right. By the dashed red 
zone in the left additional current noise source for LAPS is shown. Electrical and other characteristics 
of MIS-like structures are detailed investigated also in [12]. Noise sources presented in Fig. 4b are: 
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(9)

 
2

SV  and 2
iV  are the semiconductor and insulator bulk resistance voltage noise sources, 

correspondingly, 2
FBV  is the noise source conditioned by the flat-band voltage fluctuation, SbR  and SdR  

are resistivities of the bulk region and depletion layer of the semiconductor, correspondingly. 
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Fig. 4. Schematic picture of EIS structure (a) and electrical scheme for noise analyses (b). 
 
 

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. SR  and iR  are the bulk resistances, correspondingly, for 

semiconductor and insulator, dC  and iC  are the capacitances, correspondingly, for semiconductor 

depletion layer and insulator, 2
chV  is the spectral density of the charge fluctuation on the 

insulator/electrolyte interface [15], 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 reference electrode resistance fluctuations, RER  is the resistance of 

reference electrode. 2
bV  is the bulk electrolyte bR  resistance fluctuation noise. The electrolyte 

resistance can be approximated by the spreading resistance 
1

bR
K wl


  is the bulk electrolyte 

resistance, K is the electrolyte conductivity [2]. The noise source 2
DNAV  represents an anticipated noise 

source, DV  is the potential on the DNA layer, DK  is the some parameter, a and b are some exponents 

[2]. 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 
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expected 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. 
 
Total noise for the MIS structure can be presented as (taking into account that Ri>>RS) 
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For the EIS structure we can write (taking into account that Ri>>RS+Rb+RD+RRE): 
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Fig. 5. MOSFET/ISFET schematic picture. 
 
 
Schematic difference between the LAPS and EIS is the additional irradiation local source. Fluctuation 
of the leakage current conditioned by the photo-generated extra carriers in the LAPS can be presented 

on the equivalent scheme by the new current noise source 2~
phi , connected parallel with SR  (Fig. 4b, red 

color segment). As it is shown in [9], the a.c. component of the photocurrent density phi  is equal to 
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Here 0  is the vacuum electric permittivity, S  is the relative dielectric constant of semiconductor,   

is the irradiation absorption coefficient, W  is the incident irradiation power density, d  is the thickness 
of the semiconductor depletion layer, h  is the quantum energy,   is the irradiation modulation 
frequency. Then we can present NSD for the LAPS as a sum of sources expressed by the Eq. (11) and 
additional components 
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First term characterized noise source conditioned by the additional fluctuation of the semiconductor 
bulk resistance R  under irradiation, second term is the g-r part of additional photo-carriers. Then, we 
get for LAPS 
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3.2. MOSFETs (ISFETs) 
 
Schematic picture and equivalent electrical scheme of the MOSFET/ISFET structure are presented on 
Figs. 5 and 6, correspondingly (for the case of the non-Faradaic electrode on Fig. 6a, for the case of the 
Faradaic electrode on Fig. 6b). Here GSV  and DSV  are gate-source and drain-source applied voltages. In 

difference of EIS (MIS, LAPS) structures having only vertical current “channel” (Metal-
Semiconductor-Insulator-Electrolyte-RE), in MOSFET/ISFET structures accrue also horizontal 
source-drain current “general channel” (Source-Channel-Drain). Basically source-drain current noise is 
Hooge’s 1/f noise, flat-band voltage fluctuation noise, semiconductor potential and depletion region 
resistance fluctuation noise. According to Haartman and Osting [16]: 
 
 

 2
2222

2

)(1 LSDCh

RSDChCh
DS

RRg

iRgi
i SD




 ,    

fl

Vie
i DSDSefH

fDS 2
2

/1,


 . (15)

 

In (15) 2
Chi  is the noise contribution from the channel with conductance Chg , ef  is the effective 

carrier mobility, LR  is the load resistor resistance; 2

SDRi  is the low-frequency nose source operating 

from the drain-source access series resistances SDR . 

 
 
4. Conclusion 
 
As we can see, noise spectral density for all field effect based (bio-)chemical sensors consists of three 
obligatory components: thermal, low-frequency and generation-recombination ones. Depending on the 
special experiment conditions either type of noises will be dominate in the appointed frequency 
interval. For example, in EIS functionalized with multi-layers of polyamidoamine dendrimer and 
single-walled carbon nanotubes 1/f noise dominates over thermal noise lower than 10 Hz [14], drain 
current NSD for the silicon-on-insulator (SOI) pMOSFET biased back gate voltages 1/f noise 
dominates in the region up to500 Hz [16], 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 1/f 2 for [15], in n- and p-channel dynamic-
threshold MOSFETs on SOI substrate NSD has both quasi 1/f and Lorentzian spectra up to 104 Hz 
[17]. 
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Fig. 6. Electrical scheme for MOSFET/ISFET noise analyses. 
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