/
oo Resmurch
0.00 Publishing

Open Journal of Biophysics, 2020, 10, 1-12
https://www.scirp.org/journal/ojbiphy
ISSN Online: 2164-5396

ISSN Print: 2164-5388

Noises and Signal-to-Noise Ratio of Nanosize
EIS and ISFET Biosensors

Lusine Gasparyanz, Ilya Mazo3, Vahan Simonyan?, Ferdinand Gasparyanz*

'DNA-HIVE LLC 15313 Diamond Cove Terrace, Rockville, USA
“Yerevan State University, Yerevan, Armenia

*Argentis LLC, Gaithersburg, USA
Email: *fgaspar@ysu.am

How to cite this paper: Gasparyan, L.,
Mazo, I, Simonyan, V. and Gasparyan, F.
(2020) Noises and Signal-to-Noise Ratio of
Nanosize EIS and ISFET Biosensors. Open
Journal of Biophysics, 10, 1-12.
https://doi.org/10.4236/0jbiphy.2020.10100
1

Received: November 30, 2019
Accepted: December 17, 2019
Published: December 20, 2019

Copyright © 2020 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

The results of comparative theoretical analyzes of the behavior of internal
low-frequency noises, signal-to-noise ratio and sensitivity to DNA molecules
for EIS and ISFET based nanosize biosensors are presented. It is shown that
EIS biosensor is more sensitive to the presence of DNA molecules in aqueous
solution than ISFET sensor. Internal electrical noises level decreases with the
increase of concentration of DNA molecules in aqueous solution. In the fre-
quency range 107 - 10> Hz noises level for EIS sensor about in three orders is
higher than for ISFET sensor. In the other hand, signal-to-noise ratio for ca-
pacitive EIS biosensor is much higher than for ISFET sensor.
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1. Introduction

Biosensors based on the field-effect transistors (BioFETs) are potential candi-
dates for future bioassay applications due to its fast response, high sensitivity,
high signal-to-noise ratio, small sensing size and low cost. The ion-sensitive
field-effect transistors (ISFET) and electrolyte-insulator-semiconductor (EIS)
pH-sensitive structures are very important sensors for in vivo continuous moni-
toring application of physiological and environmental mediums and systems.
Main types of semiconductor based BioFET sensors operated using peculiarities
of field-effect, especially modulation of depletion layer conductance on the sem-
iconductor-other media (metal, dielectric) interface. It is obvious, that sensitivi-
ty, selectivity and detectivity of electronic devices, including BioFET sensors,

determined in general by the internal electrical noises types, its level and fre-
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quency behavior, and consequently by the signal-to-noise ratio (SNR).

Fluctuations in environmental parameters, such as, for example, the concentration
and velocity of ions and DNA molecules in an aqueous solution, lead to
important random scattering processes that can affect the viability of sequencing.
A simple model that captures the role of complex environment in electronic
de-phasing and its ability to remove charge carriers from current-carrying states
is analyzed in [1]. The environment is composed of ionic, DNA and aqueous
solution fluctuations and other random excitations that may drastically affect the
electron dynamics, and thus the ionic (or tunnel) current and noise at the DNA
detection and sequencing processes [2].

Note that the excess noise level at the DNA sequencing using the solid-state
nanopores (which a few tens of pA to 100 pA, 10 times larger than that of pro-
tein counterparts [3] [4] [5] [6]) has been one of the key issues responsible for
the degraded SNR and temporal and spatial resolution.

Previous theoretical works showed the four DNA nucleotides possess
statistically distinguishable electronic signatures in the form of ionic blockade or
tunnel current distributions when accounting for structural distortions and
partial control of the DNA dynamics [7] [8] [9] [10] [11]. These results indicate
DNA sequencing is, in principle, possible via transverse current measurements.
However, such studies have neglected scattering processes, such as fluctuations
of the environment, which introduce current noise, and may thus affect the abil-
ity to distinguish the DNA bases. A solid-state nanopore platform with a low
noise level and sufficient sensitivity to discriminate single-strand DNA (ssDNA)
homopolymers of poly-A4 and poly-Ty using ionic current blockade sensing is
proposed and demonstrated in [12].

In Ref. [13] the low-frequency pH-dependent electrochemical noise that ori-
ginates 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. The statistical and frequency analysis of this
electrochemical noise of a commercial ISFET sensor, under room temperature
has been performed for different pH values. It is also proposed a concentration
dependent a/f and b/ f? model of the noise with different values of the
coefficients a and b (here fis the frequency).

The numerical and analytical theory of signal and noise of double-gated
pH-sensors was provided in [14]. The transport and noise properties of an array
of silicon nanowire FET sensors are investigated in [15]. It is shown that drain
current substantially depends on pH value and SNR reaches the high value of
10°. The noise characteristic index decreases from 1.1 to 0.7 with the growth of
the liquid gate voltage. Noise behavior is successfully explained in the framework
of the correlated number-mobility unified fluctuation model.

To explain the nature and behavior of ]/f -noise in devices based on FET,
the following basic theories and models are proposed: the carrier density or

number fluctuation model introduced by McWhorter [16], the carriers mobil-
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ity fluctuation model proposed by Hooge empirical relation [17], the
electron-phonon interaction model [18] [19] [20] [21] and the charge fluctua-
tion model [22] [23] proposed by us.

The accuracy of ISFET output measurement is greatly affected by the
presences of internal noises, drift, diffusion and slow response of the device. Al-
though the noise analysis of ISFET's so far performed in different literature re-
lates only to sources originated from FET structure which is almost constant for
a particular device, the pH, or charged DNA molecules concentration dependent
electrochemical noise has not been substantially explored and analyzed in detail.

As usually the time constants involved in the detection of biological and
chemical species in electrolyte medium via field effect are relatively large, it
would be expected that low-frequency noise is more critical than other types of
noises in BioFET sensors. Therefore, further we will analyze just low-frequency
1/ f -noise behavior.

In this paper the results of theoretical simulation of the behavior and peculiar-
ities of low-frequency 1/f -noise and signal-to-noise ratio for nanosize BioFET
sensors are presented. Numerical simulation of the noise spectral density and
signal-to-noise ratio we do for EIS and ISFET sensors based on the silicon (as

semiconductor) and silicon dioxide (as insulator).

2. Low-Frequency Noises in BioFET Sensors

The detailed analysis shows that main types of electrical noises in BioFET sen-
sors can be classified as follows [24]-[29]:
1) Noise generated in solid state part of the sensor
e Thermal noise;
e Generation-recombination (g-r) noise in the space charge region at the sub-
strate-channel interface;
e 1/f -and g-r noises generated due to trapping and detrapping on the semi-
conductor-insulator interface;
e Hooge’s bulk 1/f -noise in semiconductor;
e Current channel 1/f -noise.
2) Electrochemical noise associated with the ion/charged molecules-insulator
interactions
e Thermal noise;
e 1/f -noise in corrosive interfaces;
¢ Shot or Schottky noise;
e Spurious noise.
3) Noise generated in the aqueous solution and at the reference electrode
as well as noise resulting from the fluctuations of the biasing elements
e Bulk thermal noise;
o Diffusion layer thermal noise;
e 1/f -noise in corrosive interfaces;

¢ Biological noise.
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Low-frequency noise conditioned by the random fluctuations of concentra-
tion or mobility of current carriers, ions and charged DNA molecules in aqueous
solution, by the trapping-detrapping processes on the surface and interface
states, by the electron-phonon interactions, as well as by the fluctuation of elec-
tron’s and phonon’s distribution functions in the bulk of semiconductor. As al-
ready noted, for BioFET sensors low-frequency noise is of greater interest,
which, as a rule, can be determined and explained using the Hooge’s model [21]
[30] [31] [32], McWhorter or correlated number-mobility fluctuation model
[16] [33] [34] and charge fluctuation model [22].

For the linear regime of operation of BioFETs signal-to-noise ratio can be
calculated using expressions:

SNR=ds o 1s (1a)
IN

or

<

=—2= (1b)

N

Here Iy (Vg) and Iy (V) are useful signal current (voltage) and noise

equivalent current (voltage), correspondingly, S, (S, ) are current (voltage)
noise spectral densities, Af is the frequency bandwidth. In numerical calcula-
tions we take Af =1Hz.

2.1. EIS Biosensor

It is clear that for EIS biosensors main physical effects that influence on the
low-frequency noise behavior is carried out in the interface electrolyte-insulator
(see Figure 8b in [35]). As EIS is the capacitive device the main type of electrical
noise must be connected with capacitance (or charge) random fluctuation. At
such situation dominant noise type will be noise conditioned by the oxide (insu-
lator) surface charge fluctuation. We will take accounts that the oxide surface
charge is changed during the DNA sensing processes. This is occurring by the
capture of negatively charged DNA molecules on the proton acceptor OH;
bonds and the capture of H* ions (protons) of the solution on the proton donor
free OH™ bonds on the interface solution-insulator (see Figure 2 in [7], and
[36]). These are molecules and ions located at a distance of Debye length from
the oxide surface. Thus, to calculate noise spectral density, we can use an expres-
sion that takes into account charge fluctuations [37]:

_SQ(f)_ eth i

S ()= Cz  wIC2 f' @

Here S, (f) is the noise spectral density conditioned by charge fluctuation,

N, is the equivalent total density of traps per unit area at the SiO,/electrolyte
interface, W and | are width and length of the sensitive oxide layer, corres-

pondingly, f is the frequency, C =—C°XCd , C

and C, are the capaci-
ef C +Cd 0X d p

0X
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tances per unit area of the insulator layer and the semiconductor depletion layer,
correspondingly:
— Eoox

Eo€i
ox N
t

i

C

’Cd:

0X

Here ¢&,, &, and gy are dielectric permittivity of free space, insulator and

ox
semiconductor, t, and t; are thicknesses of insulator and semiconductor
depletion layers, correspondingly. For simplicity assume that before fill the
aqueous solution by the DNA molecules, the proton donor OH~ bonds in
SiOy/electrolyte interface was fully compensated (passivized) by the protons of
the solution and in further do not participate on the surface charge changing
process. Therefore the oxide surface charge per unit area conditioned only by
proton acceptor OH, bonds (Q,, =QgN,") will be changed only at the capture of
negatively charged DNA molecules. So it becomes (see [7] [36]):
Qi =aN; (1-9), 5ENLTA. (3)
Nt
Here N, is the concentration of the proton acceptor traps on the unit area
of oxide surface, Np,, is the DNA surface concentration in solution near the
oxide at a distance of the Debye length (see also [7]). Thus Equation (2) will be
changed as follows:
e’N; (1-9)

1
- 4)
wilC f

S, (f)=

For numerical simulation we used following parameters: t, =2x10°cm,
t, =10°cm, &; =117, ¢,=39, ¢ =885x10"F/cm, w=15x10"°cm;
| =2x10°cm. For the value of N, we can do following estimation. Assume
that traps concentration on the interface SiO,-electrolyte same than SiO,-Si in-
terface. According data [7] [37] traps concentration in Si-SiO, interface is about
(10'° - 10") cm™. In the numerical calculations we will use N," ~10"cm™. For
C, wehave C, ~2.1x10°F/cm?.

As we can see from expression (4) increase of the sensitive surface area (wi)
brings to decrease of the noise level. On the other hand it is well known that
increase of sensitive surface brings to increase of sensitivity of the BioFET to
DNA molecules (see also [7]). At the same time, for low noise and high sensitiv-
ity, sensors with a relatively large surface area should be used.

In Figure 1 spectral dependency of low-frequency noise for EIS biosensor is
presented for different values of DNA concentration (or J) in logarithmic
scale. Noises level decrease with increasing of the DNA concentration. Such be-
havior can be explained as follows. Increasing of the DNA molecules number
near oxide surface brings to partially compensation of surface positive charge.
As a result charge fluctuation level and consequently noise spectral density of
this charge is decrease.

As it is follow from Equation (4) at the completely compensation (passivation)

of oxide surface charge (0 =1) noise density of charge fluctuation becomes to
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zero. Now total noise will be determined by the other types of noises (thermal,
1/f -noise in corrosive interfaces, spurious noise). Dependencies of noise level
from DNA molecules concentration (or ¢ ) presented in Figure 2. Noise spec-

tral density decreases when DNA concentration is increase. As it is shown in
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Figure 1. Low-frequency noise spectral dependency for EIS biosensor. The graphs are
built according Equation (4).
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Figure 2. Dependency of noise spectral density for EIS biosensor vs. concentration of
DNA molecules.

DOI: 10.4236/0jbiphy.2020.101001 6 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2020.101001

L. Gasparyan et al.

Figure 3 for the parameters (sizes) of the EIS biosensor selected above SNR can
reach high values up to 10° - 105 Note that SNR is calculated according to formula
(1b).

2.2. ISFET Biosensor

The main physical processes that occur in ISFET sensors and affect the response
of the device to the presence of DNA molecules in an aqueous solution and to
the source of generated noise in the channel occur mainly in the current channel
between sources and drain electrodes (see Figure la in [7]). Fluctuation of the
source-drain current besides carrier’s concentration and mobility fluctuation is
conditioned also by the fluctuation (change) of the semiconductor surface
potential that depends on concentration of DNA molecules in aqueous solution
via charge fluctuation in SiO,/electrolyte interface [7] [36]. According to
Hooge’s empirical mobility fluctuation model low-frequency noise for ISFET

sensor can be presented by the following expression:
S, ()= _ ealy 1 )

wiC,, (V, =V, ) f
Here V, and V, are gate' and threshold voltages, | is the source-drain
current of field-effect transistor, «,, is the Hooge’s parameter. For ISFET bio-
sensor in [7] we obtain an expression for the source-drain current, which, in ad-
dition to the electrical and structural parameters of the semiconductor, also de-
pends on the surface potential of current channel (semiconductor depletion
layer) (see Equation (3) in [7]). After some modifications, source-drain current

can be represented by the following form:

et,wn,V LOJRE ()
Isd ~ dI 0" ds |::u0_9[vg +2¢F +¢d| __7si [0)8 +&J:|
@r q

COX
(8)
B O, -D, Q
X 1+In=|+V, + 20, + @, ——>——% 4
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Figure 3. Frequency dependency of SNR for EIS biosensor at the gate voltage 2 V.

"Under gate voltage we mean voltage applied between reference electrode and source electrode.
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Here
kg T £ N gN
— 2 In—A, —_B , — “w sol _ 1t ,
¢F qu 1 % q ¢d| (gr K;K + H;j ¢0X COX
Cox — gi‘gox B= %gofoszA
0X thXnI

Here ¢, and ¢, are potentials of the oxide layer and double layer, corres-
pondingly, @ and ®, are the work functions of silicon and silicon dioxide
(Si0,), correspondingly; V,, is the source-drain voltage, Q,, is the oxide layer
charge per unit area, C, is the capacitance of the oxide layer per unit area; ¢,
and ¢, are the dielectric permittivity of water and electrolyte, respectively;
N, is the doping acceptor concentration in p-Si substrate; N, is the intrinsic
carrier concentration in bulk silicon, N, and p, (p,=N,) are the equili-
brium electron and hole concentrations in semiconductor, K, is the molar
concentration of the cations in the solution, H_ is the molar concentration of
the hydrogen ions (protons) at the oxide surface, Ky is the Boltzmann constant,
T is the absolute temperature, 4, is the low-field magnitude of the mobility of
carriers, @ is the some constant.

For numerical simulation besides of parameters presented above for EIS sen-
sor we use also following additional parameters: 1, =260 cm?/(V-s) [38],
0=28cm?/(V-s) [39] [40] [41], ¢ =0.026V, Ny =0015mol/l [41],
K =0.001mol/lI [41], ¢,~80, ¢ ~78, @y =4.85eV [37], O, =5¢eV
[37], N,=10%cm™, N, =25x10"cm™ (m;=m =m, =9.1x10""kg , m,
and m’; are effective mass of electrons and holes, M, is the free electron mass).

In Figure 4 spectral dependency of low-frequency noise for ISFET biosensor

10_7 EEEEE%EEEEE ﬁEEEE% %
i
10*
<\.< 9
2 107 4
g N Hi 6=01+0.3 HI
T 0 = -
—é 10 ====¢ i E: §=05+08 EEEE%
‘5 11 ATy T 11
2 I i A I
g 107 i :
3 T f— SN i
A 10-12 Vds =1V N
SRRl =2t St =it
—T = T. L N
10'13 EEEEE%::E: =EE%EEEEE i Hl EEE$
i i i i ~ i
il i i i N
10" >
Vo= Ve =1V [l i i
10713 Il I Il I
10° 102 10" 1 10 102 10°

Frequency, Hz

Figure 4. Spectral dependency of noise spectral density for ISFET biosensor according
Equation (7).
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Figure 5. Frequency dependency of signal-to-noise ratio for ISFET biosensor.

are presented in logarithmic scale. Increasing both source-drain voltage and con-
centration of DNA molecules brings to weak grow of the noise level. Magnitude of
the signal-to-noise ratio for ISFET sensor in several orders is smaller than for EIS

sensor (see Figure 3 and Figure 5).

3. Conclusion

EIS biosensor is more sensitive to DNA molecules than ISFET sensor. It is con-
ditioned by the more strong modulation of the oxide charge (EIS capacitance) in
comparison with weak modulation of the source-drain current of ISFET under
influence of DNA molecules. Low-frequency noises level decreases with increas-
ing of concentration of DNA molecules in solution. Such behavior conditioned
by the growing dependency of source-drain current with increase of concentra-
tion of DNA molecules®. High sensitivity of the EIS biosensor conditioned by the
“deep modulation” of the charge of oxide layer and consequently by the deep
modulation of the EIS totals capacitance under influence of charged DNA mo-

lecules in aqueous solution.
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