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In the present report, we have simulated the FET based silicon nanowire biosensor and studied the ef-
fect of nanowire length and radius on the different functional characteristics of the silicon nanowire bio-
sensor. We have used BioSensorLab open source simulation tool for the present investigation. Particularly,
we have studied the effect of nanowire length and radius on conductance modulation with respect to target
molecule density, conductance modulation with respect to buffer ion concentration, nanowire surface po-
tential with respect to pH, signal to noise ratio (SNR) with respect to receptor density, settling time with
respect to analyte concentration and density of captured molecule with respect to detection time. We have
taken into account the electrostatic interaction between receptor molecules and target biomolecules, which
is based on the Diffusion-Capture model. The results suggested that the higher conductance modulation
can be achieved at the higher target molecule density with a larger radius of the silicon nanowire. On the
other hand, maximum conductance modulation is observed at the lower radius of the silicon nanowire with
lower buffer ion concentration. The simulation results suggested that the surface potential of the nanowire
tends to decrease as the pH increases for both cases (nanowire length and radius). No significant effect on
the signal to noise ratio due to the change in the nanowire length and radius was observed. It is observed
that the nanowire length does not affect the settling time; however, change in the nanowire radius shows
the significant effect on the settling time. In the nutshell, the nanowire length and radius significantly af-
fect the performance parameters of the FET based silicon nanowire biosensor.
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1. INTRODUCTION

In recent years, numerous types of biosensors have
attracted a lot of attention for the point-of-care diag-
nostic application [1]. The biosensor is a sensing device
or a measurement system specifically designed for the
estimation of unknown materials. The estimation can
be achieved with the help of biological interactions. In
addition to this, these interactions can be converted into
the electrical signal representation for the immediate
reading, storing, and further processing purpose. In
general, signal transduction and biorecognition elements
(bioreceptors) are the basic building block by which we
can differentiate the different types of biosensors. The
nucleic acids, antibodies, cells, enzymes, etc. can work
as biorecognition elements or bioreceptors. In the nut-
shell, the biorecognition element identifies/reacts to the
target system and finally electronic circuitry converts
the biological signal into its electrical equivalent.
Moreover, the biological signal representation can be
also possible with the help of optically, acoustically,
mechanically, and calorimetrically [2].

In recent years, field-effect transistor (FET) based
silicon nanowire biosensors have attracted a lot of
attention due to its superior sensitivity. Silicon nan-
owire FET based biosensors having functional
biointerface which consists of receptor molecules and
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plays a key role in the detection of target biomolecules
[3]. Recently, Adam and Hashim [3] have reported the
silicon nanowire liquid gate control based sensor device.
The developed sensor can work as ultra-sensitive pH
sensor and detect specific DNA or protein molecules [3].
Nuzaihan et al. have developed a novel molecular gate
control based silicon nanowire biosensor. The developed
biosensor can detect the DNA of the dengue virus. The
reported biosensor can be useful for the point-of-care
diagnostic applications [4]. Azmi et al. have reported
the functional device based on silicon nanowire biosen-
sor for detection of cancer risk biomarker. The devel-
oped biosensor detects the biomarker 8-OHdG [5]. A
good review article based on the silicon nanowire bio-
sensor can be found in the ref. [6].

In the present report, we have simulated the FET
based silicon nanowire biosensor and studied the effect
of nanowire length and radius on the different function-
al characteristics of the silicon nanowire biosensor.
Particularly, we have studied the effect of nanowire
length and radius on (i) Conductance modulation and
target molecule density of silicon nanowire biosensor;
(i1) Conductance modulation and buffer ion concentra-
tion of silicon nanowire biosensor; (iil) Nanowire surface
potential and pH of silicon nanowire biosensor; (iv)
Signal to noise ratio (SNR) and receptor density of sili-
con nanowire biosensor; (v) Settling time and analyte
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concentration of silicon nanowire biosensor; (vi) Density
of captured molecule and detection time of silicon nan-
owire biosensor.

2. COMPUTATIONAL DETAILS

In the present investigation, we have used BioSen-
sorLab which is available at the Nanohub website for
the simulation of FET based silicon nanowire biosensor
[7]. It is a numerical simulator developed for the pre-
diction of performance parameters of different kinds of
electronic biosensors. It is based on the principle of
electrostatic interaction between receptor molecules
and target biomolecules and modeled around the Diffu-
sion-Capture model [8]. The FET based silicon nan-
owire biosensor consists of source and drain terminals
and silicon nanowire is attached to source and drain
terminals. The surface of the silicon nanowire is func-
tionalized with the receptor molecules in order to de-
tect the target biomolecules. Most of the biomolecules
have intrinsic electrostatic charge capability, hence
electrostatic interaction between receptor molecules
and target biomolecules occurs. This can affect the
distribution of the electrostatic potential throughout
the nanowire and conductance (current) of the nan-
owire is varied in accordance with the electrostatic
interaction between receptor molecules and target
biomolecules [7-8]. In the end, the variation in the
resultant current can be measured by applying a
voltage across the source and drain terminals [9]. The
simulation parameters of the FET based silicon nan-
owire biosensor are as follows, oxide thickness: 1 nm,
doping density: 1e!%cc, lower value of analyte concen-
tration: le 15 M, upper value of analyte concentration:
le-% M, No. of intermediate concentration steps: 30,
minimum no. of molecules: 10, surface density:
5el4 cm -2, protonation constant: — 2, de-protonation
constant: 6, lower value of electrolyte concentration: le-
5 M, upper value of electrolyte concentration: 2 M, size
of the receptor molecule 2 nm; size of the parasitic
molecule: 1 nm, concentration of target molecule:
le-12M, concentration of parasitic molecule: 1e-¢ M,
maximum surface coverage: 0.54, lower value of recep-
tor density: le'cm~-2, and lower value of receptor
density: 5el2 cm—2,

3. RESULTS AND DISCUSSION

In this investigation, we have varied the nanowire
length as 100 nm, 1 pm, 10 um, and 100 um. Further-
more, we have also varied the nanowire radius as
10 nm, 20 nm, 30 nm, and 50 nm. Particularly, we have
studied the effect of nanowire length and radius on (i)
Conductance modulation and target molecule density of
silicon nanowire biosensor; (i) Conductance modula-
tion and buffer ion concentration of silicon nanowire
biosensor; (iii) Nanowire surface potential and pH of
silicon nanowire biosensor; (iv) Signal to noise ratio
(SNR) and receptor density of silicon nanowire biosen-
sor; (v) Settling time and analyte concentration of silicon
nanowire biosensor; (vi) Density of captured molecule
and time of silicon nanowire biosensor. The effect of
nanowire length and radius on conductance modulation
and target molecule density of FET based silicon nan-
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owire biosensor is shown in Fig. 1. The results suggested
that the conductance modulation increases as the target
molecule density increases. It is observed that the con-
duction modulation rapidly increases after 10-8 molar
density for both cases (nanowire length and radius). It
is observed that the nanowire having length 1 um
shows higher conduction modulation than other coun-
terparts. In addition to this, other nanowires (100 nm,
10 um, and 100 pm) do not show any significant change
in the case of the conductance modulation. On the oth-
er hand, conductance modulation tends to increases as
the radius of the silicon nanowire increases from 10 nm
to 50 nm. The conductance modulation is not always
proportional to the target molecule density. This is due
to fact that the nonlinearity in the electrostatic screen-
ing which is a presence in the counter ions in the electro-
Iyte solution [10]. In view of this, higher conductance
modulation can be achieved at the higher target mole-
cule density with a larger radius of the silicon nanowire.
This is due to fact that a larger nanowire radius provides
a higher surface to detect the target biomolecules.
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Fig. 1 - Effect of nanowire length and radius (inset) on con-
ductance modulation with respect to target molecule density
of silicon nanowire biosensor

The effect of nanowire length and radius on con-
ductance modulation and buffer ion concentration of
FET based silicon nanowire biosensor is shown in
Fig. 2. The results suggested that the conduction modu-
lation exponentially decreases with increasing buffer
ion concentration for both cases (nanowire length and
radius). It is observed that the nanowire having length
1 um shows lower conduction modulation than other
counterparts with respect to buffer ion concentration.
In addition to this, other nanowires (100 nm, 10 pm,
and 100 pm) do not show any significant change in the
case of the conductance modulation. In the case of nan-
owire radius, conductance modulation tends to de-
creases as the radius of the silicon nanowire increases.
In the nutshell, the maximum conductance modulation
is observed at the lower radius of the silicon nanowire
with lower buffer ion concentration. This may be due to
the higher surface to volume ratio observed at the low-
er radius of the silicon nanowire. The effect of nanowire
length and radius on surface potential with respect to
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Fig. 2 — Effect of nanowire length and radius (inset) on con-

ductance modulation with respect to buffer ion concentration
of silicon nanowire biosensor

T T T T
_m
0.00 4 100 nm|

—e—1 um
—A—10 um |

= -0.05 —v— 100 um

=

c

9 -0.10 - 1

[}

o

@ -0.15

o _ o

(] s |

h= H

35 02042

[72] g

£ 020
= 3
> 0254 % 4
-0.30 ’
T T T T T T
0 2 4 6 8 10
pH

Fig. 3 — Effect of nanowire length and radius (inset) on nan-
owire surface potential with respect to pH of silicon nanowire
biosensor

different pH is shown in Fig. 3. It is observed that the
surface potential of the nanowire tends to decrease as
the pH increases for both cases (nanowire length and
radius). It is interesting to note that the surface poten-
tial of the nanowire steadily increases (lower slope) at
lower pH value and abruptly increases at higher pH
value (higher slope). It is observed that the nanowire
having length 1 um shows lower surface potential than
other counterparts with respect to pH. In addition to
this, other nanowires (100 nm, 10 pum, and 100 pm) do
not show any significant change in the surface poten-
tial with respect to change in pH. In the case of nan-
owire radius, the surface potential tends to decrease as
the radius of the silicon nanowire increases. The
simulation results are in good agreement with the
experimental results reported in the Ref. [11].

The signal-to-noise ratio is one of the performance
parameters of the FET based silicon nanowire
biosensor and it should be as high as possible. The
higher signal to noise ratio suggested the FET based
silicon nanowire biosensor detects the desired target
molecule and rejects the parasitic molecules. The effect
of the nanowire length and radius on signal to noise
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ratio with respect to different receptor density is shown
in Fig. 4. The nanowire length and radius do not show
any significant effect on the signal to noise ratio. In the
other words, change in the length and radius of the
silicon nanowire does not show any significant effect on
the signal to noise ratio. However, results clearly sug-
gested that the signal to noise ratio of the FET based
silicon nanowire biosensor tends to increase as the
receptor density increases. It is interesting to note that
the signal to noise ratio shows the exponential increas-
ing behavior for both cases (nanowire length and radi-
us). This is due to fact that the diffusion limited
transport mechanism is generally observed at the lower
receptor density, and strength of the signal becomes
strong at the higher receptor density [12]. The increase
in the signal to noise ratio at the higher receptor densi-
ty is due to the decrease in the surface voids. The de-
crease in the surface voids reduces the adsorption of
the parasitic molecule on the surface of the sensor. This
results in the increase in the density of conjugated
target-receptor, which increases the wanted signal and
reduces the noise in the detected signal [12].
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Fig. 4 - Effect of nanowire length and radius (inset) on signal
to noise ratio (SNR) with respect to receptor density of silicon
nanowire biosensor

The settling time represents the time taken by a
target biomolecule to reach the sensor surface. The
effect of nanowire length and radius with respect to an
analyte concentration of silicon nanowire biosensor is
shown in Fig. 5. The results suggested that the settling
time decreases as the analyte concentration increases.
It is observed that the nanowire length does not affect
the settling time, however, change in the nanowire
radius shows the significant effect on the settling time
of the silicon nanowire biosensor. It is observed that the
settling time tends to increase as the radius of the
nanowire increases from 10 nm to 50 nm. The decrease
in the settling time at the higher analyte concentration
is due to the weakening of diffusion-limited transport.
Considering the above trend, we have simulated the
silicon nanowire biosensor and studied the time domain
performance with respect to change in the nanowire
length and radius, as shown in Fig. 6. It is observed
that the density of captured molecule increases as a
function of detection time. The linear change in some
duration of time and becomes saturated after some time.
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This phenomenon arises due to fact that the target
molecules are very close to sensor surface at the begin-
ning, hence target molecules can be captured at the
very short time. As time progresses, the density of the
captured molecule increases which increases the detec-
tion time of the sensor. The saturation observed in the
density of the captured target molecule at a longer time

REFERENCES

=

S. Mao, J. Chen, J. Mater. Res. 32, 2954 (2017).

2. K.S. Kim, H.S. Lee, J.A. Yang, M.H. Jo, S.K. Hahn, Nano-
technology 20, 235501 (2009).

3. T. Adam, U. Hashim, Biosens. Bioelectron. 67, 656 (2015).

4. M. Nuzaihan, U. Hashim, M.K. Md Arshad, S.R. Kasjoo,
S.F.A. Rahman, A.R. Ruslinda, M.F.M. Fathil, R. Adzhri,
M.M. Shahimin, Biosens. Bioelectron. 83, 106 (2016).

5. M.A. Mohd Azmi, Z. Tehrani, R.P. Lewis, K-AD Walker,
D.R. Jones, D.R. Daniels, S.H. Doak, O.J. Guy, Biosens.
Bioelectron. 52, 216-224 (2014).

6. P. Namdari, H. Daraee, A. Eatemadi, Nanoscale Res. Lett.

11, 406 (2016).

JJ. NANO- ELECTRON. PHYS. 11, 01005 (2019)

is due to the balance of forward and backward reac-
tions [13].

4. CONCLUSIONS
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this, higher conductance modulation can be achieved at
the higher target molecule density with a larger radius
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to 50 nm. The decrease in the settling time at the high-
er analyte concentration is due to the weakening of
diffusion-limited transport. Furthermore, the density of
captured molecule increases as a function of detection
time. The linear change in the density of the captured
molecule is observed for some duration of time and
becomes saturated after some time. The saturation
observed in the density of the captured target molecule
at a longer time is due to the balance of forward and
backward reactions.
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MopgesroBanua 6ioceHcopa y BUIVIAAI HUJIIHAPUYIHOrO0 KPEMHI€BOro HAaHOAPOTY
HA OCHORBI I10JIbOBOI'0 TPAH3UCTOPA: BILIUB JOBKHUHH 1 pagiycy HAHOAPOTY
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VY maHiit cTaTTi ME MOJIEJIIOBAIH 010CEHCOP Y BUTJIAAL KPEMHIEBOI0 HAHOIPOTY HA OCHOBI IIOJILOBOTO TPAa-
H3HUCTOpPA 1 BUBYAJIM BILJIUB JOBKHHU Ta PaIiycy HAHOAPOTY Ha PidHl QYHKINOHAJIBHI XapaKTEePUCTUKHA 0610-
cencopa. J[Jist 1IbOro JoCTiIsKeH S MM BUKOPUCTAIM 1HCTPYMEHT MofesoBanusa BioSensorLab 3 Biggputum
BUX1THUM KOJI0OM. 30KpeMa, MU BUBUYAJIN BILIUB JOBKUAHY 1 paiyCy HAHOIAOTY HA MOJYJIAII0 IIPOBIIHOCTI 110
BIJTHOIIIEHHIO JI0 TITIHFHOCTI MOJIEKYJI-MIIIT€HeH, MOIYJIAINI0 IIPOBIIHOCTI MO0 KOHITEHTpalil OydepHnx 10-
HIB, Bapialliio IIOTEeHIIAIy OBEPXHI HAHOAPOTY 11010 pH, 3MIHY BIJHOIIEHHS CUTHAJI/IITYM II0JI0 MTLIIHHOCTI
perierrropa, Baplario Yacy OCaKeHHs I0JI0 KOHIIEHTPAT] 1 3MIHY IIJIBHOCTI 3aX0ILIEHOI MOJIEKYJIH II0/I0
4yacy BusiBJeHHs. Mu B3s/Ii 10 yBATU eJIEKTPOCTATUYHY B3a€MOJII0 MiK MOJIEKYJIaMH pelienrTopa i 6iomoure-
KyJIaMu-MINIeHsIMH, I0 0a3yeThess Ha MOl Audy3liiHOro 3aXOILIeHHs. Pe3yibraTi oKa3asts, 1o 011kl
BHCOKY MOIYJISAIII MPOBIAHOCTI MOYKHA JOCATTH IIPU OLJIBIN BHCOKIHM IIIIBHOCTI MOJIEKYJI-MINIeHEH 3 OliIb-
MM PagiycoM KPEeMHIEBOI0 HAHOAPOTY. 3 1HIIOro 00Ky, MAKCHMAJIbHA MOMYJIALA IIPOBITHOCTI criocrepira-
€ThCA IIPY MEHIIIOMY Pajiiycl KpeMHIeBOro HAHOAPOTY 3 MEHIIIOI KOHIIeHTpallien Oydepunx ioHis. Pesynbra-
TH MOJIEJIIOBAHHS IIOKA3aJIH, 1[0 [IOBEPXHEBUH IIOTEHIA HAHOAPOTY MAa€e TEeHIEHIII0 10 3MEHIIeHH I, OCKI-
KM BesmumHa pH 3pocrae B 000X BHUIagKax (HOBKHHA 1 pajiyc HAHO-APOTY). ¥ CBOI UYepry, iCTOTHOTO
BILUIMBY HAa BIOHOIIEHHS CUTHAJI/IIYM Yepe3 3MiHY JOB/KHHHU 1 pajiycy HAHOAPOTY He crocrepirasiocs. Bymo
TAKOK BUSIBJIEHO, III0 JIOBXKUHA HAHOAPOTY HE BILJIMBAE HA YaC OCAJIKEHHs, IIPOTe HA HHOI'0 3HAYHUM YMHOM
BILUTUBaE 3MiHA pajiyca HAHOAPOTY. TakuM YMHOM, JOBKHMHA 1 PaJIlyC HAHOAPOTY CYTTEBO BILJIMBAIOTH HA PO-
604l mapameTrpu OloceHcopa Ha 6a3l II0JIBOBOIO TPAH3UCTOPA.

Kmrouori crosa: Hamospir, Biocercop, [losboBuit Tpansucrop, MomemoBaHHs.
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