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ABSTRACT 
 

In this work, the impact of different substrate-gate voltage bias conditions (below and above 
the device threshold voltage) on current-voltage characteristics and sensitivity of a silicon 
nanowire field-effect transistor (SiNW-FET) biosensor was investigated. A 3-dimensional 
device structure with n-type SiNW channel and a substrate gate electrode was designed and 
electrically simulated In the Silvaco ATLAS. Next, the SiNW channel was covered with a 
range of interface charge density to mimic the charged target biomolecule captured by the 
device. The outcome was translated into a drain current versus interface charge semi-log 
graph and the device sensitivity was calculated using the linear regression curve’s slope of 
the plotted data. The device’s electrical characteristic shown higher generation of output 
drain current values with the increase of negative substrate-gate voltage bias due to the hole 
carriers’ accumulation that forms a conduction channel in the SiNW. Application of higher 
negative interface charge density increased the change in drain current, with the device 
biased with higher substrate-gate voltage shows more significant change in drain current. 
The device sensitivity increased when biased with higher substrate-gate voltage with highest 
sensitivity is 75.12 nA/dec at substrate-gate voltage bias of –1.00 V. 
 
Keywords: Biosensor, field effect-transistor, silicon nanowire, silicon-on-insulator, 
substrate-gate voltage bias 
 
 

1.  INTRODUCTION 
 
Biosensor, an analytical device which integrates the bioreceptor and transducer for converting 
biological response into measurable signal [1], have been around since its introduction in 1962 
by Clark and Lyons [2] for variety of applications including in monitoring of health [3,4], 
environment [5], as well as quality of food [6,7] and water [8]. In the recent years, silicon 
nanowire-based field-effect transistor (SiNW-FET) has attracted much attention among diverse 
type of biosensors for medical related application due to it significant advantages such as high 
sensitivity and selectivity with the rapid detection capability of biomolecules as big as proteins 
and enzymes to as small as deoxyribonucleic acid (DNA), ribonucleic acid (RNA) and viruses. It 
also enables reproducibility and miniaturization due to its compatibility with top-down 
manufacturing process and complementary metal-oxide-semiconductor (CMOS) technology. 
Technology computer-aided design (TCAD) software, which is commonly used in the 
semiconductor devices design simulation can also be simply adapted for the design of the SiNW-
FET biosensor [9,10]. 
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The SiNW-FET is designed as a three-electrode system with SiNW channel connected to the  
source and drain electrodes, while the gate electrode modulates the channel’s conductance [11]. 
SiNW can be fabricated using either top-down (using chemical vapor deposition) or bottom-up 
technique (using e-beam lithography). Then, the surface of the SiNW channel is immobilized with 
strong affinity biological receptors such as monoclonal antibodies or single-strand DNA (ssDNA) 
probes by chemical modification for distinguishing the target biomolecules with high specificity 
[12]. The binding event between charged biomolecule with their respective bioreceptor 
somehow comparable to supplying voltage to the gate electrode in a conventional metal-oxide-
semiconductor FET (MOSFET), that give rise to a charge variation at the SiNW surface [13]. This 
event contributes to the carriers’ depletion or accumulation near the SiNW channel’s surface area, 
thus causes the conductance change. When positively or negatively charged biomolecules bind 
onto its surface, carriers’ depletion or accumulation may occur in the p-type SiNW channel, 
leading to decrease or increase of output drain current (ID) of the biosensor, respectively. On the 
other hand, opposite behaviour can be observed for n-type SiNW channel [11]. High sensitivity 
detection of the binding even can be achieved with the SiNW channel is comparable to the size of 
the target biomolecules [14]. 
 
The deployment of wafer made of silicon-on-insulator (SOI), a semiconductor structure 
comprising of a single crystalline silicon (Si) layer split from the bulk Si substrate by a thin layer 
of insulator [15], has been reported for fabrication of the SiNW-FET biosensor [4]. In a top-down 
fabrication approach of a device, the thin insulator also known as buried oxide (BOx) layer is 
convenient to be used as an etch-stop layer for patterning the nanostructure at the top Si layer. 
SOI also provides a specific phenomenon called dual-gate configuration which can be exploited 
to enhance the device performance for sensing application [16], which comprises of charged 
biomolecules detection at the front gate of the channel surface and amplified shift when reading 
the output signal with the substrate-gate [17–20]. 
 
The SOI-based SiNW-FET biosensor requires VSG for the device operation and to become more 
responsive towards charge target biomolecule detection. With the proper VSG bias, the signal can 
be amplified internally [21]. Hence, in this work, the effect of VSG bias on the electrical behaviour 
of a SiNW-FET biosensor and its charge detection performance was investigated. This work was 
implemented with the aid of Silvaco ATLAS device simulator software for structure design and 
electrical simulations of the device with several VSG bias condition, which include below and above 
the threshold voltage (VT), where the change in ID was observed and analysed. Further 
simulations and analysis were performed with the application of interface charges on the SiNW 
channel surface towards the performance of the device in terms of sensitivity for charged 
biomolecules detection. The results at different VSG bias were compared to observe the device 
performance improvement in biosensing application. 
 
 
2. METHODS  
 
2.1 Structural Design Specifications 
 
Silvaco ATLAS device simulation software was used in conjunction with the DeckBuild run-time 
environment to execute a list of commands in an American Standard Code for Information 
Interchange (ASCII) text file known as input file. Prior to the design of the SiNW-FET biosensor 
structure, initial statement definition of mesh was specified in the input file. The mesh covers the 
domain of physical simulation represented by grid made of horizontal and vertical lines that have 
spacing between them. Next, every part of the biosensor including substate, buried oxide, source, 
drain, SiNW channel and biomolecules interaction layer were assigned within previously 
specified mesh by defining the region statements. To enable electrical connectivity to the device, 
electrode statements was defined to assign aluminium electrodes at the location above the 
source, drain, and substrate regions. The device structure was finalised with the definition of 
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specific doping concentration the at Si region including source, SiNW channel, drain and substrate 
regions using the doping statement for electrical conductivity. The parameters of the regions and 
electrodes with their respective materials used in the SiNW-FET biosensor construction are listed 
in Table 1 with its schematic diagram as in Figure 1. 
 
2.2 Electrical Simulation Specifications 
 
The electrical behaviour of SiNW-FET biosensor was obtained by simulation of the device 
structure. Necessary statements related to contact, interface charges, physical models, numerical 
methods, log, solve and save are included in the input files. The contact statement was set as 
neutral to indicate ohmic behaviour for the aluminium (Al) electrodes on the heavily doped p-
type drain, source, and substrate-gate regions. Then, the interface statement was assigned to the 
device for applying interface charges density (QF) at the biomolecule interaction site made of 
silicon dioxide (SiO2) in unit of electronic charges per square centimetre (e.cm-2). The applied QF 
in the device simulation were in the range of –5×1010 e.cm-2 to –9×1010 e.cm-2, to signify the charge 
density from target biomolecules bounded with the bioreceptor at site of biomolecule interaction 
over the channel of SiNW [17–20]. The physical models which include Fermi- Dirac carrier 
statistics (FERMIDIRAC) and Bandgap Narrowing (BGN) for the carrier 
statistics model, Lombardi transverse field dependent mobility (CVT) for the mobility model, 
Shockley-Read-Hall (SRH) for the recombination model, and Selberherr’s Model (IMPACT SELB) 
for impact ionization were then selected and enabled for the device simulation. The physical 
models of SRH, FERMIDIRAC and CVT are recommended since the device structure is related to a 
non-planar MOSFET device, with addition of BGN model for simulation of device structure based 
on SOI wafer with the heavily doped drain and source regions (more than  
1018 atoms/cm3). Next, the bi-conjugate gradient stability (BICGST) was enabled as the linear 
iterative method to allow most efficient 3D simulation due to reduced memory usage and solution 
times. The physical models and numerical method were chosen and enabled based on the 
recommendation from the ATLAS user manual and simulation examples for SOI MOSFET devices 
provided in the simulation software. The electrical biasing on the device was performed by using 
solve statement while the solution was tabulated and save using log statement. The initial 
simulation was performed for producing the transfer characteristic to determine the VT of the 
device with drain voltage (VD) bias of –10 mV and substrate-gate voltage (VSG) sweep from  
0 V to –1.00 V. Based on the finding, several VSG (below and above VT) was chosen and biased 
during VD sweep from 0 V to –1.00 V to observe the impact on the output ID of the device. 
 

Table 1 Design parameters of the SiNW-FET biosensor 
 

Regions Materials 
Dopant Type/ 
Concentration 
(atoms/cm3) 

Length 
(µm) 

Width 
(nm) 

Thickness 
(nm) 

Substrate Si p-type / 1×1015 10.0 100 500 

BOx SiO2 - 7.0 100 100 

Source / Drain Si p-type / 5×1019 0.9 100 30 

SiNW Si n-type / 1×1017 5.2 30 30 

Biomolecule interaction site  
(left- / right-side) 

SiO2 - 5.0 11 30 

Biomolecule interaction site  
(top-side) 

SiO2 - 5.0 52 11 

Electrodes Al - 0.9 100 60 
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Figure 1. The (a) top- and (b) side-views of the SiNW-FET biosensor Schematic diagram. 

 
2.3 Sensitivity Calculation and Analysis 
 
The ID values at VD of –1.00 V from the produced output characteristics when the device applied 
with various QF during all VSG biases were extracted. These data were used to plot the ID versus QF 
semi-log graph, and a linear regression curve can be developed from the plotted data. The 
sensitivity of the SiNW-FET was determined by referring to the slope of the linear regression 
curve based on Equation (1) [22]: 
 

Sensitivity =
ΔID

ΔQF

 (1) 

 
where ΔID is change in ID and ΔQF is change in QF. The calculation for ΔID is straight-forward as in 
Equation (2) [22]: 
 
ΔID = |ID2 − ID2| (2) 
 
where ID1 and ID2 are ID at two different points on the linear regression curve with the ΔID unit is 
in ampere (A). However, since logarithmic scale was used for the x-axis of the semi-log plot, the 
ΔQF was calculated as in Equation (3) [23]: 
 

ΔQF = log10 QF2 − log10 QF1 = log10 (
QF2

QF1

) (3) 

 
where QF1 and QF2 are the QF at the two previous points on the linear regression curve, which are 
ID1 and ID2, respectively. Notice that, the division operation of QF1 and QF2 in Equation (4) causes 
their units to cancel each other. The log10 in the equation allows ΔQF unit to be denoted in decade 
(dec). Therefore, the unit for S in this study is represented in terms of ampere per decade (A/dec). 
The sensitivity of the device was compared based on the different bias of VSG. 
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3. RESULTS AND DISCUSSION 
 
3.1 Device Structural Design 
 
Figure 2 shows the 3D structure of the SiNW-FET in TonyPlot of Silvaco Atlas device simulation 
software. The structure was designed with consideration of using SOI wafer in its fabrication 
process. The base Si region acts as the substrate of the device, followed by a 100-nm thick SiO2, 
also BOx layer as the substrate-gate dielectric material, and finally another Si layer cover on top, 
which serve as the device layer with thickness of 30 nm. The device layer consists of drain and 
source regions with width of 100 nm connected by a 5.2-μm long SiNW channel with the width of 
30 nm which is the transducer of the device for sensing the charges exhibit by target 
biomolecules. The SiNW channel’s surface was blanketed by another 5.0-nm thick SiO2 layer, 
which serve as the biomolecule interaction site to allows covalent binding of many different 
biomolecules as bioreceptors (e.g., DNAs, aptamers, antibodies, enzymes, and whole cells) for 
identifying specific target biomolecule with proper surface modification procedures [24,25]. The 
electrodes for the source, drain, and substrate-gate were made of aluminium with thickness of 60 
nm for electrical connectivity. High dopant concentration (5×1019 atom/cm3) for the source and 
drain regions using p-type dopant to allow ohmic contact between the Si and Al electrodes 
[26,27]. To form the p-channel enhancement-mode operation of FET, the SiNW channel was 
doped with n-type dopant at 1×1017 atom/cm3 [28]. 
 
3.2 Simulated Device Electrical Characteristics 
 
When the device is electrically simulaed in Silvaco ATLAS, similar electrical characteristic of a p-
channel enhancement mode MOSFET [28] was exhibited by the SiNW-FET biosensor as shown in 
Figure 3. From the transfer characteristic in Figure 3(a), there was no output ID during the cut-off 
state when the device was biased with VSG that is lower than the  
VT (|VSG| < |VT|) since the p-type drain and source regions are set apart by the n-type SiNW channel, 
resembling two back-to-back diodes. Only after VSG was equal or greater than the  
VT (|VSG| ≥ |VT|), the holes inversion layer was created that allows holes flow from the source to 
drain when a small VD of –10 mV was applied to the device. Induction by electric field of hole 
inversion layer in the oxide-semiconductor interface of n-type SiNW channel requires only a 
negative VSG bias. Therefore, ID can flow into the source and out of the drain regions and the 
current is greater with larger VSG [28]. 
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Figure 2. SiNW-FET Biosensor device structure in (a) 3-dimensional perspective view and (b) 2D cross-

sectional views showing doping concentration (i) along and (ii) across the device. 

 
Using linear extrapolation (LE) method in the linear region [29], the VT of the device was located 
at –0.654 V. The extraction of VT is crucial for determining and selecting appropriate values of VSG 
to study its impact on the device sensitivity as biosensor for charge detection. Therefore, several 
different VSG bias conditions were chosen in this work, which are below (VSG of –0.50 V) and above 
VT (VSG of –0.75 V and –1.00 V) with the simulated output characteristic of the device can be seen 
in Figure 3(b). As VSG of –0.50 V was biased to the device along with the increasing applied VD to 
–1.00 V, ID remains near to 0 A due to insufficient VSG to turn on the device. However, as VSG bias 
was increased to –0.75 V, the ID begun to increase to –0.492 nA at VD of –1.00 V. Finally, at VSG of –
1.00 V, the device’s ID shows the highest measured value of ID at  
–4.407 nA, which is almost 9 times greater than the previous VSG bias. The relationship between 
ID in the saturation region (ID(sat)) and VSG can be expressed by Equation (4) [28]: 
 

ID(sat) =
W

2L
μpCox(VSG − VT)

2 (4) 

 
where W, L, and Cox are the channel width, channel length, and buried oxide capacitance per unit 
area, respectively, while the μp is the hole mobility in the hole inversion layer. Thus, greater VSG 
bias to the device affect the device electrical performance by boosting the output ID flow along the 
channel of the SiNW between drain and source region. 
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The device capability for charge detection can be observed as in Figure 4 where the effect of QF 
on ID at previously chosen VSG bias of –0.50 V, –0.75 V and –1.00 V to the substrate-gate electrode 
of the device. Several negatively QF values, which are –5×1010 e∙cm-2, –6×1010 e∙cm-2,  
–7×1010 e∙cm-2, –8×1010 e∙cm-2 and –9×1010 e∙cm-2 were placed at the location of the occurrence 
biomolecule interaction on the SiNW channel. The device VD was swept from 0 V to –1.00 V with 
step voltage of 0.05 V. For all tested VSG bias, with the increase of negatively QF applied on the 
SiNW surface, the output ID was increased. This event occurs because as more negative QF was 
applied on the SiNW channel, it attracted more holes (the minority carrier inside the n-type SiNW) 
to the hole inversion layer along the SiNW channel and allowed more current flow from source to 
drain regions. Although the same trend can be seen for all VSG bias applied on the device, the ID 
value is greater in the device with VSG bias higher than the VT especially when VSG bias was –1.00 
V, exhibiting more significant difference in ID value for each application of QF value. The 
comparison of ID for every application of QF values on the device at each VSG bias is demonstrated 
as in Figure 4(d). 
  
 

 
 

Figure 3. Electrical characteristics of the SiNW-FET Biosensor. (a) Transfer characteristic of the device 
biased at –10 mV of VD with VSG sweeps from 0 V to –1.00 V for VT extraction using linear extrapolation 
(LE) method. (b) Output characteristics of the device with VD sweep from 0 V to –1.00 V at VSG bias of  

–0.50 V, –0.75 V, and -1.00 V. 
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Figure 4. I-V characteristics of the SiNW-FET biosensor at VSG bias of (a) –0.50 V, (b) –0.75 V and  
(c) –1.00 V with (d) comparison of the device output ID at VD of –1.00 V during charge detection. 

 
 
3.3 Device Sensitivity Analysis 
 
Based on the calculation using Equation (1), the result shows higher VSG bias allow increase in 
device sensitivity, significantly as in Figure 5. SiNW-FET biosensor biased with the VSG of –1.00 V 
produced the best sensitivity at 75.12 nA/dec when compared with the same device at lower VSG 
bias of –0.75 V and –0.50 V with sensitivity of 55.22 nA/dec and 33.37 nA/dec, respectively. The 
increase in sensitivity is more than double when the same device was biased with VSG from  
–0.50 V to –1.00 V. This result demonstrates that the device with VSG of –1.00 V deliver 
considerable change in ID when different charge density cover on the surface of the SiNW. Curve 
fitting of the linear regression for device applied with VSG of –1.00 V shows a good R-squared, R2 
value which is 0.983 compared to device applied with –0.50 V and –0.75 V, only R2 values of 0.963 
and 0.978, respectively. The R2 value indicates a goodness-of-fit measure for the linear regression 
model. 
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Figure 5. Sensitivity determination of the SiNW-FET biosensor biased at VSG of –0.50 V, –0.75 V, and  
–1.00 V from the linear regression line slope, m of ID versus QF semi-log plot. 

 
 
4. CONCLUSION 
 
The SiNW-FET biosensor was constructed and simulated in the Silvaco ATLAS to understand VSG 
bias effect on its electrical behaviour and performance for charge detection. The device structure 
design based on the p-channel enhancement mode MOSFET demonstrated increased in output ID 
with the increased of VSG from below (VSG of –0.50 V) to above (VSG of –0.75 V and  
–1.00 V) the VT. No current output was expected and observed at VSG bias below the VT as the 
device in cut-off state. The increase in minority carrier holes in holes inversion layer formed along 
the oxide-SiNW interface had caused the rise of current flow owing to the increase in generated 
electric field magnitude with the increase of negative VSG above the VT. The device demonstrated 
charge detection capability, even in the condition of VSG below VT, credits to the utilization of SiNW 
channel as transducer, which is sensitive to the influence of the QF applied to the location where 
biomolecule interact on its surface. With the increase of negative QF representing negatively 
charged biomolecule, the device exhibited significant increase in output current, especially when 
biased with VSG as high as –1.00 V. The sensitivity analysis by using slope of linear regression curve 
in the ID versus QF semi-log plot also revealed higher sensitivity can be obtained at 75.12 nA/dec 
when the SiNW-FET biosensor was biased with –1.00 V compared to the lower VSG bias. Therefore, 
the VSG bias does play a role in improving the device performance for detection of specific target 
biomolecule at specific concentration. However, it is not recommended to bias the device with 
very high VSG since it may cause saturation in flow of current along the channel of SiNW, which in 
consequence making the device insensitive for charge detection on its surface, as well as high 
power consumption in the device operation.  
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