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Abstract—A numerical study on the operation of Si nanowire
(NW) biosensors in charge-based sensing is presented. The sim-
ulation is built on physical models that, upon numerical con-
vergence, coherently account for Fermi–Dirac, Poisson–Boltzman,
site-binding and Gouy–Chapman–Stern theories in self-consistent
manner. The method enables us to disentangle the impact of key
design and experimental setup factors and assess their contribution
to the sensitivity, linearity, and stability of such sensors. Our re-
sults quantitatively show SiNW sensor is significantly more stable
when biased through solution gate than back gate; dense func-
tional group at oxide surface and good SAM coverage are essen-
tial to linear and sensitive detection of uniformly distributed tar-
gets; compared to high concentration target detection, the effect of
NW surface-to-volume ratio (S/V) plays a more profound role in
biomolecule detection when targets are at very low concentration,
in which case, optimal S/V exists for a maximum sensitivity. Arbi-
trary down scaling beyond such S/V point may have reverse effect
on sensor sensitivity.

Index Terms—Biosensor, modeling, simulation, SiNR, SiNW.

I. INTRODUCTION

NANOSCALE field effect transistors (FETs) such as sili-
con nanowire (SiNW) or nanoribbon (NR) have demon-

strated high sensitivity to local charges [1]–[5] and have been
widely explored for label-free detection of pH level [1], [6],
proteins [1], [3], [6], [7], DNA [2], [8], [9], and other bio and
chemical molecules [10], [11]. Despite the promising empiri-
cal results reported in the field, consistency of sensor sensitiv-
ity, stability, and device characteristics such as threshold volt-
age (VT ) and subthreshold slope (SS), etc. have been lacking.
To mitigate process induced performance variation, SiNW or
nanoribbon fabricated on silicon-on-insulator (SOI) substrate
by lithography, similar to finFETs without top-gate, have often
been chosen in favor of its CMOS compatible processing tech-
niques [2], [6], [7], [12]. The use of CMOS process not only
enables better control over process variation for predictable de-
vice characteristics and uniformity but also shows great potential
in on-chip integration with analog circuits to build comprehen-
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sive sensing system on a single chip. However, the performance
discrepancy can also come from the complex nature of such a
sensor system, which combines many physical, electrochemi-
cal, and biological factors, each has distinct impact to device
characteristics and sensing results. A comprehensive scheme is
in need to disentangle the various contributing factors to the per-
formance of such sensors and to suggest design rules for sensor
fabrication and experimental setups.

In this study, we present a numerical simulation based per-
formance analysis of SiNW biosensor fabricated on SOI sub-
strate. Such sensors share a common electrolyte-insulator-SOI
(EISOI) structure. Comprehensive study of such a system re-
quires constructing and solving the highly nonlinear Poisson
equation throughout the system. Although powerful solid state
simulators with advanced semiconductor models do exist (such
as TCAD) and have been used for performance simulation on
SiNW transistors [13], [14], the lacking of the capability of han-
dling electrolyte and biochemistry materials and their interface
to semiconductor materials renders these tools limited use in
SiNW biosensor simulation. Other simulation work, aimed to re-
duce the cost of Poisson solver, or to derive an analytical/closed-
form approximation, assumes cylindrical symmetry of the sen-
sor [15], [16]. These approaches would not be well suited for
SOI-based NW structures that have planar substrate. Our ap-
proach aims at constructing a platform that not only accounts
for the physical and electrochemistry theories involved, but also
allows customization for various sensing scenarios with rela-
tive ease and at an efficient cost in terms of convergence rate
and requirement on computational resource. The models are
constructed based on theories including Fermi–Dirac, Poisson–
Boltzmann [7], [17], [18], site-binding [19], [20], and Gouy–
Chapmann–Stern models [21], [22], that govern the electrostatic
potential and charge distribution in semiconductor, electrolyte,
and at the aqueous-solid interface respectively. A key compo-
nent at the core of the numerical engine is the iterative solver,
which upon convergence, self-consistently accounts for the
physical and chemistry processes involved. Newton–Raphson
(NR) method, commonly used in semiconductor simulation
[23]–[25], is used for this purpose. To guarantee quadratic con-
vergence, the original NR method requires initial condition be-
ing sufficiently close to the final result. This requirement appears
stringent for SiNW biosensor simulation where material proper-
ties, such as dielectric constants, vary significantly across sim-
ulation domain. In our work, the NR method is enhanced with
relaxation scheme to mitigate this problem and allows for both
fast convergence and reasonable programming complexity. Be-
yond simulation of basic transfer characteristics, we investigated
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Fig. 1. Schematic of SiNW FET sensor. (a) 2-D illustration in y-z plane. (b) 2-D view in x-z plane. Device dimensions are illustrated in (b). Lateral dimension
(x axis) of simulation domain is set such that it is sufficiently large to ensure zero divergence of electrostatic potential at simulation boundaries. Vertical dimension
of simulation domain is set to that of real device fabricated in our clean room [5] unless otherwise stated. Substrate and BOX layer in SOI wafer are 600 μm
and 145-nm thick, respectively. SiNW is 30-nm thick (T) with width (W) varying between 30 – 150 nm and a layer of 3 nm thermal oxide (TOX) around it. In
simulation, these parameters are set to vary in 5 – 80 nm (T), 4 – 1000 nm (W) and 3–10 (TOX) range. The NW sensor is surrounded by electrolyte with ion
concentration of 0.1∼10 mM. (c) Band diagram along channel (y) direction shows uniform gating effects over channel from both back gate (applied at substrate)
and solution gate (applied from solution). (d) Electrostatic potential in and around SiNW of 30 nm × 30 nm cross-sectional dimension, with Vgf = 1 V, Vgb = 0,
pH = 7, ionic concentration of electrolyte = 10 mM.

system stability under dual gate biasing, device sensitivity under
the influence of biasing condition, surface property, and scaling
of NW geometry (the surface-to-volume ratio, S/V).

II. SENSOR MODEL AND THEORY

A. System Overview

A schematic view of SiNW FET sensor under investigation
is shown in Fig. 1(a). Contrast to the geometry of conventional
MOSFET in modern analog circuit design, where channel length
is a critical performance dimension, the SiNW sensors typically
have significantly longer channel length (in μms) than width and
height (both in nms), and are often referred to as 1-D devices.
Therefore, under normal sensing condition, uniform modulation
along channel direction can be safely assumed, reducing simu-
lation dimension to the two cross-sectional directions [Fig. 1(b)]
without noticeable degradation in accuracy. The exceptions are,
when the solution gate or front gate (Vgf ) is left floating, or when
the source-drain biasing is set to exceptionally high. Fig. 1(c)
shows a band diagram along channel direction for a device with
N+ doped contacts, without gate biasing applied to the sensor.
Under finite Vds biasing (often less than 100 mV in our ex-
periments, much smaller than gate biasing), modulation over
channel length from both solution gate and back gate for such a

sensor are nearly uniform. A 2-D surface plot of the electrostatic
potential over cross-section of a SiNW (30-nm wide by 30-nm
thick) is plotted in Fig. 1(d).

If we ignore the finite amount of gate leakage current (this
is a valid assumption as such gate leakage current is usually
several orders of magnitude lower than drain current for a good
working device), the system is in equilibrium in cross-sectional
direction with no net carrier transport. Nonlinear Poisson equa-
tion suffices to describe the system. A 1-D schematic view along
vertical direction of silicon-on-insulator structure immersed in
electrolyte is shown in Fig. 1(b).

B. Modeling Semiconductor Regions

Ignoring the finite amount of gate leakage current, which is
usually several orders of magnitude lower than drain current for
a good working device, the system is in equilibrium in cross-
sectional (x–z) direction with no net carrier or ion transport.
Nonlinear Poisson equation is used to describe the system.

Local Fermi levels of conducting and semiconducting regions
are determined by the voltage they are tied to. Electrostatic
potential can be referred to as the amount of band bending away
from their respective Fermi level, i.e., substrate to back gate and
channel region to drain and source contacts. The latter can be
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approximated to Vds /2, the average electrostatic potential across
drain and source, a typical value of 50 mV. Local Fermi level in
electrolyte region is tied to solution gate voltage.

The electrostatic potential and carrier transport behavior in
channel and substrate regions of the sensor can be described by
following set of semiconductor equations [17], [18]

−∇ · (K(x, y, z)∇φ(x, y, z)) =
qρ(φ(x, y, z))

ε0
(1a)

Jp = −qμp(UT ∇p(x, y, z) + p(x, y, z)∇φ(x, y, z)) (1b)

Jn = −qμn (UT ∇n(x, y, z) − n(x, y, z)∇φ(x, y, z)) (1c)

where (1a) is the Poisson equation in Cartesian coordinates,
and (1b) and (1c) are the drift-diffusion equations for electrons
and holes. K is the relative permittivity of the material at the
particular location (x, y, z) of interest, ε0 the vacuum permittivity,
φ and ρ the electrostatic potential and charge density at the same
location, and q the elementary charge. Jn and Jp are the electron
and hole current density, μn and μp the mobility of electron and
hole, respectively. UT = (KB Y/q) ≈ 0.0259V is the thermal
voltage.

Assuming complete ionization, space charge density in these
two semiconductor regions is given by [17], [18]

ρ = q(p − n + N) (2a)

where N = N+
D − N−

A is the electrically active net impurity
concentration. For a lightly doped P-type semiconductor for
instance, it is approximated to acceptor doping level −N−

A . p
and n are hole and electron carrier density, respectively.

At low doping level with the Fermi level being far away
from conduction or valence band, carrier nondegeneracy can be
safely assumed. Under equilibrium condition (true for z and x
directions, where no current flows), electron and hole densities
are given by Boltzmann approximation [18]. Hence, for lightly
P-doped semiconductor (substrate and channel regions of the
sensor)

ρSub = qNA

(
exp

(
(VGB − φ)

UT

)

− n2
i

N 2
A

exp
(

(φ − VGB )
UT

)
− 1

)
(2b)

ρC hl = qNA

(
exp

(
(0.5VDS − φ)

UT

)

− n2
i

N 2
A

exp
(

(φ − 0.5VDS )
UT

)
− 1

)
. (2c)

C. Modeling the Oxide/Electrolyte Interface

The electrochemistry property of the thin thermal oxide layer
surround SiNW channel is critical to the sensitivity of the sensor.
Yates et al. [19], [20] were the first to introduce site-binding
model in 1973 to characterize the electrochemical behavior of
this layer in aqueous solution. Bousse and Bergveld further
simplified the model and applied it on ISFET sensor analysis
[26]. According to site-binding model, silicon oxide surface

acquires either a positive or negative charge by association or
dissociation of protons. For bare (unmodified) SiO2 surface

SiOH+
2 →← SiOH + H+ (3a)

SiOH →← SiO− + H+ . (3b)

This behavior is described by Ka , acidity constant (also re-
ferred to as acid dissociation constant), defined as

Ka,1 =
[SiOH][Hs+ ]

[SiOH+
2 ]

Ka,2 =
[SiO−][Hs+ ]

[SiOH]
(3c)

where [] denotes the concentration of surface species (mol/kg
of adsorbing solid) or solute in Molar unit. [HS

+ ], the concen-
tration of hydrogen ion at surface, can be related to the concen-
tration of hydrogen ion in bulk solution, [HB

+ ], through Boltz-
mann equation, [H+

S ] = [H+
B ] exp(−φSB /UT ), where φSB is

the electrostatic potential difference between silicon oxide sur-
face and bulk of electrolyte solution. Ka,1 and Ka,2 are intrinsic
constants for a given oxide surface, which, for silicon oxide,
are reportedly [27]–[31] around −2, and 6.8, respectively. This
yields point of zero surface charge, pHpzc = 1

2 (Ka,1 + Ka,2) =
2.4. Net surface charge, σSiO2 , can be derived as

σSiO2 = qNSiOH
[Hs+ ]2 − Ka,1+Ka,2

[Hs+ ]2 + Ka,2 [Hs+ ] + Ka,1Ka,2
(4)

where NSiOH is the density of surface SiOH group.

D. Modeling the Electrolyte

The region beyond the binding site described in Section II-C
into the electrolyte bulk is referred to as the Gouy–Chapman
layer. In classic model this region is separated from site-binding
region by outer Helmholtz plane (OHP). The individual ionic
charges in this region are considered as point charges driven by
Brownian motion. When the electrolyte ionic concentration is
sufficiently low (less than 0.1 M [20]), these ionic point charges
and electrostatic potential in the electrolyte follow Boltzmann
equation. The condition of less than 0.1 M electrolyte ionic
concentration is generally satisfied in the EISOI biosensor under
our study. Assuming the ionic concentration of analyte C0 , the
concentration of negative and positive ionic point charges are
related to electrostatic potential, φ, through

ρElectrolyte,− = − qC0

kwaterε0
exp

(
φ − VGF

UT

)
(5a)

ρElectrolyte,+ =
qC0

kwaterε0
exp

(
−φ + VGF

UT

)
(5b)

where VGF is the biasing voltage applied to the bulk electrolyte.
Here, we assume that the deep bulk of the electrolyte is in quasi-
equilibrium, i.e., Fermi energy gradients approaches zero.

E. Coupling in the System

The charge density and electrostatic potential throughout the
sensor system are related through Poisson (1a). At any point in
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TABLE I
DISCRETIZATION OF POISSON EQUATION

the system, including the interface between different regions,
the electrostatic potential is continuous. Hence, the neighboring
regions in the system are coupled together through electrical
field.

III. NUMERICAL METHOD

Solving Poisson equation for EISOI based sensors in self-
consistent manner requires numerical approach, which consists
essentially of three tasks [25]: 1) partitioning the device ge-
ometrically, 2) approximating the 2nd order partial differential
Poisson equation using algebraic expressions, and 3) solving the
large system of nonlinear algebraic equations generated from 1)
and 2).

A. Discretization

Geometrical discretization is done through box method. Mesh
points are created using multigrid scheme for computational
efficiency in smooth regions and higher level of accuracy over
interface regions that involve sharper jump of potentials. Finite
difference method (FDM) is used to discretize Poisson equation.
Table I details the Laplacian terms on the left hand side (LHS)
of Poisson equation for a 2-D case. Dirichlet condition is used
for boundaries with known biasing potential, such as that at
substrate and solution contacts, while Neumann condition is
used for nature boundaries, such as at the two sides in x direction.

B. Newton-Raphson Algorithm

The system of nonlinear equations resulting from previous
section have electrostatic potential at each mesh points n, φ(n),

as variables. Written in matrix form

Lφ = ρ(φ) (7)

where L is the discretized Laplacian operator, operating on φ(n).
Depending on the geometrical details, L takes the form of a
highly sparse band matrix. Newton–Raphson (NR) algorithm is
used to solve above system of equations. NR method guarantees
quadratic convergence rate under the condition that the initial
guess is sufficiently close to the solution. In EISOI simulation,
due to the number of variables involved and the wide range of
swing each of these variables may have for a sweeping run (for
instance, ionic concentration in electrolyte can vary in several
orders of magnitude). Some relaxation scheme is necessary to
ensure convergence and the stability of the solver. A detailed
theoretical treatment on this topic is beyond the scope of this
writing and is not elaborated here, however, interested reader
can find the related material in [25]. To illustrate our method,
the original NR method is enhanced with a nonlinear power
series applied to the correction terms at each iterations. This
serves two purposes: 1) dampens out any possible oscillation
caused by overshoot, and 2) enlarges the region of convergence
for the initial guess. i.e., for iteration k

φk+1
n = φk

n + λk · Δφk
n (8a)

λk = 1/(1 + 2(Npw r−k)) (8b)

where λk is the coefficient for correction term Δφk
n for itera-

tion k. In our simulation, λk is set to (8b). With Npwr = 5, we
are able to cover all parameter sweeping range with excellent
convergence and relaxed initial condition on φ(n). This greatly
reduces programming complexity without compromising com-
putational speed.
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TABLE II
PARAMETERS USED IN SIMULATION

IV. DEVICE CHAR AND SENSOR PERFORMANCE ANALYSIS

Table II lists the key variables involved in the simulation and
their normal values or range.

A. Device Characteristics

The transfer characteristic of SiNW sensor are obtained base
on the quantity of carriers and current profile in the SiNW
channel, which can be readily evaluated from numerical solution
to (1a)–(1c). Constant mobility (listed in Table II) is assumed
for the simulation. Transfer characteristic is plotted in Fig. 2
for a sensor with cross-sectional size of 50 nm × 50 nm. The
ON–OFF ratio of such a device is limited by the finite current
level when the channel is turned OFF. Among a number of
contributing factors, a prominent component of such leakage
current is the random trapping and detrapping process of the
SiO2 and Si interface traps inherited from nonideal oxidation
process [32]. For a cylindrical shaped SiNW with interface traps
obeying Poisson distribution law, the power spectral density
(PSD) of conductance can be calculated by [33]

SG (f) =
q2μ2

L3 · 8πrsiNitτ

1 + (2πτf)2 (9)

where Nit is the density of interface trap, rsi is the cross-
sectional diameter, and L the length of the SiNW, τ the trap-

Fig. 2. Transfer characteristics of SiNW device of 50 nm × 50 nm cross-
sectional size, and an oxide layer of 5-nm thick, in pH = 7 solution with ionic
density of 1 mM. Simulation (solid line) and real device measurement (dot) are
plotted in both linear (right) and log (left) scale.

ping constant. In our simulation, an Nit of 1012 /cm2 is used
to best fit the 7 dec ON–OFF ratio from our experimentally
obtained transfer curve [5]. This figure also falls well in the
1011∼1012 /cm2 range of interface trap density reported in the
literature [34]–[37]. Resulting transfer characteristic curve is
plotted in Fig. 2, which shows good agreement between our ex-
perimental measurements (red dot) and simulated values (solid
black curve), with ON–OFF ratio of ∼ 7 dec, subthreshold slope
of 67.71 mV/dec, and Vt, the threshold voltage, of 0.87 V.

To analyze the gating effects of the solution, we plot the po-
tential contour around a SiNW. Fig. 3 shows the contour plot
of a 30 nm × 30 nm cross-section size SiNW under inversion
[Fig. 3(a)] and subthreshold [Fig. 3(b)] biasing condition, re-
spectively. To get more details over the entire device region,
Fig. 3(c) plots the potential curve in z direction at five cutting
planes at the horizontal locations noted in legend from center of
SiNW.

Performance analysis on SiNW often assumes cylindrical
symmetry in deriving closed form expressions or reducing
the cost of solving the potential profile in numerical meth-
ods [16], [38]. It is noteworthy to point out this may not always
work well for EISOI-based SiNW that has planar substrate. We
see from Fig. 3(a) and (b) that, while such assumption holds
relatively well for potential profile when device is biased under
inversion condition [the near circular contour lines inside NW in
Fig. 3(a)] from solution gate, it would result in significant inac-
curacy for such sensors that operates at subthreshold condition
[nearly flat arch contour lines inside NW in Fig. 3(b)]. On the
other hand, subthreshold condition yields higher sensitivity (this
point is elaborated in next section) and is particularly favored for
detection of low-level charge concentration, such as protein at
low abundance. Therefore, analyzing SiNW sensor for low con-
centration protein detection requires full dimensional modeling
for accuracy.

The two insets in Fig. 3(c) show more details around channel
region. The very different shapes of red curves (potential along
center cut of SiNW) in both insets show, in inversion condition,
only the region close to NW surface is modulated by surface
potential, whereas, in subthreshold condition, the potential is
relatively flat over entire channel depth, and modulation from
surface charges is applied to entire channel in an rather uniform
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Fig. 3. (a) and(b) Cross section electrostatic potential contour in and around
the SiNW (30 nm × 30 nm) under biasing condition of Vgb = 0 V, Vgf =
0.9 V(a) and Vgf = 0.5 V(b), respectively. Electrolyte solution pH = 7, with
ionic concentration of 1 mM. Red square outlines the SiNW channel, while blue
the thermal oxide layer around SiNW. (c) Potential profile in vertical direction
sampled at various x locations indicated in legend. Two insets show more details
around NW region, which are outlined by the vertical dash lines. Both inversion
(upper) and subthreshold (lower) conditions are shown. The red curves show
the potential profile at the center of NW. Note that within NW channel, the
red curve is nearly flat in subthreshold condition, compared to that in inversion
condition. The effective depth of substrate, denoted as LSub ,eff in (c), indicates
the distance from bottom of NW toward substrate, beyond which the potential
diminishes. Simulation results show this distance is less than 2 μm for normal
biasing range. This proves that our simulation domain of 2.5 μm into substrate
in z direction suffices.

manner. This suggests that gating in subthreshold condition is
more effective.

The charge that binds to the SiNW surface can only effec-
tively modulate the density of carriers (electron for an N-channel
device) over a depth from surface set by the Si Debye length [7].
Similarly, when the charge species are in electrolyte, the effec-
tive modulation distance is also set by the Debye screen length
of electrolyte [39]. The Debye length for P-doped silicon as-
suming carrier degeneracy, and electrolyte with symmetrical
monovalent ions are given, respectively, as

ΛD,S i =
√

KSiε0KB T/q2NA P (10a)

TABLE III
DEBYE SCREEN LENGTH

ΛD,Electrolte =

√
KWaterε0KB T

2NAq2C0 (10b)

where q is the elementary charge and definition of other symbols
in (10) can be found in Table II. Debye length of P-type doped
silicon and electrolyte of several ion concentration involved in
our investigation can be found in Table III.

The normal doping level of a real device fabricated from SOI
wafer commonly used in our experiment is about 1015 /cm3 ,
given Debye length of about 125 nm. Contrast this number to
the thickness of NW in our experiments, typically < 100 nm,
we extrapolate that as long as the device is biased in depletion
mode, the sensitivity of the sensor would remain relatively high.
Conversely, in inversion mode, due to the much denser concen-
tration of carriers, the screen length would be much shorter, and
again, render the inversion mode less sensitive. This point is fur-
ther verified through simulation in Section C when sensitivity in
terms of ΔG/G is investigated. On the other hand, when doping
level is increased to 1016 /cm3 , reducing the Debye length to
around 40 nm, NW of more than 40-nm thick and 80-nm wide
would start to show degrading sensitivity, even when biased in
subthreshold mode.

B. Effects of Dual Gate Biasing on Sensor Stability

To explore the dual gating effects from both back gate at sub-
strate and solution gate at top, we first plot the threshold voltage
extrapolated from transfer characteristic curve [Fig. 4(a) inset
plots] with solution grounded. The capacitance of the BOX layer
between back gate and SiNW channel (145-nm thick) is much
smaller than that of TOX layer (3∼8 nm) due to its thickness.
Intuitively, the gating effect from the back would depend on the
width of NW bottom side that touches the BOX layer. Hence,
VT is plotted over the bottom width of the NW. Both Vt and
subthreshold slope are shown for SiNW of 30-nm thick, over
width of 30 nm to 600 nm range. The plot shows that VT co-
incides the subthreshold slope curve, and both have nonlinear
reciprocal relation to the SiNW width. It suggests that for an
NW or nanoribbon of 30-nm thickness, when biased from back
gate, VT could vary significant depending on the device width.
The observation of a wide range of VT with back gate biasing
has been reported in literatures [6], [7], [12], [40]. The devices
reportedly have various cross section size or even shape, from
NW of sub-50-nm diameter to thin film alike of sub-100-nm
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Fig. 4. (a) Simulated threshold voltage (red dots) and subthreshold slope
(black curve) synchronically change over NW width for device with thickness
T = 30 nm. (b) Back gate threshold voltage (Vt,gb) –W curves (solid lines) with
various potential assumed in electrolyte body. Experimental measurements (in
scattered symbols) are either adapted from literatures, or measured in our lab.
(c) Solution gate threshold voltage (Vt,gf) – W curve with various potential
assumed at substrate side of the device.

thickness but μm range width, as illustrated in Fig. 4(b). How-
ever, little is known about the potential of the electrolyte solution
these devices are immersed in when the back gate is used to bias
the device. Nor is certain whether they are left floating or tied
to a fixed voltage or ground through solution gate. One possible
source that contributes to the vast VT variation among these
devices is the uncertain electrostatic potential of electrolyte so-
lution, which may be coupled to either back gate or ground

Fig. 5. Simulated conductance (normalized) of NW sensor respond to pH
change in electrolyte solution. Simulation condition: NW is 50-nm wide by
50-nm thick, ionic concentration of electrolyte is 100 nM. Sensor conductance
with both bare and SAM modified surface are shown. Black solid lines represent
high quality surface with high hydroxyl group density (∼ 4 /nm2 ); blue dashed
lines represent poor qualify surface with low hydroxyl group density (∼1 /nm2 ).
Nx represents the area density of [x] groups at oxide surface. The SAM-modified
NW gives linear response over much wider pH range than that from unmodified
NW.

through its microfluidic enclosure. To test this hypothesis, we
add to the plot, the VT - width lines with electrolyte assumed to
bear given potential. Fig. 4(b) shows the line with electrolyte
body bearing a potential of 0.1 V, 0.5 V, and 0.6 V, respectively
(a potential of above 0.6 V in electrolyte would push the de-
vice close to threshold condition, causing the device be very
hard to turn off). Noticeably, the slight potential applied to the
electrolyte has a profound impact to the VT level of devices of
all dimensions. The impact is particularly severe for NWs of
smaller sizes, indicated by dotted circle in Fig. 4(b).

To probe further, we also simulated VT - W curves with so-
lution gate biasing and added disturbing potential from the
substrate side of the device [Fig. 4(c)]. Contrast to Fig. 4(b),
Fig. 4(c) shows that noises from back gate have very little in-
fluence to VT . This explains the wide VT variation in reported
experimental measurement with back gate biasing. It suggests
that for SOI devices, biasing from back gate alone would make
the device highly susceptible to environmental noises and cause
large performance variation and would potentially lead to an
unstable system. On the other hand, biasing from solution gate
seems to be a more stable setup. In fact, our conclusion drawn
from simulation coincides very well with the observation from
experiments reported in [5], [12].

C. Effects of Reactive Surface Property on Sensitivity

Unmodified (native) sensor oxide surface has pKa values of
−2 and 6.8, respectively [27]–[31]. It is known that the native
thermal surface produces a highly nonlinear conductance–pH
curve over the pH range of 1 to 14 [1]. It is also known that
the thermal oxide layer can be functionalized by self-assembly
molecules (SAM), such as APTES, that carries NH2 end-groups
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Fig. 6 Conductance (G) in response to pH change. (a) For bare SiNW sensor (with unmodified oxide surface). Linear response in 5∼11 pH range is achieved
under. strong inversion. (b) For SiNW sensor after APTES surface modification. Linear response in strong inversion, exponential response in subthreshold region.
(c) Sensitivity under influence of biasing and surface modification. For pH (uniform charge density) sensing, device biased under strong inversion (solid black
line) gives more linear response, while sub-VT gives higher sensitivity (blue curves).

in their molecular structure, to enhance the sensor pH response
in acidic branch. This can be understood as the gating effects
from positive or negative charge incurred at the oxide surface.
While the surface SiOH group of native oxide can only deproto-
nate to SiO− in the basic branch of pH range, incurring negative
charge that suppresses the carriers (electron for N-channel de-
vice), SAM modified surface has both SiOH and NH2 groups.
NH2 reportedly has pKa,NH2 = 10 [41], and can protonate to
NH3

+ in acidic conditions, incurring positive charge to attract
the carriers (electrons). The resulting surface can produce am-
photeric response in a wider pH range. We simulated both cases.
The results from simulation, shown in Fig. 5, rightfully reflect
the experimental findings.

In addition to dissociation properties, the density of the reac-
tive sites at oxide surface also plays a role in sensor response
to charges. These sites including both native SiOH groups for
bare surface and added NH2 groups tethered to surface through
covalent bonds. This is characterized through buffer capacity of
the surface, a term given as [42]

βint = −1
q

∂σ0

∂pHs
(7a)

where σ0 is the accumulated net surface charge density, pHS

the pH level at oxide surface. For bare SiO2 surface, it can be
obtained as [43]

βint = NS

[H+
S ]2Ka,1 +4[H+

S ]Ka,1Ka,2 +K2
a,1Ka,2

([H+
S ]2 + [H+

S ]Ka,2 + Ka,1Ka,2)2
2.3[H+

S ]

(7b)
where NS is the surface hydroxyl group (SiOH) density. For
SAM-modified surface, the net surface charge density can be
expressed as

σ0 = σa + σh = q(Na + Nh) (7c)

Na = NN H2

aH

Ka+ + aH
(7d)

NN H2 + NSiOH = NS . (7e)

NSiOH in (7e) is given in (4). It is evident that NS , the (hydroxyl
group) binding site density, directly relates to buffer capacity of
the sensor surface, an essential parameter that determines the
sensor pH or charge sensitivity. NS is an intrinsic number of

thermal silicon oxide surface, and is reportedly about 4.6/nm2

although fabrication process can affect this figure [44]. The
amine group density of modified surface, NN H 2 , has a maximum
value of 2.5/nm2 for surface of good SAM coverage [45]. This
gives the minimum NSiOH about 2 /nm2 of well-prepared SAM
surface.

In Fig. 5, pH responses of SAM-modified surface with high-
to-low NH2 density (lines 1,2,3) are plotted in comparison to
that of bare surface (lines 4,5). pH response of surface with
very low Ns (1/nm2) is also plotted in dotted line. It is clear
that a SAM modified surface gives more linear response over
the whole pH range, and a slight variation (within same order
of magnitude) of Ns nor NN H 2 do not significantly impact the
sensor performance in terms of sensitivity. This means from
sensitivity point, requirement on SAM coverage can be loose
(>25%) as long as Ns > 1 nm−2 . However, dense SAM coverage
is reportedly beneficial in providing better protection to prevent
surface corrosion or ions penetration from electrolyte, which
would inadvertently degrade sensor performance [5].

D. Sensor Sensitivity and Linearity

Biosensor targeted to detecting biospecies of ultralow molec-
ular abundance often has its performance benchmarked to the
sensitivity in terms of ΔG/G. However, for many other detection
scenarios, pH sensing being an example, where concentration
varies in orders of magnitude range, linearity over the entire
dynamic range would also be critical. Herein, we report our
investigation on both these factors when sensor is biased at
either subthreshold or inversion conditions. Earlier in Section
A, we discussed that the modulation in subthreshold condition
is relatively uniform over the whole NW channel, as long as
the thickness of NW is within Debye screen length. Under in-
version condition, only carriers in vicinity of channel surface
are modulated. Fig. 6 shows G and ΔG/G curves for bare (a),
SAM-modified (b) devices in both inversion (solid black curves,
in Fig. 6, plotted in linear scale) and subthreshold [dashed blue
curves, plotted in log scale) conditions. Normalized pH sensi-
tivity for the four cases is plotted in Fig. 6(c)]. Notably, while
subthreshold condition gives higher sensitivity [blue lines in
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Fig. 7. Uniform charge sensitivity (ΔG/G/) over NW surface-to-volume (S/V ratio), for ion (such as hydrogen ion) or small charged molecule detection. pH
sensitivity simulated as an example for such scenarios. (a) Schematics. (b) and (d) Sensitivity versus NW width/thickness. (c) and (e) Sensitivity versus S/V show
the case where NW width/thickness shrinks while thickness/width remains the same. Both sets are simulated with pH = 7, electrolyte concentration = 1 mM, for
NW biased at inversion condition (Vgf = 1 V) for linear pH response. Both (d) and (e) indicate that, for uniform concentration/charge detection (i.e., pH sensing),
the sensitivity of NW sensor increase with the increase of S/V ratio. The increase, however, is somewhat marginal.

Fig. 8. Point charge sensitivity (ΔG/G) over NW S/V, for single protein molecule (in cross-sectional plan) detection per 10 nm NW length. (a) Schematics. (b)
Normalized sensitivity versus NW width/thickness scaling. (c) Normalized sensitivity versus S/V change shows the case where NW width/thickness shrinks while
thickness/width remains the same. While down scaling on thickness in (c) and (e) shows similar trend as in Fig.7(b)–(e), down scaling on width shows maxima at
certain mid points [red stars in (b) and (d)]. Protein molecule of size of 4nm × 4nm × 3 nm is assumed.
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Fig. 6(c)], NW with SAM modified surface and biased under
inversion [solid black line in Fig. 6(c)] gives most uniform sen-
sitivity curve, indicating a better linearity over the entire pH
range.

E. Effects of NW Geometry on Charge Sensitivity

Pursing ultimate sensitivity is one of the original motiva-
tions behind the down-scaling of NW cross-sectional dimen-
sion [2], [46]. Compared to the bulk or thin-film FETs, SiNW
has higher surface-to-volume ratio (S/V), and may maximize
the channel gating from charge accumulated at sensor surface.
Here, we simulate the charge sensitivity over cross-sectional
dimension shrinking in both width and thickness (the rationale
behind scaling width and thickness in decoupled manner is that
in SOI SiNW fabrication, the two dimensions are often con-
trolled by separate and independent processing steps), for two
different scenarios. First, sensing of uniformly distributed tar-
gets is simulated. This applies to sensing for hydrogen (pH) or
other types of ions, or small bio molecules in high concentra-
tion. Schematic in Fig. 7(a) illustrates this scenario. Fig. 7(b)
shows for a given NW thickness, the pH sensitivity increases
when NW width decreases. Similarly, for a given width, pH
sensitivity increases when NW thickness decreases, as shown
in Fig. 7(c). Both figures translate to monotonic sensitivity in-
crease when S/V increases, as shown in Fig. 7(d) and (e). This
confirms the suggested trend of higher sensitivity with increase
of S/V when NW cross-sectional dimension shrinks. However,
we notice from the scale of the sensitivity [Y axis in Fig. 7(d)
and (e)] that, while the trend holds true, the rate of increase in
sensitivity is rather marginal for such uniform target detection.
Hence, the second scenario, where the conjugation of limited
number of charged protein molecules to SiNW surface modified
with the corresponding antibody, is explored. Here, a hypothesis
target protein molecule of 4 nm × 4 nm × 3 nm cubic dimen-
sion bearing -10eV charge is assumed. The array of antibody is
assumed to tether on NW surface along the channel direction, as
schematically shown in Fig. 8(a). A uniform density of one pro-
tein molecule per 10 nm along NW channel direction is assumed
to set the simulation close to a real protein sensing case where
the NW is in μms in length. Fig. 8 shows, while scaling down on
NW thickness [Fig. 8(c)], hence the increase of S/V [Fig. 8(e)]
gives monotonic sensitivity increase, similar to that of uniform
charge detection; scaling down on NW width yields quite a dif-
ferent picture. Fig. 8(b) shows maxima for each of the curves at
some midpoints. Note that the NW widths (20 nm, 30 nm, and
55 nm for NW thickness of 10 nm, 30 nm, and 60 nm, respec-
tively) that yield maxima of sensitivity seem to follow the NW
thickness that are assumed for each case, but do not necessarily
resemble the diameter of the protein (∼4 nm in our simulation).
Also, compare to the marginal sensitivity increase in the case of
uniform charge detection (changes from 0.28 to 0.34 for S/V in-
crease from 0.02 to 0.8 nm−1), the sensitivity increase in the case
of single molecule protein is much more profound: a narrower
change of S/V, from 0.04 to 0.6, causes the sensitivity to swing
between 0.2 and 1. We conclude from this excise that, 1) the S/V
ratio factor plays a more profound role in biomolecule detection

where the targets are at scarce abundance or low concentration,
such as the single molecule detection case we presented here.
2) In such cases, arbitrary down scaling does not necessarily
increase sensitivity. Instead, there exists an optimal geometry
(or S/V) where sensor sensitivity can be maximized.

V. CONCLUSION

In this study, we presented numerical simulation-based per-
formance analysis on SiNW biosensor. The model, formu-
lated/ based on Fermi-Dirac, Poisson-Boltzman, site-binding,
and Gouy-Chapman-Stern theories, self-consistently accounts
for various physical and electrochemistry processes in the sen-
sor system. Enhanced NR method enables the electrostatic po-
tential of the system to be solved in simultaneous fashion. The
simulation helps to disentangle the factors that contribute to
the performance of the sensor, e.g., electrical biasing condition,
interface state, and trapped charge, surface functional group
(SiOH in the case of native SiO2 NW surface, or SiOH + NH2
for APTES modified surface) density, SAM coverage, and de-
vice geometry scaling.

Our findings include: 1) Investigation on dual biasing ef-
fect shows, biasing from back gate (substrate) renders the sys-
tem highly unstable, while system with solution gate biasing
is shown to be stable and immune to environmental noises. 2)
Investigation on surface property shows dense oxide surface
with reasonably good (25∼75%) SAMs coverage is preferred
for high sensitivity and linearity for uniform concentration de-
tection, such as pH sensing. 3) To achieve high sensitivity, it is
necessary for cross-sectional dimension of SiNW sensor com-
parable to Debye screen length, which is determined by the
doping level in SiNW. 4) Scaling effect is marginal on uniform
concentration (e.g., pH) detection, but more significant in low
concentration protein molecule detection. The cross-sectional
geometry, width in particular, of NW should be carefully de-
signed to achieve optimal sensitivity for SiNW sensor in low
biomolecule concentration detection. Most of these simulations
are consistent with various experimental observations, and we
believe these novel scientific findings can be important things
for improving sensor performance. Further, our method is highly
predictive and can be extended to explore many scenarios of
biomolecules (ions, protein, DNA) sensing using similar EISOI-
based SiNW sensors with modest alternation.
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