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Design Considerations of Silicon
Nanowire Biosensors

Pradeep R. Nair, , and Muhammad A. Alam,

Abstract—Biosensors based on silicon nanowires (Si-NWs)
promise highly sensitive dynamic label-free electrical detection
of biomolecules. Despite the tremendous potential and promising
experimental results, the fundamental mechanism of electrical
sensing of biomolecules and the design considerations of NW
sensors remain poorly understood. In this paper, we discuss the
prospects and challenges of biomolecule detection using Si-NW
biosensors as a function of device parameters, uidic environment,
charge polarity of biomolecules, etc., and refer to experimental re-
sults in literature to support the nonintuitive predictions wherever
possible. Our results indicate that the design of Si nanobiosensor
is nontrivial and as such, only careful optimization supported by
numerical simulation would ensure optimal sensor performance.

Index Terms—Biosensors, DNA, Poisson-Boltzmann (PB),
protein detection, random dopant uctuations, sensitivity.

l. INTRODUCTION

LECTRONIC, rather than chemical, detection of biomole-

cules is one of the widely researched topics in nanotech-
nology. Systems based on nanosensor arrays, which can provide
fast, low-cost, and high-throughput analysis of biological
processes, promise to revolutionize many areas in medicine
and biochemistry, ranging from the detection and diagnosis of
diseases to the discovery of new drug delivery systems. Since [13] and
the early 1970s, microelectronic sensors based on thin bP8n
transistors and ion-sensitive peld-effect transistors (ISFETS)
have been explored as a low-cost alternative to traditional
chemical sensors with potential for on-chip integration [1].
However, lack of good solid-state electrodes, parasitic sensi-
tivity to temperature and light, time-dependent instability of
sensor parameters, etc., have hindered their development as a
disruptive biosensor technology [2]. Instead, over the years, the
chemical sensors have adopted Ruorescent labeling and parallel
optical detection techniques for fast detection of biomolecules
at relatively low concentrations (e.g., DNA microarray [3]).
Although these Ruorescence-based sensors are now widely
used, they still require expensive and time-consuming pre-
processing and postprocessing for sample preparation and data
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[23], where is the ion concentration in molar units, Equation (4) suggests that NWs with smaller diameters and
and is the AvogadroOs constant), whereas the silsver doping densities are expected to show higher sensitivity
term denotes the contribution due to a 1D1 electrolyte adsorbed charges and also explains why NW sensors with
(e.g., Na CI ), whose ions are assumed to followPnite show higher sensitivity than planar ISFETs of compa-
Boltzmann distribution (hence the name PB equatiomable area ( approaching inPnity).

The right-hand side denotes the bxed charge due to thélthough (4) is a useful guide and has often been invoked
biomolecule and , denoting the partial charge andto design and interpret experiments, the limitations are ob-
location of the atoms within the biomolecule, respectivelyious: This simpliped design guideline 1) does not differen-
(e.g., the phosphate ions in the backbone of a DN#ate between accumulation versus depletion mode operation,
strand). For our calculations, to be described later, v@® fails to distinguish between single molecule (localized)
obtain the structure of biomolecule (spatial locations afersus multimolecule (uniform surface charge) detection,
various atoms and ions) from Protein Data Bank [24B) neglects the effect of Ruidic environment on NW perfor-
The charge distribution of the biomolecule is mappechance, and 4) does not account for the electrostatic screening
from the force beld parameters of Molecular Dynamiasf biomolecules by other ions in the solution. Most importantly,
simulators [25]. Equation (3) implies that the interactiothe model is not sophisticated enough to interpret the nanosen-
between NW and the biomolecule is screened by tls®r experiments in a way that would allow further optimization
presence of other ions in the electrolyte. of sensor design.

. ) ) . In the following sections, we explicitly consider each of
Protonation of OH groups at Si®water interface inducesy,o spove issues. First, we solve (1) and (2) using a device

a surface charge density which can affect the characteristigs,jator [28]. While discussing the dependence of sensitivity
of Si-NW in water [12]. However, this induced charge density, ye\jice parameters and the surrounding Buidic environment,
remains the same, irrespective of the presence of target Bigs -onsider the charge due to the biomolecule as a parameter
molecules (|f the ion concentration of the electrolyte is kepf,q approximate it as a surface charge density over a bnite
constant during the detection propess). Hence, we quel Fgﬁgth. In the last section, we solve the PB equation (3) in
conductance change due to the biomolecule by assuming zgrg using Pnite-difference approach and couple it with the

bxed charge at Si®@water interface (which is an idealizationye,jce simulator (1) and (2) to self-consistently account for the
although our computational approach can account for tg@reening due to the ions in the electrolyte
presence of surface-induced charges).

Equations (1)D(3) describe the operation of a NW biosensor.
Numerical solution of these equations, brst setting the right- !

hand side of (3) to zero, gives the conductance before mole~, expiore the sensitivity of NW sensor in the limit of lo-

cule capture . Similarly, numerical solution of (1)B(3), NOW 5,64 charge detection in contrast to its sensitivity to average
with charge of the attached biomolecule accounted for [t @ rface charge density (spread over entire Si-NW surface),

right-hand side of (3)], gives the conductance after moleculg jiscyssed in the previous section, Prst we consider a Si-NW

capture . These set of equations present a formidable taskiin iy \we assume that a single molecule binds at a location

modeli_ng, and although a number of previous works exist th@ﬁuidistant from the electrodes [Fig. 1(b)]. The molecule is
deal with some ‘,Jf the aspects of the problem [7], [26], [2_7]’ Wfodeled as a uniform surface charge over a length of 8 nm
knqw of no previous effort that comprehensively deals with ﬂl%pproximate footprint of many biomolecules, as discussed
entire system. ) , in Section 1lI-C) on the NW at the point of attachment (the
The sensitivity of a Si-NW sensor is dePned as the relgq o surface charge for a NW of 10 nm) and

tive change in cqnductan(_:e, * the localized surface charge density is assumed to remain
Although we will numerically solve (1)B(3) later to obtain,stant for NWs with different diameters. We now solve (1)
an accurate estimate, it is instructive to cons.|der. a simplin g (2) by brst assuming uniform continuous doping density
bed expression for sensitivity that has been historically usgfly concentration-dependent mobility for carriers. The reported
to explain sensor response. For example, thenqctance values (dc) are at a bias of 1 V applied across
conductance Of_ a cyllnd_ncal SI-NW of dlamet_er L_lnlform the NW. Unless otherwise mentioned, the same simulation
continuous doping density , and length is given by ethodology will be applicable for the rest of this paper.

. 4 » where is the mobility of the o gimylation results in Fig. 1(c) clearly show that sen-
carriers [analytical solution of (1) at low drain bias] [21]. Ifgjyity  increases with smaller diameter and reduced dop-

we approximate the molecule conjugation on the surface density, as expected from (4). This monotonic increase

a constant surface qens'ty (in charge per square centime-y; sensitivity with diameter (or equivalently, surface area of
ter), then the NW will be depleted/accumulated by an equgle sensor) has recently been experimentally conbrmed [[11],
amount of charge ~ (per unit length). The change gy 5 (c)). Fig. 1(d) shows that the relative sensitivity signib-
in conductance is then given by » and  cantly increases on reducing NW length, particularly for higher
therefore doping densities. The dependence obn doping density and
diameter is consistent with (4), but the dependence of sensitivity
4 4) on length, which is absent in (4), is less obvious but is very
important for sensor performance [29]. The expression for
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mobility for the carriers, and the performance of the simulator
has been calibrated with the semiclassical results reported
in [30].

Fig. 2 shows the statistical Buctuations for 1000 different
NW sensors conbgured for localized charge detection due to
discrete dopant Buctuations ( 1 m, 10 nm,

10 cm |, localized surface charge is placed over a length of
8 nm, equidistant from both ends). Sensitivity shows large Buc-
tuations from the mean value [Fig. 2(b)]. The discrete dopant
simulations indicate that, in addition to the average doping den-
sity, itis the local doping density near the charge attachment site
that has signibcant effect on sensitivity as well. The presence of
discrete dopants near the localized charge attachment site acts
as a high doping region and reduces the sensitivity. In contrast,
Fig. 2. Statistical Ructuations in sensitivity due to random dopant effedisthe charge attachment is over a region devoid of dopants, the

( 1 m  10nm, 10 cm , 1000 different NW sensors, sensitivity is higher than the average value. It is surprising to

ensemble average of each parameter is shown in angled brackets). (a) Prob- - -
ability distribution function (pdf) of initial conductance (open symbols) B)Hd that may vary by an order of magnIIUde’ even at a hlgh

and the conductance in the presence of localized charge (solid symbols)doping density of 10 cm |, clearly indicating that variations

(b) pdf of sensitivity in the presence of localized charge (). in sensitivity due to the random dopant RBuctuations would be
a signibcant issue for the detection of a single biomolecule.
can be rewritten as , Wwhere s the initial resis- Therefore, we conclude that only differential analysis (based on

tance, and is the change in resistance due to the molecutke map of  stored in a memory chip) would allow practical
attached on NW surface. This change in resistance remainsapglications of the nanobiosensor technology.

same, irrespective of NW length while scales with , and

therefore, sensitivity scales inversely with length, as seen in

Fig. 1(b). In contrast to (4), this provides an incentive to shortén

sensors whenever possible for maximum sensitivity. However,tpa guid surrounding the NW sensor (water in most

this is not the only consideration for adopting a channel Iengt&ises) can signibcantly affect the electrostatics of the system

as Qiscussed below. . i due to its high dielectric constant  78.5. This effect
Fig. 1(c) and (d) and (4) may lead one to believe, incorrectly, qimijar to the fringing-induced barrier lowering associ-

that it is possible to achieve any desired sensitivity by choosgged with the use of high- materials as gate dielectrics in

smaller length, digmetgr, anq reduced_ doping density. ,Ap%EtaIE)oxideE)semiconductor transistors [32]. Apart from its
, the presence of water can

scaling of dimensions, doping also cannot be reduced to I%‘ﬂuse signibcant changes in the sensitivity of NW in re-
values without introducing signibcant variation in sensor per:

. 0 OIS X onse to adsorbed charges. Although the amount of induced
formance. This effect, which is well known as discrete dOpaEEarge in NW is dictated by the net charge of the target
Buctuations in nanoscale transistor design [30], [31], is oft

looked in bi desi derati F iomolecule, the induced charge proble ( and of
overlooked in biosensor design considerations. For exampg, depletion/accumulation layer) is dictated by the electro-
a 10-nm diameter NW with a doping density of 10cm

statics and, hence, by the dielectric properties of surrounding

has only about eight dopant atoms per micrometer of Sengok i This effect of Buidic environment and surface charge
length. Statistical Buctuations in the process technology resylf response remains poorly appreciated in traditional
in variations in the number as well as the location of dOpaHEsign

atoms from one device to another. Thus, there exists a lowefsjsider the response of a P-type NW sensor in water due
limit to below which discrete dopant Ructuation Causgy |ocalized surface charge . The NW will be in

unpredictable variation of baseline sensitivity, making itimpos- and high- water would allow the fringing Pelds to

sible to integrate them in an array format. _spread beyond the footprint of the localized charge (Fig. 3).
To study the effects of dopant Buctuations in nanowirgs o yegylt, the depletion charge spreads over a wider region

sensors, we re-solved (1) and (2) in the following way: Thg, therefore (to balance ) must have reduced depth. In air,

average number of dopants in a NW of given dimensions however, the same will create a more conbned but deeper

is estimated by assuming a uniform continuous doping dens{fyjetion charge proble. It can be easily shown that the change
. Then, the total number of dopant atomdor each sample in resistance  dueto s given as

device is drawn from Poisson distribution of mean. A 4 \yhere s the diameter, and is the depletion depth.
uniform Pne grid is used to discretize the NW, andandom Therefore,  for a NW in air, when in depletion, is expected
locations in the NW volume are selected to represent the dopﬁptbe more than the same NW in water. Since sensitivity is
atoms. The nearest grid point to each such selected rand&%cﬂy proportional to we arrive at

location is assigned a doping density which corresponds to the '

inverse of the volume of the grid element scaled by the number

of dopant atoms within that grid element. We assume constant NW in depletion NW in depletion (5)
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as a RRoating dielectric in the electrolyte solution [Fig. 5(b)] and (a) (b)
then use the obtained NW surface potential as the boundar
condition for transport equations [24]. This, however, would
give an incorrect estimate for the conductance modulation. The
boundary conditions should ensure that the amount of carrie
modulation (accumulation/depletion) in NW should be equal
and opposite to the net charge of the biomolecule charge aftes
the electrostatic screening by the ions in the electrolyte. This |
can be ensured only if we use the electric Bux on NW surface
from PB solution, not the NW surface potential, as the boundary
condition for transport equations. On the other hand, if we [
approximate the NW as a dielectric in electrolyte, the integratec’ [, . L 0
electric Bux on NW surface would be zero [Fig. 5(b)]. This 'Otg -1 e(rod) I 107 10° 107 10"
indicates that considering NW as a dielectric in electrolyte and /\} A lon concenation (M)
using any information from the corresponding PB equation " crossseeton

as a boundary condition for the transport equations is COfg. 6. Numerical solution of PB equation. (a) Induced charge distribution on

ceptually incorrect and gives wrong estimate of conductan@/ surface due to a test charge (&)= 10 nm, radius of test charge 1.7 «,
modulation ion concentration= 1 mM, ® = 0, charge placed 2 nm above the surface

L . at 8 = 0. (b) Net induced charge on the NW surface as a function of ion
In the vicinity of biomolecule attachment, the NW can b@oncemrago)n in the solution. 9

essentially approximated as an equipotential surface (this is
true because, in practice [5]D[9], the NWs are quite long aimdthe NW is about 510 nm [Fig. 6(a)], which validates our
highly doped, and the voltages applied at the contacts are vesylier assumption (Section Ill-A) of approximating the bio-
small). The above discussion indicates that the best approatplecule as constant surface charge over an equivalent width.
would be to approximate the NW as an equipotential surfacefig. 6(b) shows the variation of total induced charge in NW as
the electrolyte [essentially as a conducting cylinder, Fig. 5(ag,function of ion concentration of the electrolyte. As discussed
compute the Rux on NW surface, and then use this electgarlier, target biomolecules are introduced in ionic solutions
Rux as the boundary condition for transport equations. Thighose concentration is in the millimolar range. Almost 50%
method will ensure correct carrier modulation in NW anef the biomolecular charge is screened at these levels, and
should give good estimates for sensitivity. Although manlence, it is crucial to develop detection schemes at low ion
PB solvers are available in the public domain (e.g., Adaptig®ncentrations.
PoissonbBoltzmann Solver (APBS) [33]), for studying protein
interactions, drug discovery, etc., most of them allow on%
dielectric bodies to be placed in the electrolyte [along with the’
biomolecule, as shown in Fig. 5(b)] but not arbitrary equipo- 1) DNA Detection: Si-NW sensors have been used for
tential surfaces. Thus, we developed a 3-D Pnite-differenD&NA and protein detection [S5]P[11]. Here, we model these
PB solver, which uses NewtonbRaphson iteration for conveiemolecule detections using the aforementioned method
gence, to solve (3). Our solver has been extensively calibratedillustrate the subtle issues associated with electrostatic
with APBS for similar structures to check the consistency afcreening due to the ions in the electrolyte. We consider mul-
simulations and is capable of simulating the electrostatics tiffle attachments of single-stranded (ss) DNA on NW surface.
biomolecules on arbitrarily shaped conducting surfaces. We ulee charge distribution on NW surface is obtained by numer-
this solver to compute the electric Bux on NW surface due teally solving the PB equation (3). The expected sensitivity
the biomolecule in the electrolyte solution and then use thi$ a NW due to DNA molecules on its surface as a function
electric Bux as the boundary condition for transport equatiort. strand length and ion concentration is shown in Fig. 6(b)
The structure of the biomolecule is obtained from the Protefn = 10 nm,3 p = 1x 10 cm™, ;; =2 m, ten ss DNA
Data Bank [24]. The charge distribution of these biomolecul@se assumed to attach per NW, 1P1 electrolyte is assumed as
can be mapped from the force beld parameters of Moledhe buffer solution, and the DNA molecules are assumed to
lar Dynamics simulators (CHARMM, GROMACS [25], etc.).be at a distance of 2 nm from the NW surface, with the axis
The volume of biomolecule is excluded from the ions in thef DNA helix perpendicular to NW axis. Since the base pairs
solution. contribute zero charge [18], only the backbone of the DNA
Fig. 6(a) shows the normal electric Bux distribution (or thsetrands is considered). The estimated sensitivity corresponds
induced charge density) on NW surface due to a test moleculry well with literature (shown as solid symbols, Fig. 7).
placed at a separation of 2 nm from the surface. The NBNA detection was also reported in [9], but at higher DNA
surface is assumed to be equipotenti@l = 0). Zero Bux concentrations (in nanomolar to micromolar range). Since the
conditions are applied at the rest of boundaries of the simulatiamerage number of molecules on the NW surface varies with the
volume, several Debye lengths away from the molecule abdlk DNA concentration, we have not used the data from [9] for
NW surface. The same simulation methodology is used in themparison.
next sections, unless otherwise mentioned. The effective lengtiThe simulation results shown in Fig. 7 indicate that at higher
over which the test charge modulates the carrier concentration levels, the incremental change in conductance obtained by

100

80

60

40

(%) MN uo d31eyd

20

Application of Model



NAIR AND ALAM: DESIGN CONSIDERATIONS OF SILICON NANOWIRE BIOSENSORS

2) For maximum sensitivity in air, sensors should be op-

3)

erated in the depletion mode (i.e., the doping of the
sensor and the molecule should have the same polam[yf]
Sensitivity is greatly affected by the presence of water and
should be taken into account.

There is a delicate tradeoff between stability of th%?’]
receptorbtarget molecule and the sensitivity of the Si-NW
sensor as a function of the ion concentration. Our simy-
lations, which are based on solution of carrier transpo[ﬂt‘”
equation and PB equation, both for DNA as well as
protein detection, provide important insights in designing®]
new experiments. [16]

Our simulation results demonstrate that it is possible o)
systematically optimize sensor response as a function of sen- M. A. Alam, and R. Bashir, OAnomalous resonance in a nanomechanical

sor geometry, Buidic conditions, and the ion concentration in gosensor@ (
the aqueous solution. In addition, such optimization is essqiy) v, A,

tial

for array-based nanobiosensors as a viable alternative to
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