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Abstract: A compact model able to predict the electrical read-out of field-effect biosensors based on
two-dimensional (2D) semiconductors is introduced. It comprises the analytical description of the
electrostatics including the charge density in the 2D semiconductor, the site-binding modeling of
the barrier oxide surface charge, and the Stern layer plus an ion-permeable membrane, all coupled
with the carrier transport inside the biosensor and solved by making use of the Donnan potential
inside the ion-permeable membrane formed by charged macromolecules. This electrostatics and
transport description account for the main surface-related physical and chemical processes that
impact the biosensor electrical performance, including the transport along the low-dimensional
channel in the diffusive regime, electrolyte screening, and the impact of biological charges. The
model is implemented in Verilog-A and can be employed on standard circuit design tools. The
theoretical predictions obtained with the model are validated against measurements of a MoS,
field-effect biosensor for streptavidin detection showing excellent agreement in all operation regimes
and leading the way for the circuit-level simulation of biosensors based on 2D semiconductors.

Keywords: 2D; biosensor; field-effect transistor; immunosensor; modeling; MoS,; sensor; TMD;
two-dimensional; Verilog-A

1. Introduction

The rapid detection and continuous monitoring of biological and chemical compounds
are of utmost interest for medical purposes, including, e.g., point-of-care solutions, drug
detection, genomics, etc. [1-6]. The chemical and electrical sensors employed in the de-
tection, conventionally grouped under the common term of biosensors, can be broadly
categorized into two classes: label-based sensors and label-free sensors. The former group
is characterized by processing the sample (looking for the detection of the target molecules)
via measurable parameters, such as fluorescence or colorimetry, employing elaborated
procedures and additional equipment that precludes its use for real-time applications. The
latter is not conditioned by external facilities or human intervention and enables continu-
ous monitoring and detection. Among them, biosensors based on field-effect transistors
(BioFETs) are expected to play a leading role in the field, as they enable the direct integration
of the detection of biochemical compounds, the signal acquisition, and the conditioning
modules in a single system, reducing the cost, the power consumption, and enabling a
portable platform for fast and steady sensing.

In this particular biosensing niche, emerging two-dimensional materials (2DMs)-based
field-effect transistors (FETs) constitute an exceptional technological alternative for sensing
due to their promising physical and chemical properties. Specifically, their optimum surface-
to-volume ratio enhances the electrostatic coupling leading to exceptional sensitivity to the
target substances. Additionally, 2D sensors can also be fabricated in a miniaturized size by
leveraging the ultimate thickness scalability of 2DMs and show the capability to enhance
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chemical sensitivity via surface functionalization, inherent flexibility, and great mechanical
strength [7-12] that redounds in their suitability for the nascent flexible, portable, and/or
wearable nanotechnology [13,14]. Furthermore, 2DMs present additional outstanding
physical and chemical properties such as amphiphilicity, anisotropic thermal conductivity,
anti-reflectance, and corrosion resistance [15]. More importantly, many of these 2DMs, such
as graphene and some transition metal dichalcogenides (TMDs), are biocompatible with
human body tissues and environmentally friendly [16,17]. In addition to this exceptional
collection of properties, 2DM technology is compatible with back-end-of-line processing
and thin-film technology [18], enabling the hybrid integration of 2DMs with conventional
technologies [19]. These features will allow the development of advanced systems formed
by the combination of highly sensitive 2D material-based sensors with signal processing
and transmission stages based on mature technologies, which will be of fundamental
importance for the deployment of the Internet of Things (IoT) platform.

However, before the technology readiness level for commercial use of these sensors
is reached, many requirements should be considered. Among them, the selectivity is-
sue should be the primary consideration. Ions or molecule selectivity depends on the
electrical and chemical properties of the 2DMs and of the ions/molecules themselves.
Particularly, 2DMs can interact with target ions/molecules by two distinctive mechanisms:
physisorption and chemisorption. Physisorption refers to the interaction between the ions
or molecules and the surface of 2DMs without any covalent bonding, while chemisorption
takes place when covalent bonds are created between the ions or molecules and the surface
of 2DMs. Non-covalent interactions are preferred for biosensing because they result in
quick response and fast recovery. The nature of the 2DM-ion/molecule interaction can be
adjusted by placing a barrier, in the form of an oxide, between the chemical compounds
and the 2DM channel. The presence/absence of the barrier categorize BioFET sensing
interfaces into an electrolyte-insulator-semiconductor (EIS) or electrolyte—semiconductor
(ES) [20]. The barrier in an EIS BioFET (placed between the electrolyte and the semicon-
ductor) can be functionalized with the aim of attaching receptor agents able to capture the
target molecules [2,21] and prevents possible reactions between the ions contained in the
solution and the semiconductor surface, i.e., the possible chemisorption, but it reduces
the electrical coupling between the device and the molecules [20]. In addition, most of
the materials employed as insulator barriers have a hydrophilic nature that hinders their
functionalization and reduces the efficiency of the bindings [22]. In contrast, ES BioFETs
leave the semiconductor channel in direct contact with the electrolyte, taking advantage of
the hydrophobicity of some semiconductors to create an intrinsic barrier; 2DMs such as
molybdenum disulfide (Mo0S,), reduced graphene oxide (r-GO), and graphene show the
hydrophobic behavior, becoming good candidates to be employed in ES BioFETs [22-24].

A wide variety of 2DMs-based BioFETs have already been successfully fabricated
and tested, and their operating principles are subject of intense research. Graphene and
TMDs, namely MoS; and tungsten diselenide (WSe;), lead the race, demonstrating high
sensitivity to external stimuli, such as those originating from antigen-antibody binding
events [3,4,20,21,25-27]. In particular, semiconducting monolayers MoS; and WSe; (with
a band gap of about 1.7-1.8 eV [13]) exhibit a reduced leakage current and a high on/off
current ratio in FET architectures enabling reliable and accurate biosensing [21,28,29]. In
this regard, Sarkar et al. [21] have reported MoS,-BioFETs exhibiting the potential to detect
streptavidin in concentrations as low as 100 femtomolar (fM), while Wang et al. [2] and
Park et al. [4] have also demonstrated that MoS,-BioFETs can enable 100—400 fM-level
detection limits for the prostate-specific antigen (PSA). Also for the detection of PSA,
Hossain et al. [3] have reported an ultra-sensitive WSe,-BioFET with a detection limit of
10 fg/mL PSA, the lowest concentration detected so far by any BioFET. Although numerous
experimental studies and prototypes have been developed focusing on the characterization
of TMD-based immunological FETs (ImmunoFETs) for specific and label-free sensing of
proteins through antigen-antibody interaction, there is a noticeable lack of theoretical
analysis and models able to rationalize, explain, optimize, and predict the response of the
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2D BioFETs. However, in the case of electrolyte-gated graphene-based [30-32] and organic
(EGOFETSs) [33-35] field-effect sensors, some works have already been published regarding
the modeling of their static and dynamic electrical response, where the latter have recently
been also demonstrated as potential candidates for biosensing applications [36-39]. The
performance of BioFETs depends on complex physical and chemical processes taking place
at the interface of the solid-liquid materials, including electrolyte screening, site-binding
charge, and biomolecule surface binding dynamics [40] that demand a comprehensive
theoretical analysis enabling a deeper understanding of the operating principles of 2D
BioFETs. To accurately predict the sensor response upon binding of protein analytes, it
thus becomes necessary to model these physical and chemical processes [41]. To make
progress in this goal, this work proposes a thorough compact model of 2D EIS field-effect
biosensors by combining the electrical description of the membrane originating from the
eventual formation of a protein layer in the electrolyte [42] and a physics-based model of
2D TMD-based FETs previously developed and tested by some of the authors [43]. The rest
of the paper is organized as follows. In Section 2, the theoretical foundations supporting the
model are presented. In Section 3, the model for 2D field-effect biosensors is exploited to
examine the impact of ionic screening and surface charged groups on the sensor response.
The accuracy of the compact model is validated by comparing the simulations against
experimental data of an MoS,-based streptavidin detector and finally, Section 4 draws the
main conclusions.

2. Physics-Based Modeling of 2D Field-Effect Biosensors

The sketch of a 2D field-effect biosensor is shown in Figure 1. The device consists of a
field-effect transistor where the top-gate metal is substituted by an electrolyte solution with
a reference electrode, or liquid gate (V}g), submerged in it. The dielectric layer that covers
the 2D channel is functionalized with specific receptors for selectively capturing the target
biomolecules. When captured, the charged biomolecules produce a gating effect, which
is transduced into an electrical read-out signal in the form of a drain-to-source current or
channel conductance change. The inclusion of the insulator layer over the channel acts as
a barrier and guarantees an unambiguous field-effect transduction mechanism through
the electrostatic control of the channel, i.e., by avoiding eventual chemisorption between
the electrolyte and the sensing layer. Additionally, a back-gate electrode, 14,, located at the
bottom of the device provides an extra electrostatic control of the 2D channel through the
buried back-gate oxide.

To achieve a realistic description of the sensor, it is critical to properly model the charge
interaction at the 2D channel-insulator and insulator-electrolyte interfaces so as to accurately
relate the charge carrier density induced in the sensing layer with the immersed electrode
potential. Due to the presence of charged biological macromolecules in the electrolyte, e.g.,
proteins or single-stranded DNA fragments, an ion-permeable membrane is considered to
be placed inside the electrolyte close to the insulator surface (see Figure 1). This layer of
biological charged macromolecules is represented as a planar ion-permeable membrane
whose potential profile can be described by analytical solutions of the Poisson-Boltzmann
equation [42].

In the following, this section is split aiming to firstly describe the electrostatics
(Section 2.1) and then the carrier transport (Section 2.2) inside a 2D EIS BioFET.
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Figure 1. Schematic of a two-dimensional field-effect biosensor. A sketch of the position-dependent
potential is also shown, highlighting the surface charge density at the 2D channel (o»p), at the oxide-
electrolyte interface (0p), and at the membrane-diffuse regions of the electrolyte (0y,4). The latter
comprises a charge-free layer (Stern layer) and an ion-permeable membrane due to the presence of
charged macromolecules with a diffusion layer located between the barrier oxide surface and the
bulk electrolyte. The potential difference from the electrolyte bulk to the barrier oxide surface, ¢y,
encompasses two contributions originating from a potential drop (19 — ¢m) across the Stern layer
extending between the outer Helmholtz plane (OHP) and the barrier oxide surface, and a potential
drop across the ion-permeable membrane layer formed by charged macromolecules and the diffuse

layer (m).

2.1. Electrostatics of a 2D BioFET

The 1D electrostatics through an EIS structure have been previously analyzed by
Bousse [44] and extended by Landheer [42] by including the ion-permeable membrane in
the electrolyte to describe the effect of attached macromolecules. Following these works,
and by applying charge neutrality to the structure, we can get

02D + 09 + Omg = 0 1)

where oo, 00, 0g are the surface charge densities associated to the 2D channel (addressed
in Section 2.1.1), the oxide-electrolyte interface (Section 2.1.2), and the membrane-diffuse
regions of the electrolyte (Section 2.1.3), respectively (see Figure 1). Each of these charges
needs to be modeled before charge neutrality can be applied.

2.1.1. Modeling of the Surface Charge Density in a 2D Semiconductor (opp)

The surface charge density in an n-type (p-type) 2D semiconductor can be calculated
by assuming the effective mass approximation, i.e., a parabolic dispersion relationship at
the lowest (highest) energies of the conduction (valence) band; and using Fermi-Dirac
statistics as follows [43,45]:

e
. Cagolog| 1+ e?n if p—type
f p—t dq,pt08 ( ) p—typ
oD (Pen) = ‘i{p(('bCh) L PP — g, )

i o n ooy
n(¢pen) if n—type —qu’nlog<1+e ‘Pthh)if n—type

where g is the elementary charge; n(¢cn) (p(Pcn)) is the electron (hole) density;
¢ = kpT/q is the thermal voltage; kg is the Boltzmann constant; T is the temperature;
and Cyqn = q2 Don (Caqp = ‘72D0,p) is defined as the electron (hole) degenerated-quantum
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capacitance that corresponds to the upper-limit achievable when the electron (hole) density
becomes heavily degenerated [46]. The conduction (valence) band density of states reads as

{ DO,p = gh,l (m;;’l /27Th2> + gh,Z (m;(l,Z /27Th2> exp[fAEh,l%Z /kB T] if p—type (3)

Don = e (m;fl /2nh2) + ge2 (mgrz/Znhz) exp[—AEe12/kgT] if n—type

where 71 is the reduced Planck’s constant; ge 1, ge2 ($h,1, $h,2) are the degeneracy factors;
and mzll, mg, (m1*1,1' mﬁ,z) are the conduction (valence) band effective masses at the first
and second lowest (highest) valleys, respectively. The second conduction (valence) valley
is non-negligible in most TMDs since the energy separation between the lowest conduction
(highest valence) valleys, AE. 1,5 (AE}, 1-57), is only around 2kgT [47,48]. Thus, two con-
duction (valence) band valleys may participate in the transport process. On the contrary,
the rest of the valleys in the band structure are considered far enough in terms of energy to
neglect their contribution to the electrical conduction [49]. This analytical approach has
proved its accuracy when modeling MoS,-FETs as demonstrated by Cao et al. [50] and
Suryavanshi and Pop [51]. The chemical potential, ¢, represents the shift of the quasi-
Fermi level with respect to the conduction (valence) band edge, and it specifically reads:

e — (Ev—Eg)/q if opp >0 = p—type @)
ch (Ec—Egp)/q if oop <0 =n—type

where E; (Ey) is the conduction (valence) energy band edge and Er = ¢/ is the quasi-
Fermi level that must fulfill the following boundary conditions at the channel edges: ¢ = Vs
at the source and ¢ = Vj at the drain, where V; and Vj are the applied source and drain
voltages, respectively.

2.1.2. Modeling of the Charge at the Oxide Surface: Site-Binding Theory (cy)

To model the charge at the oxide surface, the site-binding description is assumed to
analyze the charge attached to the insulator surface, i.e., the oxide surface sites are consid-
ered in equilibrium with the electrolyte by means of a proton exchange [52]. Specifically,
the charging/discharging of the surfaces is the result of the uptake or release of protons H*
at amphoteric hydroxyl surface groups. The surface reactions to be considered are:

—MOH; +» —MOH + H" —MOH « -MO~ + H" (5)

where —MOH, —MO™, and —MOH;r are the neutral, deprotonated, and protonated
species, respectively. The dissociation constants are defined as [42]:

Nato- N
Ky = a8 MO Ky =a} MOH (6)
t M Nwon " Nuory

where N; (i =—MOH, —MO~, or -MOH]) represents the corresponding hydroxyl group

surface density, and a° , is the surface proton activity related to the bulk proton activity
H

(a?}) by the Boltzmann distribution as follows:

as, =ab e_‘;’% (7)
Ht = 4ut

where 1 is the surface potential drop across the electrolyte-oxide. The total number of
surface sites per unit area can be decomposed as:

Ns = NmoH + NMO* + NMQHZ+ (8)

and the charge per unit area on the surface is given by:

0o = Q(NMOHz+ - NMO*) ©)
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By combining Equations (6)—(9), the surface charge density can be expressed by means

of a° ., Ns, K, and Kj, as follows:

Ht’

(a§{+)2 ~ KaKy,

2
(aiﬁ) + KbasH+ + KaKy,

oy = qNs (10)

2.1.3. Modeling of the Charge Distribution within the Electrolyte: Stern Layer,
Ion-Permeable Membrane, and Diffuse Layer (y,q)

For the modeling of the electrolyte charge distribution, we assume the formation of
an electric double layer (EDL) at the insulator surface with an attached ion-permeable
membrane located between its surface and the bulk electrolyte due to the presence of
charged macromolecules, e.g., proteins or single-stranded DNA fragments dissolved in
the electrolyte that originates a diffuse layer of countercharge. Consequently, within the
electrolyte with permittivity e,, and ion concentration ng, two regions are envisaged: (i) a
charge-free layer; and (ii) an ion-permeable membrane with a diffusion layer. The outer
Helmholtz plane (OHP) is then defined as the plane of the center of the hydrated ions
closest to the dielectric in contact with the solution [53]. Thus, in the simplest embodiment
of the Gouy—Chapman-Stern model [54], the potential difference from the electrolyte bulk
to the oxide surface, §y, encompasses two contributions originating from the aforemen-
tioned regions: (i) a potential drop (9 — ¥m) across a depleted region of ionic charges
close to the surface [54-56], namely the Stern layer extending between the OHP and the
insulator surface region and characterized by the so-called Stern capacitance (Csern); and
(ii) a potential drop across the ion-permeable membrane layer consisting of the charged
macromolecules and a diffuse layer (¢m) [42] (see Figure 1).

Regarding the ion-permeable membrane, the solution concentration within this region
is still assumed to be ng, although the dielectric constant in the membrane (er,) can be
different from that of the electrolyte due to the presence of macromolecules, the reduced
intermolecular hydrogen bonding of the water near the macromolecular surface, and the
high counterion concentrations around the molecules [57]. The membrane contains fixed
charges with concentration N, uniformly distributed and with a thickness enough to
achieve charge neutrality inside it. Therefore, the Donnan potential is reached at the core
of the membrane where the electric field is zero. According to Landheer et al. [42], this
is a reasonable assumption because charge neutrality in the membrane depends on the
screening length inside it. This screening length is shorter than the corresponding one
in the electrolyte because the fixed charge in the membrane attracts ions, mostly when
Nm > ng (low solution concentration). Beyond the membrane layer, the diffuse layer is
originating from the presence of mobile hydrated ions in the electrolyte. This approach is
also adopted by Fernandes et al. in [58], where the Donnan potential is expressed as [42]:

(N N, Nm |’
Yop = gusinh 1(250‘) = Pulog| 5 -+ 1+( “‘) (11)

2y

As ypp is considered to drop across the membrane, the total net charge density in the
membrane and diffuse layer in the electrolyte reads as:

1/2
Omd = —Sgn(Pm — ¢Dp)2\/m<cosh<%> - cosh<lpDP> - (W)Sinh<lpm>) (12)

4)th thh fPth 4’th

Following the approach proposed by Fernandes et al. in [58], Dak et al. in [59], and
validated by Martinoia and Massobrio in [60], oop is considered negligible compared



Sensors 2023, 23, 1840

7 of 16

with the rest of charge densities in Equation (1). Under this consideration, we obtain the
following system of coupled equations

— + UO(lIJU)
00 = —0Omd — { Yo = ¥m a.fff%) (13)
lpm = lPO + Cstern

From the perspective of a circuit-level model, the system in Equation (13) can be solved
as a sub-circuit block that plays the role of a non-linear voltage source — that accounts
for the voltage drop across the electrolyte and depends on the pH or analyte concentra-
tion [58-60]. To solve the system of equations in Equation (13), a construct is implemented
in Verilog-A to force the circuit simulator to obtain ¢y during run-time [43,61,62]. The
resulting equivalent circuit for 2D BioFETs is shown in Figure 2. Thanks to this approach,
the potential drop in the electrolyte —g is decoupled from the surface charge density at
the sheet channel, allowing the calculation of the charge density in the 2D channel of a
double-gated EIS BioFET as follows:

70 = ~Ciox (Vig = Vio — #0 = ¢+ $en ) = Coox(Vb = Vbo — ¢ + fcn) (14

where Ciox = €tox/ trox (Coox = €box/ thox) 1S the top- (back)-oxide capacitance per unit area,
with o (epox) the top- (back)-dielectric permittivity and tox (fhox) the top- (back)-oxide
thickness. The liquid- (back)-gate offset voltage Vg (V},0) comprises the work function
difference between the electrode and the 2D channel as well as the additional fixed charge
owing to impurities or doping [63].

—ty Vy

/f;\ F. Pasadas et n]..

2019.

Equation
(13)

é

Vig=to

Vi

Figure 2. Equivalent circuit of the Verilog-A compact model presented in this work. The pH- and
analyte-dependent potential drop in the electrolyte represented by the red box is decoupled from
the surface charge density at the 2D channel and calculated by solving Equation (13). The blue box
represents the large-signal model for 2D semiconductor-based field-effect transistors developed by
the authors in [43].

As depicted in Figure 2, the large-signal model can be conceptually split into two
parts. One, represented by the blue box, is able to predict the electrical read-out of an
electrostatically gated 2D channel as far as the band structure of the semiconductor can
be modeled under an effective mass approach, i.e., the dispersion relationship at the
conduction/valence band minima/maxima can be approximated by a parabola [43,51]. On
the other hand, the Verilog-A construct, represented by the red box in Figure 2, determines
the voltage drop at the electrolyte generated by charged macromolecules due to the targets
and receptors if they can be described by an ion-permeable membrane. In this regard,
the model can be generalized not only to a broader class of 2D semiconductors but also
to different substances/analytes [5], such as, e.g., the biotin and streptavidin pair, or
avidin, which also shows affinity for biotin [64]. The model would also be able to predict
the sensitivity in response to DNA hybridization, where the ensemble of surface-bound
oligomers can be described as a charged ion-permeable membrane [42,65]. It is worth
noting that the model assumes the a priori functionalization of the dielectric layer with
specific receptors for selectively capturing the target biomolecules. From the perspective
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of theoretical modeling, the analysis of the specificity is not trivial and compact models
have to rely on previous biochemical research on the interactions of the receptor with
other molecules, with the receptor-target complex being eventually described in terms of
its charge.

2.2. Drain Current Transport through a 2D EIS BioFET

In the diffusive regime, the drain current of a 2D EIS BioFET can be accurately calcu-
lated by the following closed-form expression [45]:

C, 2 42 _ _ .
ﬂpVLVqu,pfl’fh[(H 5?.;")(@) (e e ”d)] if p—type
- (15)

2

C 2_ .
ot Caqnth| (14 52 (55 ) (e — )| i n-type

Ids

where W and L are the channel width and length, respectively; un (14p) is the electron (hole)
effective mobility; Cy = Ciox + Cpox 1S the sum of the geometrical top- and back-oxide
capacitances per unit area; and the function u(¢,) is defined as follows:

S
log <1 + e"’tll;) if p—type
U(Pen) = (16)

“9ch
log <1 +e % ) if n—type

where us = u(¢aps) and ug = u(Png) are calculated from the electrostatics in
Equations (2) and (14) as ¢ch s = Pen| o=V, and ¢ch g4 = Pen| o=V,

3. Results and Discussion

In this section, we provide a validation of the theoretical modeling of the EIS 2D
BioFETs addressed in Section 2. To do so, we compare the outcome of the compact model
against experimental measurements of a MoS,-FET performing as both a pH detector
(Section 3.1) and a streptavidin biosensor (Section 3.2). The details of the device fabrication
and characterization are reported by Sarkar et al. in [21]. The MoS; channel was obtained
by micromechanical exfoliation technique and was transferred onto 270 nm SiO, /highly
doped Si substrate. The source/drain metal contact stacks are 60 nm/100 nm Ti/Au and,
importantly, are passivated with a dielectric layer to protect them from the electrolyte, thus,
preventing eventual direct contact between the electrolyte and the edge contacts that would
allow the direct adsorption of ions and/or biomolecules. The role of the oxide barrier is
played by a 30 nm thick layer of HfO, [21]. An Ag/AgCl reference electrode is used to
bias the electrolyte solution formed by 0.01 x Phosphate Buffered Saline (PBS). Table 1
summarizes the parameters and values characterizing the device, electrolyte, ion-permeable
membrane, and electrolyte-oxide interface used in the simulation.

3.1. MoS;,-FET as an Ion-Sensitive Sensor

The operation of the MoS,-FET is first analyzed when the pH of the electrolytic
solution is modified. Figure 3 shows the simulated and measured transfer characteristics
(Igs — Vig curves) of the n-type MoS;-based ion-sensitive FET for three different pH values
(pH = 3, 4, 5) in linear (left) and logarithmic (right) scales. To perform the simulation of
the device as an ion-detector, the charge concentration in the membrane is set to Ny, = 0
(which implies that ¢pp = 0) and the permittivity of the membrane is assumed to be the
same as the electrolyte, namely ey — ey = 80¢y.



Sensors 2023, 23, 1840

9o0f 16

Table 1. Parameters of the modeled MoS,-BioFET.

Parameter Value Parameter Value
L (um) 5 [21] fin (cm?/Vs) 20
W (um) 20 [21] Ew 80¢g
tox (Nm) 30 [21] €m 80¢q
erox [HfO;] 25 pK, 7 [66]
thox (M) 270 [21] PKyb 7 [66]
€box [SIO2] 3.9 Cstern (ME/cm?) 20 [67]
Vgo (V) 0.48 ip (mM) 1
Vio (V) 0 N (em—2) 4 % 10 [66]
m? /g 0.54 [68] N; (cm~2) 2.3 x 1013
mg o/ myo 0.58 [68] N; (M) 100
8e,1 2 Kc (M_l) 1013 [69]
8e2 6 hm (nm) 5[70]
AEe 152 (eV) 0.07 [47] Vas (V) 1
The pH at the point of zero charge is defined as pH,,. = (pK, +pK,)/2, with pK, = —log;,(Ka),
pK, = —log,;(Kp), and pH = —logy, (a‘l’jﬁ) The salt concentration can be calculated as 1y = Naip, where

N, is the Avogadro constant and i is the ionic molar concentration of the solution. The parameters Ns, Ny, N,
and iy, will be modified for the different experiments.

1.5
2
ﬂ‘ —
s 1 <
i (%))
X 0
.’ pH=3 (sim.)
0.5 pH=4 (sim.)
pH=5 (sim.)
O  pH=3 (meas.)
O  pH=4 (meas.)
0 O  pH=5 (meas.)

Figure 3. Simulation (solid lines) and measurements (symbols) of the drain current of the MoS,-FET
described in Table 1 and reported in [21] for different pH = 3 (blue), 4 (red), and 5 (green). Left (right)
axis corresponds to a linear (logarithmic) scale.

Indeed, we check that Ny = 0 gets back to our previously reported compact model
for 2D EIS ion-sensitive FETs (ISFETs) reported in [71]. The agreement between the model
outcome and measurements is excellent for all regimes of operation as shown in Figure 3.
The performance of this MoS, technology for ion detection in terms of current and voltage
sensitivities for the different operation regions can also be found in [71].

3.2. MoS,-FET as a Biosensor of Charged Macromolecules

The specific capability of the MoS;-BioFET to detect biomolecules is tested on the
well-known biotin—streptavidin interaction [72], where the biotin and streptavidin pair
act as models for receptor and target molecules, respectively.

First, we explore the impact on the device characteristics of the charge concentration
inside the membrane formed by the macromolecules. In this regard, Figure 4a,b shows
the transfer characteristics for the MoS,-BioFET described in Table 1 at different negative
and positive charge concentrations in the membrane, respectively. To boost the sensitivity,
the number of surface sites and the salt concentration has been set to Ny = 0 cm 2 and
ip = 1 mM, respectively. An increase in the negative (positive) membrane charge density,
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Nm, shifts the curves towards higher (lower) Vlg values, thus increasing (reducing) the
threshold voltage, as shown in Figure 4a,b.

Next, we examine the impact of ionic screening on the device sensitivity for three
different salt concentrations, namely, 1 mM, 10 mM, and 100 mM, as shown in Figure 5a—c,
respectively. The lower the salt concentration, the higher the sensitivity to variations in the
membrane charge density. This behavior can be explained by analyzing the shift of the
threshold voltage (AV},) with the membrane charge density, depicted in Figure 5d. The
increase in the salt concentration from 1 mM to 100 mM causes a considerable reduction in
the voltage sensitivity. If the oxide barrier surface is highly charged (due to a noticeable
density of hydroxyl groups on the HfO, surface), the variations in Vy, would also be
significantly mitigated.

(b) 42
increasing increasing
IN_| (cm™) N_ (em™)
N0 %3: 10° N,=0
Nm=—1018 — Nm=1018
~"G
Nm=—1019 Nm=1019
N _=-5x10" 102 L N_=5x10"
N_=-10% N_=10%
0.5 1 1.5 0 0.5 1
vlg (V) Vlg V)

Figure 4. Simulated transfer characteristics of the MoS,-BioFET described in Table 1 for different (a)
negative, and (b) positive membrane charge densities (N5 = 0 cm~2 and ig = 1 mM).

To capture the impact of the streptavidin concentration on the MoS;-BioFET electrical
characteristic, it is essential to describe the membrane concentration of biotin-streptavidin
macromolecules (Np,) with respect to the density of receptors on the sensor surface (biotin,
N;), the concentration of targets (streptavidin, Ny), the binding constant (K.), the macro-
molecule height (i), and the number of fundamental charges per molecules (kq). The
basic Langmuir adsorption approach is assumed for modeling the adsorption of species
onto a surface [73] resulting in:

k KN,
_Mq ciVt
Nin = thr(l + KCNt) (17)

The volumetric density of fixed charged macromolecules in the membrane is calculated
according to its length, the surface density of targets and receptors and the number of
charges per molecule. The biotin—streptavidin system is attached by one of the strongest
non-covalent protein—ligand interactions, with a maximum binding constant of 10'> M~!
and a default value of K, = 10! M1 [69]. After functionalization, the hydroxyl group
surface density is assumed to be reduced to 1% of the available sites on the HfO, surface
(Ns =4 x 10'2 cm~2) with a biotin surface density of Ny =2.3 X 1013 cm~2. While the biotin
molecule is neutral [72], the streptavidin molecule is negatively (positively) charged in
the solution when the pH is higher (lower) than the isoelectric point, pI, namely, pH > pl
(pH < pI) [64]. Therefore, depending on the pH value, the expected impact of the charged
molecules will be either the one shown in Figure 4a (pH > pl) or Figure 4b (pH < pI).
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Figure 5. Impact of the varying salt concentration on the sensing response of the MoS,-BioFET
described in Table 1. The ionic concentration (ip) is (a) 1 mM; (b) 10 mM; and (c) 100 mM. (d) Threshold
voltage shift versus the charge concentration in the membrane (Np,) for different salt concentrations
(ip) and binding surface sites (Ns). The solid blue line is the reference scenario with N5 = 0 cm~2 and
io =1mM.

Figure 6a—b shows streptavidin sensing results of a MoS;-BioFET in two different pH
environments, namely, an acidic (pH = 3) and a basic (pH = 9) solution. The corresponding
numbers of charges per molecule are kq = +22.3 and —15.2 for pH = 3 and pH =9, respec-
tively, as obtained from the PROPKA algorithm which predicts the values of ionizable
groups in proteins and protein-ligand complexes [64,74,75]. Table 1 collects a summary of
the parameters characterizing the electrolyte, membrane, and electrolyte-oxide interface.
The point of charge neutrality, pl, of streptavidin molecules is ~5.04, thus, the protein will
be positively charged in the acidic solution at pH = 3, while negatively charged in the basic
solution at pH = 9. Specifically, in the former (Figure 6a), the drain current increases with
the addition of streptavidin for a fixed Vi, i.e., Vi, is negatively shifted as addressed in
Figure 6¢. In contrast, the current is reduced in the basic solution (pH = 9) in the presence
of the target molecule, streptavidin, namely, Vi, is positively shifted (Figure 6c). This
behavior agrees with the results shown in Figure 4a-b and with other previously reported
biotin—streptavidin field-effect-based sensing experiments [21,76]. Hence, the good agree-
ment depicted between the proposed model and the experimental data demonstrates its
capability to predict the biosensor response to the presence streptavidin diluted in solutions
of variable pH.
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Figure 6. Measured [21] (symbols) and simulated (solid lines) streptavidin sensing response of
the MoS,-BioFET described in Table 1 under different pH solutions, specifically, (a) acidic solution
(pH = 3) and (b) basic solution (pH = 9). (¢) Change in threshold voltage with streptavidin (in acidic
and basic solutions). (d) Streptavidin current sensitivity of the MoS;-BioFET in the different transistor
operation regions at pH = 3.

A key figure of merit for biosensors is the current sensitivity, Sstrep—1, defined as the
relative change of the BioFET current before and after the streptavidin binding divided
by the lowest of both currents [21]. Figure 6d shows the comparison of Sgtrep—1 in the
different transistor operating regions; namely, subthreshold, saturation, and linear regions.
Sstrep—1 Teaches a value of about 200 in the subthreshold region for a streptavidin solution
of Nt =100 fM. This value is very close to that obtained directly from the measured transfer
characteristics (196 in the subthreshold region [21]). For the saturation and linear regions,
the sensitivity is notably reduced. Finally, we investigate the biosensor response to different
streptavidin concentrations, N;. Figure 7 shows the simulated transfer characteristics of the
MoS,-BioFET described in Table 1 when streptavidin solutions with concentrations ranging
from 100 fM to 10 uM are employed. The experimental measurements for the buffer and N;
=10 uM [21] are also included in Figure 7 (symbols), showing a good fit between them and
a clearly monotonic behavior of I3 with N;. The net charge associated to the streptavidin
is positive for the considered pH = 4.75, and thus, the drain current increases due to the
reduction in the threshold voltage with the increase in streptavidin concentration.
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Figure 7. Transfer characteristics of the MoS;-BioFET under various streptavidin concentrations (N¢)
at pH = 4.75. Symbols represent the measurements [21] and solid lines depict the model outcome.

4. Conclusions

We have developed a comprehensive compact model able to describe the electrical
response of two-dimensional electrolyte-insulator-semiconductor field-effect biosensors
where the macromolecules formed by receptors and targets attached to the insulator surface
are represented by a charged ion-permeable membrane. The model accounts for the surface-
related physical and chemical processes that cause a significant influence on the biosensor
performance, including the electrolyte screening, site-binding charge, and biomolecule
charges at the electrolyte side, and combines them with a drift-diffusion description of
the electron transport in the semiconductor channel. The model has been implemented in
Verilog-A and, therefore, it is compatible with standard commercial circuit simulators. The
theoretical predictions have been validated against the electrical response of an experimen-
tal MoS,-biosensor in the presence of variable pH and streptavidin concentrations showing
excellent agreement in all these situations. The proposed model enables a straightforward
application for the biosensing of different macromolecules, making use of a variety of 2D
semiconductors and novel structures, and enabling its analysis and integration at the circuit
level.
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