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Abstract—We present a model of arbitrary chemical reactions
at the interface between a solid and an electrolyte, aimed at
computing the interface charge build-up and surface potential
shift of ion-sensitive FETs in the presence of interfering ions. An
expression for the rms value of the surface charge fluctuation
and the resulting uncertainty in the ion concentration is derived
as well. Application to nanoelectronic ISFET-based sensors for
ions and proteins is demonstrated.

Index Terms—ISFET, surface binding reactions,
sensitivity, charge fluctuations, chemical noise.
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I. INTRODUCTION

The sensing of ions and biomolecules using CMOS tech-
nology opens numberless possibilities of low-cost portable
sensors for chemical screening [1]], epigenetics [2] and has
drastically cut the costs of DNA sequencing [3]]. Physics-based
modelling of the transduction mechanism provides useful in-
sights for the optimization of the sensor sensitivity and signal-
to-noise ratio. In DC potentiometric sensors, transduction takes
place at the interface between a solid material and an elec-
trolyte and the essential physics of such interface and its first
order site-binding chemical reactions can be approximately
described with commercial TCAD [4]. However, sensitivity
to a given ion is affected by the presence of interfering
ions; since TCAD uses electrons and holes to mimic ions,
it cannot describe complex electrolytes and surface reactions
that involve multiple ions in a set of coupled equations [5].

In this paper, we derive expressions to account for com-
plex interface reactions between ions and binding sites. The
expression of the surface charge is coupled to the equilibrium
Poisson-Boltzmann (PB) equation to obtain the corresponding
potential variation. In addition, we derive a useful expression
of the noise induced by chemical fluctuations (hereinafter
simply chemical noise) due to the stochasticity of bind-
ing/unbinding events.

II. MODEL DESCRIPTION

Consider the surface sites at the solid/liquid interface of
an electrochemical Field Effect Transistor (FET) and assume
they can interact with different ionic species dissolved in the
electrolyte. The binding/unbinding with one charged species
entails a change of the site’s state and of its net charge. Each
state, ¢, is thus characterized by a probability f; (i.e. how
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many sites over the total are in such state) and a net signed

number of elementary charges z; which may be non-integer.

The simplest binding reaction is the first-order Langmuir

adsorption [[6] shown in Fig. [T] which can be seen as the

elementary constituent of a generic set of chemical reactions.
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Fig. 1. Single arrow graph representing the steady state relationship between
the ¢ — th state and the previous one, two arbitrary states of a site.

Here the site, from a complexed state 1— 1, binds the analyte
A (whose volume concentration and dissociation constant of
the reaction are [A] and K4 respectively) leading to the
complexed state <. In Fig. [I] nodes represent the states and
the branches carry the coefficient that transforms one state
probability with the previous when equilibrium is assumed.
Reaction constants and ionic concentrations at the interface
control the probability of the site to be in a given state and so
the net surface charge expected at equilibrium.

A site with N configurations has N —1 reactions transform-
ing one state into another. An extra equation is then given by
the normalization of the f functions. This leads to a linear
system with NV equations and N unknowns:

fi=¥fin

(D

N
21:1 fi=1
The surface charge density Qg due to Ng identical sites per
unit area interacting with the species, is

N
Qs =qNs Y _ zifi. ©)
=1

If different sites coexist, and (2) should be solved for
each site with the corresponding set of reactions, i.e. we have
a matrix equation for each type of site. This general case
is discussed in [7]. As for the electrostatics, if we assume
equilibrium (i.e. the presence of at most one faradaic contact
to the electrolyte [8]) and neglect steric effects, then the
surface charge obviously influences the potential and the ionic
distribution in the electrolyte according to the PB equations:
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where ¢ is the dielectric permittivity, ¢/ the electrostatic
potential, ()s o+ is the sum of the surface charge densities
of all different types of sites, z; the [—th ion/analyte net
number of elementary charges, N, is the number of mobile
species, [ASB] the ion/analyte concentration in the bulk of
the electrolyte. The interface ion concentrations depend on
the voltage drop between the bulk of the electrolyte and the
surface: a self-consistent solution of the coupled PB and the
surface reaction equations is then necessary and has been
implemented in this work.

III. VALIDATION OF THE MODEL

Our general modelling approach reproduces special cases
proposed in the literature, including the site-binding model
(SB) [9]] at the basis of pH sensing or the surface complexation
of chloride ions described by the modified SB (mSB) model
[10]. In our model, this modification yields an additional state,
linked by a chemical reaction concerning a deprotonation plus
the chloride binding. Figure [2] illustrates the good agreement
between our implementation and the experiments in [[10].
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Fig. 2. Left: Comparison between our model and experiments from [10].

The parameters K, = 1077 M, Ky = 107" M K. = 3.3-107% of the
three chemical reactions and the number of sites Ng = 101 m~2 are taken
from [10]. Right: SB and mSB reactions.

To prove that our approach can describe competing reac-
tions, we compared our simulations with models found in the
literature. The first one [11] was developed to estimate the
surface charge generated at the gold/electrolyte interface of a
sensor for the FimH protein. Here, the small oxidation of the
gold surface leads to a pH response (SB) that electrostatically
interferes with the attached mannoside ligands (Langmuir-like
reactions), designed to capture FimH proteins.

Figure Bla compares our simulations with the results ob-
tained in [[11] when using a constant double layer capacitance
Cpr, or the full PB model. We employ the same reaction
parameters, number of hydroxyl groups per unit area and ionic
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Fig. 3. Our model is applied to two cases of competing reactions using either
the constant capacitance model and the full PB, and compared with results
from the literature. In both cases the competing sites are SB and Langmuir-
like reactions. a) Surface potential shift simulations for Cpr, = 0.1 F/ m?2
(symbols) and with the full PB equations (dashed lines) compared with
the model in [[11]] (solid lines) for two densities of hydroxyl sites (SB).
b) The surface potential is plotted versus CaCly molar concentration for
three different bulk pH values. Our model is compared with [12], using
Cpr = 0.16 F/m?.

strength as in the original work [[11[]. We find excellent agree-
ment when embracing the same simplification as in [[11] while
the full PB solution predicts a lower plateau at high protein
concentrations, likely because the ionic strength (especially at
low concentrations such as in [[11]) plays an important role in
the C'pr, which cannot be considered constant.

A second comparison is with the model in [[12] for calcium
Ca?t sensing devices. Here the competing reactions are
given by the SB model for the pH response and a Langmuir
adsorption for the calcium sensing. To be consistent with the
assumptions in [[12f], we consider the simple SB model instead
of its modified version. The simulations have been performed
both assuming a constant double layer capacitance, as in [[12],
and with the full PB system. Results are reported in Fig. [3]b.
The comparison between the simplified (constant C'py) and
the more precise model shows that, once again, the assumption
of constant double layer capacitance does not always hold
true, as is here the case at high pH levels. The reason is
that for large surface potentials the screening becomes more
relevant and plays an important role while at low pH values the



two competing reactions counterbalance their charge resulting
in small surface potential and thus smaller variations in the
diffusive capacitance.

IV. IMPACT OF CHEMICAL NOISE ON PH SENSING

The discrete nature of binding/unbinding events due to
surface reactions produces noise on the sensor response. Here
we use our general approach to estimate the fluctuation coming
from the stochastic nature of the binding interface, which
results in an additional random telegraph noise superimposed
to the 1/f noise from the oxide/silicon interface [13[]. If we
assume that the read-out circuit has a bandwidth larger than
the reaction rates, the integrated noise is given by the RMS
deviation of the surface charge Qg from its average value.
Using f; from (TJ), this is
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where W and L are the dimensions of the sensing area.
Taking for instance an ion-sensitive-FET (ISFET) as
sketched in Fig. d, we convert the RMS value ogg in a
voltage fluctuation and then in an error on the pH reading as
illustrated in the block diagram of Fig. 4] Firstly, we consider
the surface potential variation due to a small surface charge
perturbation ¢, added at the electrolyte/oxide interface and
compute the function G that converts charge fluctuations into
surface potential fluctuations. Then, we compute the ISFET
sensitivity to the measured bulk pH, H and eventually estimate
the RMS value of the pH fluctuation. Figure [3 plots H,
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Fig. 4. Block diagram for the estimation of the chemical noise in an ISFET
for pH sensing.

G and og, as a function of the pH computed solving the
self-consistent PB equation in a 1D electrolyte/oxide structure

(shown at the right). We see that H is larger for HfO5 than for
SiO; and almost perfectly Nernstian, (H ~ 60mV/pH) due
to the larger number of sites (10'°m~=2 [10] vs, 5-10'8m—2
[14]). At the same time, GG is smaller for HfO,. Therefore
with HfO, the transfer function |G/H| decreases but og
increases. The net effect is that o, is larger for SiOy than
for HfO, (see, e.g., Fig. [6). The use of the mSB model for
HfO4 [10] (parameters for SiO, are not available to the best
of our knowledge) results in changes of H and GG and in an
increase of og and opp.

The estimation of the chemical noise can be relevant for
instance for large arrays of pH sensors such as in the lon
Torrent platform for DNA sequencing [15]]; in particular, the
use of smaller and smaller pwells renders the binding more
stochastic. Figure [6] shows the RMS value on the pH for
different footprint areas (assuming sensing area = pwell area)
and compares it to the signal the sensor should detect: dashed
lines show the pH variation caused by a single proton inside
the well, with the assumption that it diffuses towards the sensor
surface. We see that o,p, is negligibly small compared to
single protonation events if the chamber is thin (h = 1 pm) but
becomes comparable or larger for wells with larger footprint
area devices while large areas require small well volume (thin
well). The use of SiOs increases the chemical noise, and
so does the account of the Cl~ ions (compare the SB and
mSB models). Note that Figure [f] includes only the surface
chemistry as noise source.
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Fig. 6. RMS error of the pH for different sensing areas (symbols) for the three
cases in Fig. E] Dashed lines: variations induced by the addition of one proton,
assuming heights of the pwell of 1 and 10 pm. pH and Cl concentration are
from [16].

10! Fr T I e o e e e o 10 e Reference
a) 0'E T T T T T T 3 b) E ] C) E E d) Electrode
F 3 F n F A0 0H606 ]
= 100k a L 1 « T ]
O 10°El0-5i0, SB E Eig¢k 1
N F i £ Ok E
£ FleHio,sB 1 =0t 3 of ]
510.1 :-A-Hfo2 mSB : = E 1 S r 1
E 0 ]k
. o—b—o—0o—0—0—0—0—0——0—0——0—10 | E E
JNE RN AR ISP AU EPUPUN AP B D] AP S PP I SIS P P PRI PSR PR AP B
2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 Si
pHg pHg pHg
Fig. 5. The transfer functions G and H (see Fig. 4) are plotted for different bulk pHs, a) and b) respectively. ¢) the RMS noise computed using (). SiO2

and HfO2 materials are compared using SB model and, for the latter material, the mSB model is also reported. d) sketch of the ISFET-like device simulated.
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V. CHARGE FLUCTUATION IN COMPETING REACTIONS

We apply our model to competing reactions as in [17],
where the same algorithm as in Fig. ] holds with the analyte
concentration in place of the pH. Here, the bovine serum
albumin (BSA) is used as functionalization to sense its anti-
body (aBSA) at the nano-molar range of concentrations. These
specific sites coexist with those typical of mSB. For simplicity,
we consider all the binding reactions to take place at the
same surface, thus neglecting the size of the proteins and the
formation of a Donnan potential [|18]. The computation of the
net charge carried by BSA and aBSA is based on the pH and
buffer ionic strength of the solution, as in [17]. Uniform spatial
distribution of the charge inside the protein is assumed, and
only the fraction within a Debye length is considered in our
model. No Boltzmann distribution is used for aBSA protein
since its dimensions are much larger than the Debye length
[11]. We first fit the voltage shift experiments in [[17] (Fig.
[7); then, we evaluate the noise (Fig. [8). We see that chemical
noise sets both a lower and an upper limit to the sensitivity
when saturation is reached. Furthermore, smaller areas show
progressively smaller range of usability.
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Fig. 7. Left: simulation of bare gold electrodes and data in [[17]] using K,
Ky from [[12] and K. from [19]. Right: fit of the data with the addition of
BSA/anti-BSA using Kg = 1.2 nM and Ny, = 1.7- 1016 m—2.
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Fig. 8. Estimated RMS noise on the aBSA concentration for different sensing
areas Ay. The red dashed line shows the relation 0a, 5, =a@aBsa. The filled
symbols identify the useful operation range of the sensor.

VI. CONCLUSIONS

Our general model to compute the surface charge and
chemical noise for arbitrary reactions at the biochemical sensor
interface has been applied to ions and protein sensing. We
found good agreement with existing ad-hoc models and went
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further analysing the chemical noise. Results suggest that the
latter may play an important role in determining the useful
range of potentiometric sensors.
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