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A compact model of an ion-sensitive floating gate FET (ISFGFET) is presented. Unlike in the conventional ISFET, the
ISFGFET has a dual gate structure, a sensing gate and a control gate. With the interplay between the control gate and
the reference electrode the charging of the fluidic part of the sensor can be controlled and the sensing surface can be
programmed. We present an intuitive macromodel with SPICE implementation and discuss the fluidic gating, sensitivity,
chemical and electrical tuning of the ionic screening layer as well as the methods to combat the limitations such as the
dielectric breakdown of the sensing oxide as well as the design trade-offs of the sensor. Additionally the model allows the
integration of this new type of chemical sensor to the CMOS design flow. The proposed model relies on experimentally

Keywords: verified site-binding theory and double layer capacitance formulation explaining the interfacial potential. Unlike previous
ISSPFIEE models we created a unified model where the sensing interface and the FET are coupled and the system is solved as such
Model without unnecessary simplifications used earlier. The model validity is verified by comparing the results with well-estab-
Chemical sensor lished ISFET models and with experimental results.

pH © 2016 Published by Elsevier Ltd.

Electrofluidic gating

1. Introduction

Transistor based (bio)chemical sensors are promising in sensing
applications due to their inherent capability for miniaturization, scal-
ability, low power and portability [1,2]. Bergveld described the
ion-sensitive field-effect-transistor (ISFET) in the 1970s over 40 years
ago [3]. Since then the FET based sensing research has been suc-
cessfully used for genome sequencing [4] monitoring poly-
merase-chain-reaction (PCR) on chip [5] as well as for the detection
of intrinsic charge of macromolecules [6]. Additionally interface read-
out circuits for large scale arrays and feedback circuits enhancing the
sensor response have been described [7].

Previous improvement in modeling efforts includes a robust gen-
eral interface model [8] and an efficiently solvable model with intu-
itive device description [9] and its extension to biosensing [10]. Most
modeling efforts, however, have concentrated on the conventional IS-
FET structure. We describe a model for an ISFET variant, the ion-sen-
sitive floating gate field-effect transistor (ISFGFET) [11-13] and dis-
cuss its behavior in comparison to ISFET. The ISFGFET employs a
floating gate (FG) between the sensing gate (SG) and the underlying
transistor structure. Additional control gate (CG) is capacitively cou-
pled to the FG. Both gates can be used to modulate the FET chan-
nel conductance. A simplified schematic is shown in Fig. 1. The well
established ISFET models are based on the site-binding theory ac-
companied with the double layer theory [14,9]. We follow this ap-
proach, but do not make two simplifying assumptions of earlier mod-
els. We do not uncouple the electrolyte from the electronics and we
treat the two electrolyte capacitances of the Gouy—Chapman—Stern
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(GCS) model separately. This allows us to compute the charge and the
potential at any point in the electrochemical system. The coupling of
the electronics to the solution reveals that we can use the CG to control
the ionic screening layer, an ability not found in other ISFET struc-
tures.

We have described the ISFGFET physical realization [11,12] and
discussed the operation of the structure earlier [13]. Here we extend
this work by merging the model as such in a compact form in a
SPICE simulation tools and further discuss gating abilities and design
trade-offs of the device. Similar structures have been described before
[15-17], but thorough analysis of the structure nor a robust model has
not been presented. Here we present a convenient and easily accessi-
ble HSPICE macromodel for the ISFGFET. This allows seamless and
simple integration of the chemical interface to the electronic structure
with the ability of an easy scaling towards more complicated designs
as well as the addition of parasitic effects.

2. Compact model

A simplified ISFGFET illustration is shown in Fig. 2. The device
has two gates, the sensing gate (SG) and a control gate (CG) which are
capacitively coupled to a common floating gate (FG). The correspond-
ing gate potentials are ¥, for the SG and V' for the CG. The device
operation can be described by considering the FG potential (V) of a
floating gate FET [18]

CogVeg + Csg¥ C, C
cG¥cG SG o GS o4 DSVD+Q

CTOT CTOT s CTOT CTOT (1)

Vi =

and by considering the Vj; and drain current /, relationship of the
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Fig. 1. Simplified ISFGFET schematic. The solution is modeled with Gouy—Chap-
man—Stern model. The V- and Vy- are the control gate and reference electrode poten-
tials. The ¥, is the surface potential of the oxide and ¥), is the potential at the Stern
layer.
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Fig. 2. Macromodel description of the ISFGFET. The model input nodes: N1 is the
CG potential (Vg node), N2 is the REF potential (Vyz- node), N3 is drain voltage (V)
node), N4 is the source voltage (Vg node), N5 is the body terminal of the transistor and
N100 is defined as the pH input. The Gouy—Chapman-Stern model defines the capaci-
tors of the double layer and the surface potential of the oxide ¥, and the potential at the
Stern layer ¥, .

underlying nmos in the linear region

2
w VDS
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where V,, is the MOSFET threshold voltage, y, is the carrier mobil-
ity, C,, gate oxide capacitance per unit area, L is the gate width and
L is the length. The source node is considered to be grounded. The
net charge Q at FG is considered to be zero in the simulations. Devi-
ations from the assumption are seen as constant shifts in the thresh-
old voltage. The parasitic capacitances Cggand Cg;;, where experi-
mentally found to have negligible impact on the device behavior and
are thus omitted. These can be easily incorporated in the presented
compact model in SPICE. The sensing branch of the ISFGFET con-
sisting of the FG, sensing oxide, electrolyte solution and a reference
electrode is modeled with behavioral voltage sources in SPICE. Our
definition follows the guidelines presented by Jiang and Stein [19].
In Fig. 2 the ISFGFET macromodel is shown. The electrolyte ca-
pacitance is usually much larger than the other series capacitances
(sensing layer and FET gate oxide and depletion layer) and thus the

coupling of the reference electrode to the sensing gate can be approx-
imated as

W = Vier + Voo + Vo 3)

where V(c)cll describes the constant interfacial potentials associated to

the electrochemical cell and the ¥, is the chemically relevant term.
This approximation explains the device operation and the voltage
sources in series in the electrochemical cell. However, it is clear from
the model formulation in Table 1 that the ¥, and V,,; are interlinked.
Additionally we note that the model assumes that the solution bulk
potential equals the Vypy. Junction potential corrections can be easily
embedded into the V.

2.1. Model definition

The model is solved in a HSPICE sub-circuit block. The non-linear
equations (7) and (8) in Table 1 are solved using behavioral voltage
sources. The FG and CG nodes are capacitively connected to n-type
FET and are simulated using standard SPICE circuit elements. The
block diagram of the macromodel is shown in Fig. 2. There are six
input nodes for the sub-circuit: control gate N1, reference electrode
N2, drain N3, source N4, bulk N5 and a pH N100. The electrolyte
pH has been included as an input node to allow simple simulation of
the model for pH changes [9]. Using the model provided in Appendix
A other parameters can be included similarly as a sub-circuit input
node as well. The Appendix A specifies a user specific proprietary
transistor model. In our case it is an nmos transistor comprising eight
parallel transistor fingers and a control gate capacitor. The sensor has
a pristine threshold voltage of 1 V at the FG. Both the control gate and
the gate oxide capacitances are 0.13 pF.

2.2. Device description

The chip was manufactured with 0.25 um double polysilicon gate
CMOS process. It was encapsulated with PDMS to protect the bond-

Table 1
Compact model equations.
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ing wires. The chip's overall dimensions are 5 mm x 5 mm. The in-
dividual sensors were glass passivated during the manufacturing
process. The passivation consisted of a 0.5 pm thick SiO, layer fol-
lowed with a 1 pm SizN, layer deposited on top. The passivation layer
was etched using reactive-ion etching (RIE) that exposed the under-
lying aluminium sensing pads. A thin layer of native Al,O; oxide
formed on the surface with an expected thickness of 6 nm.

In Fig. 3(a) the top view of the manufactured chip is shown. In (b)
a SEM image of the device illustrates the cross sectional structure. The
metal vias from the FG, source and drain nodes to the top of the chip
are shown. The figure zooms in and shows two FGs of a single sensor
that consists of eight parallel fingers. In (c) a sensing pad SEM image
is shown and (d) is the top view of the layout indicating the position-
ing of the sensing pad compared to the underlying electrical structure.
The pad is not directly on top of the transistor minimizing the effect of
the parasitic capacitances.

3. Results and discussion
3.1. Capacitive attenuation

Aside from the surface pH sensitivity the underlying sensor has a
significant impact on how strongly this potential change is seen in the
drain current. The capacitive network that capacitively connects the
two inputs to the FG has a strong influence to the behavior of the sen-
sor. Both sensor input nodes, the control gate and the sensing gate, can
be used to modulate the sensor drain current. Thus the sensor has two
sensitivities defined as a change in output per unit change at one of the
inputs, Vg or ¥,. The change in the V' resulting from the inputs is
given as

C C
AVFG = CCG AVCG + C SG AlPO
TOT TOT 4)

where Cpor=Ceq+ Csq+ Cpox- The sensing gate surface poten-
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tial is weighted with a capacitive ratio that is always less than one,
limiting its sensitivity.

In [13] we described the general behavior of the device concentrat-
ing on the relationships between the sensing oxide and the electrolyte
solution. Here we extend this work with a fully merged SPICE model
and consider the practical abilities of the sensor in terms of V., We
elaborate the sensor behavior in following simulations where we fixed
the CG and SG capacitances to be roughly the same, larger than Cy,
but smaller than the double layer capacitance of the solution. There-
fore the capacitive ratio in Eq. (4) for both sensitivities is ~0.5.

3.2. Electrofluidic gating

The ability to probe the ionic screening layer with electrostatic
force is called electrofluidic gating [19]. In our device the V; can be
controlled through the CG. This changes the potential across the sens-
ing oxide and subsequently across the solution allowing the program-
ming of the sensing gate and the fluidic part of the device.

The sensing surface with ionizable surface groups acts as buffer
when potential changes at the FG. This buffering capability is strongly
depended on the density of these groups [19]. In Fig. 4(a) the rela-
tionship between surface potential and the sensing gate oxide field
strength is shown. With high density of ionizable groups the ionic
screening layer charge remains practically unaffected. There is an
abundance of ionizable groups that respond to the applied electric
field by either protonating or deprotonating leaving the surface po-
tential unaffected. On the other extreme are surfaces with no ioniz-
able groups. Then the charging follows linearly the changes in the ox-
ide field strength as shown in (c). This is due to the counter-ions in
the double layer completely screening the field induced surface charg-
ing i.e. the lost ability to buffer against the changes in charging at the
surface. In between, we have surfaces with limited buffering capacity
where the surfaces act as a buffer with modest field strengths. With
increased fields the curves run in parallel with the inert surface indi-
cating and that all ionizable groups have responded. The figures (b)

(c) (d)

Fig. 3. (a) Top view of the ISFGFET chip. (b) Cross-sectional SEM image of the sensor showing two floating gates of a single sensor. (¢) SEM image of the sensing area and (d) a
top-view layout indicating the sensing area placement in relation to the underlying device structure.
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Fig. 4. (a) The surface potential ¥, (b) double layer potential ¥}, and (c) the double layer charge o, response to varying Egg with different N in units of nm 2. Surface dissociation
constants are pK, =8 and pKz = 6 and the solution pH is 7. In all cases the Vjz is considered grounded and ¢ =10 mM. (d) is as (c) but with different values of sensing oxide

dielectric constants and with Ny= 0.2 nm 2.
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and (c) show the response in the double layer potential and charge un-
der the same simulation. The pH sensitivity (not shown) goes hand in
hand with the buffering capacity. With high ionizable group density
the surface exhibits Nernstian response. For field-effect control of the
solution a non-Nernstian surface is required with reduced pH sensitiv-
ity. A similar observation has been discussed earlier [16].

3.3. Gating enhancement

To have a strong ability for electrofluidic gating the Cy; should be
large enough that significant coupling of AV can be seen at the ionic
screening layer. Increasing capacitive coupling by scaling the area is
limited since both double layer capacitance and Cg; capacitance ide-
ally scale directly with it. Non-idealities related to the SG capacitance
has been reviewed briefly [13]. Using the dielectric thickness for in-
creased capacitance is limited due to the dielectric breakdown since
thicker oxides reduce the coupling strength. The gating ability can be
enhanced by increasing the dielectric constant of the sensing oxide. An
example is shown in Fig. 4(d). This strategy is limited by the availabil-
ity of suitable dielectrics, but clear coupling improvements are achiev-
able. This further complicates the design and adds trade-offs with in-
trigue interplay between the design parameters.

3.4. Chemical and electrical tuning

In Fig. 5 the ability to chemically tune the double layer charg-
ing via changing the solution pH (a) or the surface dissociation con-
stants (b) is shown. The charging in both cases is simulated with a
sweeping Vg — Vzer potential difference. The change of pH shifts the
curves as it directly changes the charging in the surface and thus in the
ionic screening layer. An analogous effect shown in Fig. 5(b) can be
achieved by adjusting the surface dissociation constants. The strongest
change due to an applied field in the surface charging happens when
the pK value is close to the pH of the electrolyte solution. Commonly
this means that only one of the groups is buffering when the other
group remains mostly protonated or deprotonated. Thus, the pH and
surface pK values are interlinked. With lower pK values the double
layer becomes relatively more negatively charged since the PZC lies
at a lower pH. The simulations consider changing the V., but as the
charging at the sensing branch is determined by the potential differ-
ence between Vi and Vg the interplay with the reference electrode
can be used for fluidic gating while controlling the FET bias point in-
dependently.

40/ 40
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Fig. 5. Chemical and electrical tuning of the surface. (a) Electrolyte pH is varied with
pK, =8 and pKy = 6. (b) Surface dissociation constants are varied in pH = 7. In both
cases the Vg is considered grounded, ¢ = 10 mM and Ng= 0.2 nm .

3.4.1. Salinity

The salinity of the electrolyte has a strong impact on the ionic
screening length defined via the Debye screening length (Eq. (12) in
Table 1). Increasing the salinity decreases ionic screening length and
increases the diffuse layer capacitance. With small salt concentration
the double layer capacitance is decreased and the potential difference
increasingly falls on the solution and the diffuse layer. This indicates
stronger changes in the oxide and the ionic screening layer potentials
with lowering salt concentration as is observed in Fig. 6(a). However,
the ionic screening layer charge in (b) remains static (while sweep-
ing V) within the buffering regime when the salt concentration is
low. This is because the diffuse layer with smaller capacitance, re-
quires smaller charge density changes for compensating the potential
changes at the sensing surface.

3.5. Model verification

We compare the pH sensitivity of our macromodel with the model
by van Hal et al. [14,8]. The model described by van Hall et al. con-
siders the electrolyte solution being uncoupled from the transistor. We
do not make such simplification and additionally we separate the com-
bined Stern layer and diffuse layer capacitances allowing computation
of the screening layer potential and charge. We computed the pH re-
sponse with Al,O5 and Ta,Ojs surfaces using both models and com-
pared them in the same setting. In the ISFET model by Van Hall et
al. the underlying transistor has no influence as it is uncoupled from
the solution. In our ISFGFET model the potential at the FG influences
the surface potential. To allow best comparison of the surface behav-
ior between models we connected all transistor nodes to ground. In
both simulations the bulk solution potential was set to zero. The pH
sensitivity between the models with Al,05 and Ta,O5 surfaces are in
agreement. In the ISFGFET model the FG, surrounded by capacitive
network, is floating. Some of the charge generated by the surface is
distributed across the oxide creating a small, but negligible difference
between sensitivities. Reported measured results with a commercial
Sentron 1090 Al,O; ISFET and a Ta,O5 gate ISFET [20] show good
agreement with the modeled results as shown in Table 2. A small dis-
crepancy between the measured ISFGFET sensitivity was found in the
alkaline end of the pH range where in the acidic range the agreement
is good as shown in Fig. 7(a).

The model estimates the pH sensitivity accurately, but it can also
predict the entire device behavior in absolute terms. Fig. 7(b) shows
the simulated and measured transfer curves of the electrical part of
the sensor when the V- is swept and 7, is measured. This measure-
ment checks the validity of the underlying transistor SPICE model. In
Fig. 7(b) the transistor is measured in dry conditions. The SG is float-
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Fig. 6. Impact of salinity. The surface potential (a) and the double layer charge (b) with

different monovalent salt concentrations. Electrolyte pH is 7 and pK, =8 and pKz =6
with Ng=0.2 nm *.
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Table 2

ISFET sensitivity comparison. Experiments for Al,O; were conducted in pH range 1,
..., 13 @ 25 °C and for Ta,05 in pH range 1, ..., 10 @ 25 °C [20]. Both models were
examined in pH range 1, ..., 14 in 1 M solution with Stern capacitance 18 pF/cmz.

Sensitivity [mV/pH]

ISFET ISFGFET ISFET ISFGFET
Gate material model [14]  macromodel measured [20]  measured [13]
Al,O4 53.0 53.2 53.2 50.9
Ta,05 58.5 58.6 59.4

ing and does contribute to the obtained responses. The SPICE model
predicts fairly well the measured behavior, but the measured current
is on average approximately 1.2 times larger than the simulated cur-
rent. We use this factor to correct the MOSFET gate voltage and [,
relationship of the foundry specific SPICE model by multiplying the
model /,, with it. We are unable to directly probe the mismatch be-
tween the MOSFET gate voltage and drain current relationship since
the bias is applied through one of the input gates and a capacitive di-
vision between the gate oxide and CG oxide might distort the result.
However, such capacitances are usually well defined and moreover,
using the same correction corrects the measured drain currents regard-
less which input gate is used for biasing under different biasing condi-
tions. Therefore we are confident that the used correction of the elec-
trical part is valid.

1.1}
50.9 mV /pH
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.
= 0.9
=~
= 0.8
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06—, i 10
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(a)
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' —Measurement

pH =4

ID [mA]
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1.5
Vrer|V]
(c)

In Fig. 7(c) the ISFGFET transfer curves are simulated under
chemical sensing and compared to the corresponding measurements
in buffers solution with pH values 4, 7 and 10. The simulation cor-
responds well with the measured results. The simulation vs. measure-
ments for two different sensing areas are additionally compared in Fig.
7(d). In both cases the agreement is good. The reduced current is due
to the combined effect of capacitive division and the difference in the
drain current and V' relationship between the sensors. Regardless, it
further verifies the model validity under different sensing areas.

4. Conclusions

We showed an intuitive model of the ISFET variant, the ISFGFET
that possesses some new possibilities unmet in the classical ISFET.
In addition to the control of the operation point using the control gate
the intrigue interplay between the CG and REF can be used to mod-
ulate the solution charging via the field-effect. The model was veri-
fied through electrical characterizations and chemical measurements
from which transfer curves were extracted. The developed model al-
lows simple incorporation of non-ideal effects such as parasitic capac-
itances, temperature effects and even temporal drifts. The model al-
lows the incorporation of the device as an electrical circuit element
which can be incorporated into CMOS design flow. This allows for
example the simulation of various front-end configurations and larger
arrays with high computational efficiency.
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Fig. 7. (a) Measured ISFGFET pH sensitivity. (b) Simulated vs. measured transfer curves of the ISFGFET biased through the control gate while leaving the sensing gate uncoupled.
(c) Comparison of the compact model simulation to measurements under buffers with pH values of 4, 7 and 10. (d) Comparison of two individual sensors transfer curves with differ-

ent area in pH 7 with simulations (dashed line) and measurements (solid line).
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Appendix A.

.OPTION LIST
{-destep=1000
+gmindc =1e-24 itl1=1000 converge accurate

+ post=1

PARAM

bk = 1.38e-23

+ T = 300

+ q = 1.602e-19
bVt = "((k*T)/q)=1’
+ e0 = B.B5e-12

} Na = 6.02e23

+ erw = T8.4

+ N lel7

{ pKa = 8

+ pKb =6

¢ = 10e-3

+ pH =17

+ ero = 9.3

fd = 10e-9

+ A = 500e-12

f debye = '((erw*e0*k*T)/(2*q2*Na*1000%c))0.5'
+ Cs = "10%e0/5e-10"
+ Csg = 'ero®e0/d’

SUBCIRCUIT DEFINITION

SUBCKT ISFGFET N1 N2 N3 N4 N5 N100
USER SPESIFIC (NMOS) MODEL

*REMOVAL OF FLOATING NODES
R201 0 N201 1e23
R202 0 N202 1e23

*INTERFACE CAPACITANCES
Cs N201 N202 C '10%e0/5e-10% A"
Csg N200 N201 C = ‘ero*e0/d*A’

*SYSTEM OF NON-LINEAR EQUATIONS

EPC D1 0 VOL = -q*N/(1 + 10{pKa - V(N100))*EXP(-Vt*(V(N201)-
V(N2))))

ENC D2 0 VOL = 'q*N/(1 +
V(N2))))’

EDC D3 0 VOL = '2¥erw*e0*k* T/ (debye*q) *sinh (Vt*(V(N202)-V(N2))/(2)

10{V(N100) - pKb)*EXP(Vt*(V(N201)-

E1 N201 0 VOL = "V(N200) + (V(D1) + V(D2) - V(D3))/Csg’
E2 N202 0 VOL = '"V(N201) - V(D3)/Cs’
.ENDS ISFGFET

*EXAMPLE CIRCUIT
XIS Veg Vref Vd Vs Vb Vph ISFGFET

VB Vb 0O
VEVs00

VDD Vd 0 DC 2
VREF Vref 0 DC 0

*Example

VPH Vph 0 DC 7

VG Veg 0 PULSE(-15 15 10ns 100ns 100ns Ons 1000ns)

. TRAN 1ns 110ns START = 10ns SWEEP N POI 5 0el6 1el7 2el7 5el7
1el8

end
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