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ABSTRACT

The proper CAD of modern electronic microsystenisnted for
environment pollution monitoring requires compantiaccurate
models of various sensors, which would be comgatiith the
existing behavioural simulators. This paper preseahe analysis
of the ion selective transistor employed as a cbairsensor.
Since the sensor has to operate in a wide temperatunge, the
analyses were carried out with the special consitien of the
temperature phenomena on the device operation. different

models of the ion selective sensor membrane wenpared and
combined with the model of the ion sensitive tiosipreviously
developed by the authors. The models were validated

measurements of real structures.

Keywords VHDL-AMS MULTIDOMAIN SIMULATION
SILICON MICROSYSTEM MODELLING, CHEMICAL
SENSORS.

1. INTRODUCTION

Pollution of the natural environment is a seriousbfem
of industrialized countries. Thus, the concept It s0-
called sustainable development, which ensures Htuth
economical growth and the technological progresk thie

special consideration of the environmental cares wa

developed. This idea is also being implementechén &'

In the project, sets of ISFET sensors equipped with
membranes for detection of various ions will begnated
with data acquisition and processing units, as agldata
transmission systems. The processed data colléttdue
field units will be transmitted to the water qualibonitoring
station, where adequate actions will be takendénsary.

This paper presents a model of the CHEMFET sensor
suitable for multidomain behavioural simulations ewttire
microsystems. The model takes into account alttimeplex
physical phenomena occurring in the device. Pdaticu
attention has been paid to the thermal analydiseoflevice,
which requires examination of many various tempeeat
dependent phenomena known not only from the orginar
FETs but also related to the chemical reactionsiroiog
in the transistor gate structure. The next secifdhe paper
provides some theoretical background on the CHEMFET
operation principle Then, the electro-thermo-chainic
model used by the authors in the later describedlations
is presented in detail. Finally, the model is vati@! with the
measurements of real CHEMFET devices.

2. CHEMFET OPERATION PRINCIPLE

The semiconductor ion sensitive sensors based dal Me

Framework Programme of the EU supporting the SEWING Oxide Semiconductor FETs (MOSFETS) were suggested

project, the results of which are presented inghjser.

The main aim of the project is to provide a lowtcos
and efficient system dedicated to real time watslupon
monitoring. The sensors developed in the frameghef
project are based on a common sensing element lotthe
Sensitive Field Effect Transistor (ISFET), dedidate the
measurement of the hydrogen ion concentrationrderao
obtain devices sensitive to other ions than therdgeh
ones, the sensor has to be covered with speciakiective

already in 1970 by Bergveld [1]. The sensors wegdized
by removing the metallic gate of an ordinary MOSF&
submerging the device in an analysed solution. ;Tten
potential drop proportional to the logarithm of iagtivity
appears at the boundary with gate oxide.
Further modifications were made in 1975 when Moss

made the first potassium selective CHEMFET by httay
a polymer membrane to the gate dielectric [2]. $@mBsors
were significantly improved in the nineties by Beglgl and

membrane. Such sensors are known as the CHEmicallwen der Berg through the introduction of the poly#

Modified Field Effect Transistors (CHEMFETS).

hydrogel stabilizing the sensor operation [3].
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Figure 1: CHEMFET cross-section.

The final structure of the state-of-the-art CHEMFET
is shown in Figure 1. Compared to the standard MEJSF
on the gate dielectric organic layers such as gHiWA
hydrogel and an ion selective membrane are depoSitee
polyHEMA layer contains a solution of the main imawing
constant and known concentration, serving as aemde
solution. However, the key component of the seisadne
ion selective membrane, which separates two elgieis
containing the main ion: the analysed electrolytd ¢he
inner reference electrolyte.

The most important component of the ion selective
membrane is called ionophore, which is respongdilehe
reversible complexation and the transport of théennan
through the membrane. The ionophore determinesatbver
measurement range and selectivity of the sensooth&n
important component of the membrane is a lypoplsiitt,
which prevents the ions of the opposite sign thennhain
ion from the penetration into the membrane. Botbvab
mentioned components constitute only 5 weight perce
of the membrane. Around two third of the membrane
constitutes a solvent and the remaining part ilgnger
matrix in which all the components are suspended.

From the electrical point of view, the electrolfitaving
over the gate closes the gate circuit. The ion eatnation
in the electrolyte influences the gate potentiddiclv in turn
modifies the transistor threshold voltage. In thégy/, the ion
concentration exercises electrostatic control an dhain-
source current. Usually, the FET based chemicasasen
operate in the constant current mode, as showigimd=2.
Then, the drain current variations caused by thestiold
voltage shift due to the change of the ion conegintn are
compensated through the operational amplifier QPthé
feedback loop by adjusting the reference electpadential.

Thus, the CHEMFET sensitivity is typically expregse
as the gate voltage change per decade of ion cioatien
pl, wherepl denotes-log [I *]. For example, if the value
of pl is equal to 2, the concentration of the ions an®un
to 102 mole per litre.
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Figure 2: CHEMFET operating circuit.

3. TEMPERATURE DEPENDENT
CHEMFET MODEL

The modelling of CHEMFET sensor is a complex taskes
it requires taking into consideration many coupldmical,
electrical and thermal phenomena. The model prapose
by the authors can be regarded as an extended M@&d
model taking into account not only the semicondupiart
of the device but also all the remaining componenizh
as the reference electrode, the analysed eleerdhg ion
selective membrane, the inner reference electralytethe
gate dielectric. All these factors influencing ElEMFET
operation, summarised in Figure 3, will be analysethis
section in detail.
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Figure 3: Structure of the gate circuit.



Starting from the top of the above-presented figtire
first component is the reference electrode poteBia This
potential results from the Fermi level differenadvieen the
solid metal electrode (silver) and liquid soluticontaining
a salt of the electrode metal (silver chloride)e Thference
electrode potential does not depend on the elattiorent
or the chemical composition of the solution andssumed
to change with temperature as follows:

Erer = Eo + E(T) (T - 300) 1)
where:
E, — material dependent reference electrode potepdigl

From the CHEMFET operation point of view the most

important is the membrane potent), because it is the
only one component directly dependent on the coitipos
of the analysed electrolyte. The membrane potectal
be expressed as the sum of the membrane diffusikemal
Ep and the difference of the potential drops at thasp

boundaries€; (see Equation 2). The difference results from

the inequality of the ion concentrations in thelgsed and
the inner solution as shown in Figure 4.

EM = EBl - Esz + ED (2

The indexm corresponds to the main ion and the index
to the interfering ion (disturbing) respectivelyotB the
relative selectivity coefficient kg and the independent from
the ion concentration membrane potential digpdepend
on temperature as shown in Equations 4-5, wizeaad b

are empirical coefficients.
b

_ T
KoM= Ky - (@)
Eo(T) = E,(T,) W+a(T - T,)) (5)

There exists also physical membrane model bas#ueon
analyses of the thermodynamics of the phase boiesdand
the stechiometry of the membrane. This model, dpesl
by van der Berg, will not be presented here dug¢heo
scarcity of place. For the full description of thedel, refer
to [4]. This does not limit the scope of the corsidions
since both approaches are to some extent equivateht
the empirically determined parameters can be klatehe
physical ones [5]-[6].

The above considerations are illustrated on a ipedct
example of the ammonium sensor in the presencemés
interfering ion having concentration of 0.01 M/héresults

The most commonly employed model of the phenomenaobtained using the Nikolski-Eisenman model (NE) #mel
occurring in the sensor membrane is based on tm se van der Berg model (VDB) are shown in Figure 5.cas

empirical Nikolski-Eisenman equation, derived frahe

be seen in the range of moderate concentratiotigahain

well-known Nernst equation. Although the model has ion both models produce similar results. However,the

theoretical bases it belongs to semi-empirical rsoded its
coefficient can be easily determined directly fritva sensor
calibration curves. The final equation to compute t
membrane potential is formulated analysing theuslifin

of various ions through the phase boundaries betwee

the membrane and the surrounding electrolytes atidnw

the membrane itself. In the thermodynamic equiliorithe

membrane potential is equal to:
Evw =5 iﬂlnlcm K™ 1 @)

z F mt d

where:

F — Faraday constant

R — gas constant

¢ —ion concentration
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Figure 4: Distribution of membrane potentials.

K — selectivity coefficient

Z —ion valence

-~

T — absolute temperature

very high concentration range, rarely encountendtie real
conditions, the difference is visible due to thembmenon
of the so-called anionic error, which is adequateddelled
only by the van der Berg model.

Another observation is that the linear part of theve
flattens out due to the limited membrane selegtivithen,
the sensor becomes virtually insensitive to thenriwai at its
low activities. The exact location of the bendirginp and
consequently the measurement range are determyntrek b
membrane selectivity. Obviously, in the case offthgsical
model the linear response range is limited alsdHerhigh
concentrations of the main ion.
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Figure 5. Comparison of membrane models.




The last unknown potential drop in Figure 3 is the 6r pNH, =2
dielectric surface potentiats. Without the presence of the
membrane, in ISFET sensors this potential is thasome 5 PNH," =35
of the hydrogen ion concentration. However, duethte
invariant composition of the reference solution taored 4t
in the polyHEMA, this potential is constant in CHEMTSs.

The detailed analysis concerning the semicondypedr Cal Vgs=1V
of the device will not be presented in this papecesthe
authors described this problem earlier in [7]-[Bcause
the thermal phenomena occurring in the semicondyeta
of the sensor are already modelled in the SPICHEilator,
the authors decided to adapt the existing MOSFE@eino 1t Vgs=0.8v
for the overall chemo-thermo-electrical device datians.
This approach is not entirely new and was propasegdy - s - s .

Vgs=2V

NH, =5
pNH," =575

in the early nineties, e.g. in [9]. Then, all thetgmtials ° 03 ! Vd1'5 2 23 3
generated in the gate circuit, i.e. the refererieetrede sV

potential, the membrane potential and the surfatengial, Figure 7. Ammonium sensor output characteristics
modify the threshold voltage of the transistor. - calcium interfering ion pCa=2 (T = 2%).

Finally, the ion selective transistor thresholdtagé can

be computed using Equation 6, where the valueeoMBS The ammonium selective membranes were deposited

transistor threshold voltage;"'“® can be estimated based in the Department of Analytical Chemistry of the faéaw
University of Technology. The presented measuresnent

on the measurements whereas the value of the jad¢éhy;, . .

Ev and Y are found using the earlier presented equations.\évaer;eepsx?/g?;d act);h?hénségutscg”EI%cgg?n:; dSymEI;e; the m

The constant represents all the potential drops independent . ty ) P y 9 s

from the ion concentration compensating for théedince stand described in [10]. This stand allows fullyoaeated
measurements of transistor characteristics forouariion

in transistor gate structures. ) o
mixtures and in different temperatures.

VTCHEMFET:VTMOS +E, +E, - Y. +C (6) The measurements were taken simultaneously foraeve
ammonium sensitive CHEMFETSs with the variable nmam
concentration in the presence of constant calceodjum
and potassium interfering ion concentrations. Alfle t

4. MEASUREMENT AND SIMULATION measurements were repeated in temperature of 18n@5

40 °C. The main goal of the measurements was ttureap

The measured CHEMFET structures were manufacturedhe electrical characteristics of the devices st provide
at the |nStitute Of EleCtI’OH TechnO|Ogy in WarSﬁW]and. data necessary for the sensor mode| parametemMa
The transistors have a built-in n-type channel @#Owide  and the determination of membrane selectivity dtiefits.
and 14nm long. The most important feature of this
semiconductor structure is that is has drain anarcso
contacts at the backside of the wafer, which alloivsct

electrolyte flow at the top surface over the gatsizown in S PNH4=2
the below figure. Vgs=2.0V
ny mg 4t -
"#S$ S %N'# "& '&&# _ PNH4=5
<
Eal
(2]
ke
Vgs=1.0V
2F
Vgs=0.5V
1 -
0% 05 15 25 3
Vds [V]
S D Figure 8. Ammonium sensor output characteristics

Figure 6. IET transistor cross-section. - sodium interfering ion pNa=2 (T = 2%).



Table 1. Selectivity coefficients of ammonium meansar

Interfering ion: N& K* ce*
Literature: -2.7,-1.8| -0.9, -05] -3.8 -3.9
Measurement: -2.1 -0.8 -3.7

The measured output CHEMFET characteristics with

calcium and sodium interfering ions are presentegther
with simulation results in Figures 8 and 9 respetyi The
measured values are represented in the figuregdsges
or circles whereas the simulated curves with sbiids.
As can be seen from the figures, the fitted cumvesch
accurately the measured values. It is worth n@itiat such
good accuracy is obtained with the applicationetditively
simple transistor model (SPICE Level 3).

Another interesting conclusion form the figures aamns

the membrane selectivity. Namely, the presencealofum Figure 10. Ammonium sensor output characteristics
interfering ions allows the measurements of the aniam - pNH, = 3.5, pCa=2.

ion concentration in the range of pNldss than 5, whereas - ) ] )

for potassium or sodium interfering ions the meamants Additionally, the authors have investigated théuerfice
are perturbed even for very high activities of thain jon. ~ Of témperature on the CHEMFET sensor operatiorh B

However, it should be underlined that the concéinma ~Measured and modelled temperature dependence of the

of the interfering ions during the measurementsewegh gutput characteristic and the calibration curve shl_ewn

and normally not encountered in the natural enviremt. in Figures 10-11. As can be seen the temperatfioemces
The values of the selectivity coefficients wereraoted significantly the sensor operation and the tempegagffects

from the calibration curve constructed based onotiteut ~ cannot be neglected in the sensor models.

transistor characteristic. One of such curves fadiusn

interfering ions is shown in Figure 9. Additionallyhe

measured values (MES) are compared in the figute wi 5. CONCLUSIONS

the van der Berg (VDB) and the Nikolski-EisenmarEjN

models. The extracted values of the selectivityffiments This paper presented a relatively simple but faadgurate

are given in Table 1 together with the values mtediin the temperature dependent model of the CHEMFET sensor.

scientific literature. The obtained results dematst As demonstrated, the proposed model is suitablehfer

clearly that the Nikolski-Eisenman equation canmaidel simulations of the device operating in a wide ramde

accurately the calibration curve also for high enrations temperatures and ion concentrations because ictefl

of the main ion because the shape of the curvenides equally well the change of the transistor charésties

rather a sigmoid and the bending is visible frorthisides both due to the variation of the ion concentratioa due

of the curve. to the temperature change.
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Figure 9. Model comparison for ammonium membrane Figure 11. Dependence of ammonium sensor respense o
with sodium interfering ions. temperature — pCa = 2.



The model combines the standard SPICE MOSFET

model and the electrochemical model of the ioncsizle
membrane potential, which in turn influences theicke
threshold voltage as a function of the ion coneitn
in the electrolyte flowing over the gate.
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