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ABSTRACT: Computer aided design of water monitoring microsystems requires efficient and accurate models of chemi-
cal sensors. Sensors considered in this paper use Field Effect Transistors (FETs) with gates replaced by a composition
of an intrinsic electrolyte layer covered by a dedicated ion-selective membrane. Foundations of physical modeling of
this memmbrane given by Van den Berg [1] heve been extended in [2] to several interfering ions. Unfortunately Van
den Berg (VDB) model is too complicated and in practice a simple empirical Nikolski-Eisenman (NE) model is pre-
ferred. This work is dedicated to bridge a gap between the VDB and NE models by investigation of a few intermediate
models. They show how physical VDB parameters influence empirical NE parameters and provide parameters estima-
tion from the measured calibration curves. These estimations can be good starting points for more accurate identification
of the VDB model. Another result of this work is senstitivity analysis explaining how the objective function is sensitive
and numericaly conditioned. This analysis is useful for selection of identificable parameters and their scaling factors
providing good numerical properties of the identification task. Obtained results are useful in simulation and optimisation
of water monitoring microsystems.

INTRODUCTION ionic strength of the solution J = % z ziz ¢; according to
i

A CHEMFET sensor is an important part of modern 1 n=A22T 10+ BN +CT . L

water testing instruments [6]. It is dedicated to meas- yi =10 77 ] (¢; is the effective ion

urements of mole activity of one kind of ions from many diameter in A, 4=72007° % +6.61007* [3+0.488,

klpds d1§solyed ina §01u'F10n [2.3,4,5]. A structure of B=200" [3+0.325, C [0[0.05. 0.15] are dependent
this device is shown in Fig. 1. In place of gate of the .o
on temperature ¢ in °C).

traditional FET a POLYCHEMA 1 is located

racttiona a Ayer 15 Jocatec as a The physical model VDB of the ion-selective membrane

reference electrolyte and then covered by an ion- . .
(Van der Berg [1]) takes into account the following

selective membrane. This membrane contacts the extrin- et T .
sic electrolyte subject to test. effects. Activities acy. dyj (equal to concentrations) of

+

reference electrode C; and 4; in the membrane depend on activities of
these ions in the bulk electrolyte ac;, a4; and on the
tested solution voltage Ep between the membrane surface and the
metallic UERHEPL AN cali solution bulk according to the the Boltzmann Law:
metallic
- +
contact ; contact acj = acj ij exp(—zcj EB /(//0 ), for Cj ,
\_+ reference solution ¢_1 N ) M
-] insulator - ag; = ay; kAg exp(=z 4, Eg /). for A,
MOS- S e 5 where kcj, ky; are division constants for cations and
FET p - substrate anions, {4 =n;kT / g with Boltzmann constant £, tem-
perature 7, electron charge ¢ and nonideality index #; .
Fig.1. 4 schematic cross-section through a CHEM- The membrane is filled with the ionophore containing
FET sensor ligands L which are able to create charged complexes

. . ) C ;L with tested ions (say cations). Let the ionophore
Let an aqueous electrolyte contain several kinds of cati-

~ . .. . . +
ons C; and anions 4; of respective mole concentra- be strongly sensitive to the primary cation Cy and

weakly sensitive to interfering cations C;-’, J=2,.,m.

tions ¢ ¢; , electrovalences Z0j> 7 ai and activities

Complexation of ions is proportional to activity of these

+
j s
€i> ions in the membrane a,; and on activity of free ligands

a; = y;c; , where activity coefficient }; depends on the



ay, according to arc =f,acjar, j=l..,m, where
[£1>> [, [3.,... are complexation coefficients.

Balance of the ionophore with a total concentration of
m
ligand @j,y, assumed yields a; + 5 arc; = ag -
J=0
The ionophore also contains ions Y of a lipophylic salt
which associate with the complexes C;L producing

complexes C;LY . Their activity is proportional to
activity of free lipophylic ions ay and to concentration
of complexes C;L: ay;c; =Kgjarcyay. j=Ll..m.

Balance of the ions Y, where a total concentration ay;,,

m
of ions Y is assumed, gives: ay + Z ayrcj = yior -

J=0
Finally electrical neutrality of the membrane yields the
balance of all charged molecules:

m n
> (agg +apc) =) aq —ay =0 @
)= =

THE IMPLICIT VDB MODEL

The above introduced physical relations yield a physical
model of a border of phases between the membrane and
the solution [2]. It can be written in the following form.
Let:

m
eg =exp(Eg/Ygy), Co = sziaCj ,
J=0
m m
C = Zﬁjkcjacj ,Cy = ZKajﬁjkCiaCj . 3)
J=1 J=1

C3 =C1+Codysprs kui =kyg.ay,=ay.

The CHEMFET membrane implicit model can be writ-
ten as a sum of four components:

M1+M2+M3+M4:O (43)
where
—dy;,;C ay;; (C1 +e
= Z91i0C1 _ 910t (C B)’ (4b)
Cy+ep ep +C3
arise from complexation and assotiation effects, while
C
My=-—L My =k ay (4¢)
B

are resulted from cations and anions in the membrane.
If we assume ion activities ac;, a4, in the bulk extrin-

sic electrolyte, and the primary cation C1+ and a corre-
sponding anion activities ac-jgr, a4k in the intrinsic
electrolyte then the model (4) can be soved twice for ep

to get the membrane to extrinsic and intrinsic electrolyte
potentials: Eg and Epp respectively. Voltage across the

membrane is now £, = Eg — Egp while the diffusion
effect in the membrane is neglected.

VDB MODEL APPROXIMATION

Example

Explicit approximations and sensitivities of the VDB
model in Fig. 2-4,6,7 will be demonstrated for the fol-
lowing typical parameters. The sensor is dedicated to the
primary cations K' , interfering cations Na" of concen-

tration ¢y =10"" [mole/I] and anions CI'. Model pa-

rameters are: C;=Cp =3, 1= 10°  [Vmole],
By = 10° [Vmole], 1 =25[°C], ay;,; =5 107 [mole/1],
d10 =107 [mole/l], K, =510°, K, =100,

C1R :10_3 [mole/l], kc1 :kcz :kA :]0_6 .

The case of lipophylic salt consideration

It can be shown that in the very wide range of primary
cations C1+ concentration (e.g. from 10 to 10°)) com-
ponents |M;| and |M,| remain on the almost constant level
o due to dominatiing effects of complexation and as-
sotiation. Moreover in a small and medium concentra-
tion range (Nikolski range) negligible are M; and M,.
Hence simplified equations a = M =-M, give a very
good approximation of VDB in the Nikolski range:
Ep =4 In(ep) (5a)
where
en :CIS“_LﬂE+ 144Gy, 2 0 (5b)

Atot ¢ H H

and C, C, include the dependence on a.1. Moreover

.
a= Dot . (5¢)

f - G
I+ [1+4ay,,, —=
Ytot &

The model (5ab) we will call super NE (SNE). Unfortu-
nately in general it does not reduce to the Nikolski-
Eisenman (NE) model [3] since the term in brackets in
(5b) is not constant but depends on the primary ion
activity ac; through the ratio C,/C.

We find out that the SNE model is exactly equivalent to
the NE model only if all assotiation constants are equal:
Kal = Kaz =...= Ka~ ie.

ep :CIDEL"” (1+1/1+4ay,,1< )—1% (6)
%— ot ™a -
Aytot O

Otherwise SNE can only be approximated by the less
accurate though still applicable in practice NE formula
This NE approximation of (5ab) takes the form:

m
Ep = Epofses *Wo In(acy + ) Kjacy), (7a)
i=2
where the offset voltage and selectivity coefficient can
be expressed as:



EBoffset =
a = , (7b)
=y 1“{,317‘01[2;;0’ (I+y1+4ay, Ky )~ 11}
tot
a -
ﬂikCi[#(l-"Vl""‘aYtotKam)_1]
Ki - _Ytot ) (7C)
a p—
ﬁlkC1[25L%(1+\/1+4aYtotKal)_1]
tot

while K,,, depends on interfering cations:

m
Z KaiBikciac,

_i=2
Kom =12 (79)
> Bikciac
i=2
and the slope of (7a) is 2.3 y, (about 57mV per decade

at =25°C).

In the ideal Nikolski case K,; = K,; =...= K, where the
formula (6) holds the selectivity (7c) simplifies to
K; = bikci ! brkcq - In the general case it depends on

ligands, lipophilic salt total concentrations and associa-
tion constants.

Quality of SNE (5ab) and NE (7abc) models is demon-
strated in Fig. 2. More accurate SNE very well explains
the small and medium concentration range with accuracy
better then 0.3% of the range. Accuracy of NE approxi-
mation (7abc) in this region is worse, error is about
1.5% and increases when the ratio C, /C,, i.e. the con-
trast between assotiation constants, increases.

0.3

0.2 VDB
* SNE A/@/“f
01 o NE &
o /4/
—
0.1 . ot
02
8 7 6 5 4 3 2 1
2 /
1.5 5 ERROR-SN
o ERROR-NE
1
(e}
05
| o °
0 T o
7 -6 5 4 -3 2 -1

Fig.2. Eginvolts with respect to logarithm of primary
ions concentration for VDB, SNE, NE models (upper)
and relative error of SNE and NE in % (lower)

The high concentration knee

High concentration operation of the model (4) can be
approximated assuming that M, remains on the level a
(5¢), M; is negligible and concentration of ions influ-
ence components M; and M, according to the equation
M, + o+ M, = 0. This gives the characteristic Eg(ac1)

of the form (7a) though with the high concentration
knee. We define the knee activity as the activity where

o log(2) drop of Eg occurs. The model including the
knee (called SNE+knee) takes the form:

(8)
a _ ClkAaA

eB: ]

1 Y nELtotH a
2E+q+\/(1 /7) +47a H

where in the nominator there is the model (5b), while the
denominator produce the knee.

Activity of the primary ion corresponding to the knee
can be estimated from:

a = 20 (9a)
Clinee = —F——"
Vo’ +48 +w
where
. m
K =BG = S (K e, o)
Bikc 5

2y ke Br) P <
5:wa—_011—EZaC,- Kok 00
paa+lieny 02 WS

AYtot

Quality of the model (8) is shown in Fig. 3. Its inaccu-
racy is less then 1.5 per cent.

Estimated knee concentration calculated from (9a) for
the example involved is Cotimee=10""* [ mole/1].
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(upper) and relative error of SNE+knee in % (lower)

The case of no lipophilic salt

The VDB model can be also considered in the case
when the membrane is made of ionophore with no lipo-
phylic salt, i.e. ay;,; =0 . In this case in (4) M, =0and
M35 is negligible, and so M|+ M, =0. This gives a
very good approximation:



Cidr o1
_ k 4a 4

ep — > =
ﬁ_,_ C71+C1aLtot
2 4 kAaA

which can be further approximated in the NE form:

(10)

‘// m
Ep = Epofser +70 In(acy + ) Kjac;) (lla)
i=2
where K is given by (9b) while:

] ]

Yo O a 0
E pofser = - InG——H——p (11b)

2 0O 0

HﬁlkCIkA > aci q

i=2

Selectivity of the model (11) depends on the ratio of
division and complexation constants. Accuracy of the
model (10) with respect to the VDB model (better then

0.05% in the full range) is shown in Fig. 4.
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Fig 4. Eginvolts with respect to logarithm of primary
ions concentration in the no lipophylic salt case for:
VDB (solid), eq. (10) (asterisks) (upper)
and relative error of model (10) (lower)

MODEL IDENTIFICABILITY

Parameters selection and sensitivity analysis

Efficiency and accuracy of the model identification is its
the most important feature. Identification of the implicit
VDB model is difficult since only the total offset voltage
of the sensor: Egg = Epgp + Epg — Ep is availble from

measurements (see Fig.5) and its semirelative sensitivi-
ties with respect to technological parameters not only
are dependent on concentration but some of them also
are extremely small in comparison with others. Hence
the identification task of technological parameters:

- nonideality index,

kcj - division constants for cations,
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Fig. 5. Voltages arrangement in the CHEMFET

B ;- complexation constants for cations,

K - assotiation constants for cations, (12)

a
ar.: - total concentration of ligands,

ar.; - total concentration of a lipophilic salt,
k 4; - division constants for anions,

acip - primary cations activity in the reference

solution,
E g - FET offset voltage,

is, in general, ill-conditioned. Thus we transform this
primary set to the secondary set of parameters:

Bjkc;
K, == 7 - intrinsic selectivity,
Bike
Eop = Eppr @0 Inacyp - intrinsic offset voltage,
n; - nonideality index, (13)
Ky - assotiation constants for cations,
A0t - total concentration of ligands,
Ay1o1 - total concentration of a lipophilic salt,

k 4ikc1 51 - normalized division constants for anions,
kc; ! ke fq - normalized division constants for cations,
/B I - inverts of complexation constants

obtainable from (4) after some algebra.
Sensitivites of the voltage Egsg to both primary and

secondary parameters may be calculated more accu-
rately from the implicit VDB model and approximately
from the explicit model (5a), (8). Discrepancy between
exact and approximate derivatives varies from a few to a
few tens per cent. Analitically determined semirelative
sensitivities with respect to secondary parameters (13)
applicable for scalling the identification least squares
task have been plotted in Fig. 6.

Presented sensitivities show that in the identification
task essential are the most influencing parameters: E g

(sensitivity: ~107"), K. L0 yior K1 (sensitivity:
~107?). Weaker identificable is K a2 (sensitivity ~10®)
influencing only the small concentration region and
anion parameter k 4;kc 5 (sensitivity ~107) influencing
in the high concentration knee region, which is not ob-
servable in up to date high quality sensors. Further pa-



rameters kc; /kc1fy and 1/ are negligible since they

influence only the negligible component AM; of the gen-
eral model (4).
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Rough identification of the model
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Fig.7. The plot of dey/dcc,

Let us consider the CHEMFET model in the primary
ions concentration domain Egg = Eqz ~ ¢ In(egs) .

m

egs =cc1 t Z KjCCj 7Eoffs =Epgr Yo h’lClR . Ide-
I}

ntification procedure consists of the following stages:

1. Nonideality index is identificable from the slope of
Egg(cep) in the medium concentration linear region.
We select E! = Egs (cél), E? = Eqg (c%l) in this re-
gion, estimate ¢/, =(E Z-E ])/ ln(c]C] / c%l) and calcu-
late n; =kT/q4 .

2. The offset can be estimated from a point selected in

the linear region E! :EGS(cla). Then we obtain:

_ rl 1 —
Eoﬂs‘ =E +y, lIlCCl and Eppr _Eoﬂs‘ -y h’lC]R.

3. Association constants. 1f not all K,; are the same

they influence the calibration curve. This can be seen on
d eGs /d cc1= d exp[(-EGS + Eoﬁ:g)/l[/o ] /d ¢l plOt. In
Fig. 7 shown is this derivative approximated by differ-
ence quotients. In the small concentration region where
the sensor calibration curve is flat we have two plateaux
(left plateau - level 4200 and right plateau - level 2500)
dependent on assotiation constants. They enable estima-
tion of K, Ky .

In the case of one interfering cation a ratio of plateau

levels (ofdegg /dect): 7 =eGsief / €Gs righe can be
expressed by the formulae:

S{ +/\(K12 —K%)/ZE

57 (ka+D/A-1g

r= , (14)
K1
— [ — _ _ aLz‘oz‘
where Kl_/‘(]+ ]+4aYt01K01) 1, /‘—_—,
2ayo

Ky =A(1+1+4ay,,, K »)-1.

If 7 is estimated from a slope of the measured character-
istic and K, is assumed then &jand hence K,; can be

calculated from (14).

4. Interfering cations contribution w = z K jcqj can
j=2.m

be estimated from two points chosen on the low concen-

tration knee where the curvature is highest:

E'= Egs (cél), E?= Egs (c%l). We calculate

w= (cla -£ c%l )/(8— 1) where € = exp((E2 - El)/t/lo) .
If a solution contains one type of interfering catio-

ns C;-r , then a selectivity constant can be estimated
from K ; =w/cc;. Due to (7c) the intrinsic selectivity

mentioned in (13) can be calculated from K ;K1 /K5 .



Example

Certain CHEMFET sensor’s Vg voltage has been mea-
sured under Vpg=0.5V at threshold Ip current ImA in a
solution with primary K* and interfering Na~ ions of
concentration 0.1 [mole/l]. Taken measures are collected
in Table 1.

Table 1. A CHEMFET measures

lg cc Vas [V] lg e Vas [V]
-6 -0.450359 -3.5 -0.537747
-5 -0.470402 -3 -0.562922

-4.5 -0.489739 -2 -0.618414
-4 -0.517489 -1 -0.670697

Secondary parameters n;=1.0988, E=-0.7262[V], K,=
5.6434e-5 have been identified from the voltages in
Table 1. Aegg / Ac estimated from Table 1 gave (very

roughly) a left plateu ~1.2 and right plateau ~0.95 (see
Fig. 8). From K,,=100 obtained is K,;= 3250. We get
Ef=-0.5645[V] and [B,=1.4108e5 while B;=1e9 and
kci=kco=1e-6 have been assumed. The identifed model
is plotted in Fig.9 together with measured points. Maxi-
mum missfitting is about 4% of the range.
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Fig. 9 Egs involts calculated from the identified model
(5ab) (solid line) and measured (circles)

CONCLUSIONS

The VDB model is an implicit model with technological
parameters which are hard for identification. In this
paper its simplification to a few explicit models of dif-
ferent accuracy levels have been introduced. They
bridge a gap between the VDB and NE model. Accuracy
of the introduced models varies from 0.3 to a few per
cent and is better then accuracy of identification (due to
little accuracy of chemical measurements). So in prac-
tice these models (in conjunction with a model of the
electrical part of the sensor) are quite sufficient for CAD
of chemical MEMS.

Moreover a useful method for identification of a few
basic parameters of the proposed models has been intro-
duced. Other parameters less influensing the model
should be assumed arbitrary. This rough identification is
useful as a very good starting point for final identifica-
tion based on the least p-th method.
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