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Abstract

Usually most pH-ISFET readout circuits, with temperatuoenpensation, were designed using transistors operatirsgydmg
regime. However, a classes of circuits elaborated witheesip MOS weak inversion are also very suitable for low-agé and
low-power applications. In this work, we discuss the prablef temperature variation at the sensor and circuit level.aAalysis
was made of the sensor operating in weak and moderate iomemsgime. It has been shown that a simplified version of the
EKV model combined with site-binding model can describelibbavior of ISFET toward the temperature and pH change. The
experimental results agree very well with the analyticadeidor devices in large intervals of pH and temperature.alynthe
usage of model development is considered with an originatept of a readout circuit. The result of the simulation shomat

the output signal is linear with pH, the design techniquerpisrimproving temperature insensitivity. The proposedidt can be
integrated with an ISFET by standard CMOS technology.

Keywords: pH-ISFET, EKV-model, Weak inversion, Thermal drift, Reatloircuit

1. Introduction on the so-called site-binding model and the MOSFET theory.
The temperature influence is relatively complicated sitise i
Since its development in the 1970 [1], the lon-Sensitivelfiel re|ated to the reference electrode, electrgigtilator potential
effect transistors (ISFET) has been receiving more attenon € gnd ISEET based MOS transistors [10]. Additionally, the IS-
pecially in areas of environmental monitoring applicai@md  FET sensor is used, classically, in his strong inversioimeg
biomedical analysis. As a result, it has been used for the dgpig implies high power consumption, while the trend tovgard
tection of multiple ions due to its many ion-sensitive mem-|q._yoltage operation, both for reasons of compatibilitithw
branes [2, 3]. However, many industrial and laboratory &ppl gjgital technology, and to meet the needs of battery-opdrat
cations require the precise measurements of pH. Comrﬂgrcialequipmem. Another strategy is to consider the weak-ifwers
available sensors are generally very expensive devices: es gperating. Previous studies have shown this possibilify. [1
cially if reasonable precision and reliability are reqeestSev- g p-threshold MOS operation, or weak inversion, is mostroft
eral investigations have demonstrated that the pH-ISFE3e required by the low-power applications in modern electsni
presents some drawbacks related to thermal dependency andrpjs article reviews our recent successful modeling of the
long-term drift [4-6]. These factors limit the performasa®  temperature influence on pH-ISFET sensors by using MOSFET
PH-ISFET sensors, leading to unacceptable results ircatiti theory and site-binding model. In this work we implemented a
measurements. In order to improve the pH-ISFETSs stabiity, simplified Enz-Krummenacher-Vittoz (EKV) model to explain
lot of temperature compensation techniques have beenteebor tne characteristics of ISFET sensor [12], in weak and maeera
in the literature such as the proper choice of biasing ctif@n  jnversion regime, and discuss how the temperature Gacta
isothermal operating point to reduce ISFET temperaturéi€eoe the pehavior of the sensor. This paper deals with temperatur
cient, the use of a p-n junction diode for temperature corsen gependent ISFET drift modeling development and to its val-
tion on a single ISFET device, an ISFET based operational amMgation by comparison with experimental measurements. We
plifier employment that improves temperature stability e t paye also, investigated an alternative circuit operdtirggsub-
combination of several methods [7-9]. At the same time a I0threshold regime to have a linear relation between an oatpait

tions of its temperature characteristics according toréstézal

models. They show that the ISFET temperature dependence ) . )
is complicated in nature. Generally, these models werecbase? | SFET electrical properties: background review

2.1. pH sensitive filfalectrolyte interface modeling

*Corresponding author. Tek212-536-505-470; Fax:212-536-505-471 Figure 1 shows a S_imp”fiEd Sch?matic representation of th_e
Email addresssnaimi@ensa.ump.ma (S. E. Naimi) pH-ISFET sensor using p-type silicon substrates. The basic
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Figure 2: Equivalent circuit for the pH-ISFET macro-model
Figure 1: Schematic of the pH-ISFET structure (N-Type).

the electrolytggate dielectric interface. In summary, the flat-
structure that serves as the basis for the ISFET is fabdcateband voltage shift has a standard expression:
in standard CMOS chip technology. In the following and based _
.. . . . AV, =V - E + SOI+AIJ—lﬁ (3)
on already existing theories, we combined the well-knows si FB pH ref TX ¥ 0
binding model and the MOSFET model to describe the behav-

Isoljn?;g?hlastIE)E(-)Ftosrfsn;Sn(igrzlir;trcviiit?])([:s\i/:;ﬁa?(f)rtrzll(::;cl(()lrr:jciir,rgtg aS'A<p” is the potential drop between the reference electrode and
o . . L th lution, which typically h val f 3my% is th
binding theory. Whereas in the case of silicon nitride mem- e solution, ch typically has a value of 3m;" is the

. . electrolyte-insulator surface dipole potential, with gital
brane, s_everal studies have demongt_rated that whe8 ithl value of 50mV [10]. Bothg'l andy s are pH independeniz,
surface is exposed to water, a sensitive surface becomes o

. - L : ¥ the surface potential from (1). In equation (8),is the only
gs[z : n'Cht\Evl?)l. Conse_lquentlyéhe Slll((j:OI’l r?'”'de surfac_e’iﬁt;s parameter responsible for ISFET pH sensitivity, as preslipu
SHes In two Torms, sl anolS{_| H) and amine group§(l ), explained by the site binding theory. Hence the macro-model
previous works have mentioned that all other sites can be n

glected. More details on the site-binding theory can be dbun?epresented schematically in Fig.2.

in [14-16]. A first-order model simplification suggests tiat 2.2. MOSFET part modeling : EKV Model
the electrolyte concentration is reasonable, the hypistheds
mono-sites is plausible. With this simplification the respe®
of the sensor to the pH is given by the surface poteuitiadnd
dependent on the pH value of the electrolyte, it can be exptes
as:

whereE;es is the potential of AgAgCI reference electrode,

The working principle of the ISFET is based on the standard
MOSFET structure. Therefore, a robust model, of the MOS-
FET part, is suitable for performing robust and valid moael i
a large interval of temperatures and pH. Another criticahpo
might be the number of parameters for each model, who must
vo = 23031 _Bo (PHopze— pH) (1) besmallest. EKV model is particularly suitable as it presid

q 1+40 accurate modeling with a small set of parameters [12]. Tdts s

tion describes the equations and parameters used for the com

puter simulation version of the EKV-MOSFET model. The set
tyOf equations includes modeling of basic physicdéets, geo-

metrical aspect, substrat&fect, modeling of mobility reduc-
tion due to vertical field and modeling of thermal behavior.
The EKV model proposes the following empirical expression

whereT is the temperature of the systel, is the Boltz-
mann’s constanty the electron chargepHp,. is the non zero
pH, andB is a parameter which reflects the chemical sensitivi
of the gate insulator and is dependent on the density ofsrfa
sitesNsand the double layer capacitan€g.. The parameter

is given by:
Fols g y of source-drain currentfs) valid for all regimes of operating.
2q2Nvaa.Kb Vgs-Vrg-nV. Vas-Vro-nVi
P = =g 2) lps = 20pUr2[IN%(1+e 20 )-In’(L+e 2or )(4)

whereKa, Kb are dissociation constants for the chemical re- whereU~ is the thermodynamic voltag¥y is the threshold
actions at the insulator interface. The double layer capace  voltage,nis the body &ect factor ang the transfer parameter,
Co. consists of the two series capacitan€&suy and Cheim, Vgs is the gate to source voltagés is the source potential and
where Cgoyy represent the equivalent Gouy-Chapman capaciVp is the drain potential. For long channel model implemen-
tance ancCyem the Helmholtz capacitance, which has alreadytation, we consider only parameters accounting for firseord
been developed by site-binding theory and the electricalbds  effects. The model used is based on the ideal MOS structure
layer theory [17, 18]. It should be noted tt@¢o,y andCreim  0f long and large channel with uniform substrate doping. No-
are temperature dependent, however, since these are secotide that the current expression in (4) is let as fiedence be-
order gfects, we will assum€gouyandCreimto be independent  tween forward and reverse current using standard intetipola
of temperature [5]. function, thus a better fitting is obtained in weak and moiera

Thus, it has been possible to investigate the pH-ISFET flatinversion. The expressions of EKV paramet¥kg, n and s
band voltage shift with pH and the variation of the poterdial are:
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V1o = VEB + ¢F + ¥ \oF (5) WhereT is the absolute temperature amghm is the nom-
inal temperature chosen as a reference temperaliygg, (=

n=1+ Y (6) 30015C). The intrinsic model parameteys¢r andKp are re-
24/Vp + ¢F +4Ur lated to process parameters like oxide thickness and channe
w1 doping. Generally it is preferable to avoid to link such paga
B=Kp——-— (7)  ters for better fitting of experimental measurements.
L1+6.Vp
where Vgg is the flat-band voltagegr is the bulk Fermi 32 Te.mp-erature-cg;@ier.]t of the reference elgctrode -
potential, y is the body &ect parameterKp is the trans- The liquid solution, which acts as the gate ion-conductor, i

conductance parametéd is the channel width andl is the ~ connected to the gate voltage source by means of dAg

channel length. The mobility reduction modeling introdsice reference electrode. The potential of the reference eldetr

only one parameteé, Finally Vp is the pinch-df voltage. Eref is related to the temperature according to the expression
Basically, Vp and n factors are specific to EKV model, [10]:

although a possible physical link between EKV model and

charge-sheet model seem to exist [19]. Mpaeerm expression H+ A
Is: Eref(T) = Eabs(H_z) + Eref(EgCI)
Y2 _ Y + (et r _ 20816) (13)
Vp = Vas = Veg — ¢ — ¥( VGs—VFB+(§) - E) (8) dT

Where Eqp(H*/H2) is the normalized hydrogen potential,
3. ISFET Temperature characteristic Eret(Ag/AgC) is the relative potential of the reference elec-
trode, the two potential are temperature independentr (fagi
It seems that the pH-ISFET sensor, sometimes, do not folues are respectively. &V and 0205V), the temperature co-
low the theory of operation. The data obtained show that thefficient of AgCJSolution junction is practically negligible,
temperature dependence is complicated in nature and the usE,.;)/dT is the temperature céiicient equal to 140V/K
should beware of using the sensors during variable envieoAm [21-23].
tal conditions e.g. field tests. In such case an additiores-el
tronic circuit is needed to reduce the temperature drifthef t 4. Fabrication and testing
sensor response. In order to explore a pH-ISFET parameters,
subject to temperature changes, this section describe@isim  The N-type ISFET fabrication was carried out at
fied temperature-dependent model of MOSFET part of the pHLAAS/CNRS clean room facilities. Standard+Nimplan-
ISFET as well as the reference electrode temperature ituen tation (dopant: arsenic, energy: 50 keV, doseafjcn?)
We show, later, that these compact models provide accu@pie r was used to realize the source and drain fégions into the

resentation of measured DC component performance. boron-doped (1¥at/cn?) P-type silicon substrate. The gate
dielectric is based on 8i0,/S kN4 sensitive membrane struc-
3.1. MOSFET temperaturgfect ture [24]. It is obtained by a thermal oxidation, in dry oxyge

The EKV model introduces a few parameters for intrinsicto grow a thin layer ofSiG, (thickness: 50nm) followed by a
parameter’s temperature dependence, we consider tworof thelow pressure chemical vapor deposited (LPCVD) process to
here, TCV the temperature diieient of the threshold voltage form on top a thirS 5EN4/SiG; film (thickness: 50nm) acting as

and BEX the mobility temperature exponent [20]. ion-sensitive layer as well as wafer-level passivatiortayhe
length of the canal is 36n and its width is 80Am. To measure
V1o(T) = Vg = TCV(T = Trom) (9)  the current-voltage characteristics of the pH-ISFET, arc®u
- and substrate are grounded and the source to drain voltagye wa
Kp(T) = Kp(=—)BE* (10) fixed to 1V. To measure pH sensitivity, the pHftar solutions
Tnom were changed from pH 2 to pH 10. To investigate the stability
The temperature dependence of the bulk Fermi potegitial  and reliability of the pH sensors, théects of temperature on
is as: the responses of an ISFET are evaluated.

Temperature can change the characteristics of a sensor, the
potential of a reference electrode, the pH of electrolyt the

¢e(T) = ¢FTL _ 3ﬁln(TT ) whol_e me{:\suring s_yst_em. For latter changes, constant tampe
nom q nom ture is maintained inside the room. To keep the electroée; el
T .
— Eg(Thom) + Eg(T) (11) troly_te, ISFET temperature _constar_n, a heat regu_latlng Ipo
Thom cluding a temperature-sensing device and a heating desiee h

been used. Also, experimental results can only be compared
validly to theory, if the temperature during measuremests i

2 fixed. We use a temperature controller to set the temperature
T 1108 (12)  inthe range of 23 50°C.

WhereEgis the energy gap of silicon, which should obey :

Eg(T) = 1.16 - 0.000702
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Figure 3: Proposed readout circuit to provide high thermabiity and linearity, stage 1: Caprio’s quad, stage 2 :rat&tors, stage 3 : fierential amplifier. The
ratio values indicate VI in um. The potentiaVbiasis set toVcc (it may vary from 25V to 3V). The transistor M2 is used in conjunction with the trarmisfi4
to control the variation o¥/1, thus the ration 7@ of M2 don’t match the ration 8¢80 of the pH-ISFET.

5. Thereadout circuit With

Since the purpose of this work is to study the benefit of using { apn = 2303(pH - pHpz + Ed?—Tf (17)

an ISFET sensor in weak-inversion regime, we propose a sim- b = Eref(%) - 29816% + x5 4 Agll
ple readout IC with low temperature dependence. From (4) it
can be easily shown that the source-drain curkggin weak These two termsgpy andb, being to the first approximation
inversion region, must comply with the following requiremhe  independent of the temperature. The temperature-depeyiden
(Vs = 0, Vps > Vr): of the first term ofVyn (apnUT) can be eliminated if the pH-
ISFET is operating in weak inversion. The problem, however,
los = ZnﬂUTzeW (14) will still not be solved:; the resulting terisy Ut cannot be elim-
inated easily (as by a fiierential structure). In the following
With Vi = AVeg, thus the macro-model of the ISFET in analysis, we focus on this second term and try to minimize its
Fig. 2 is still available in weak inversion. This section kxps  influence. In equation (16)/p is expressed as aftirential
some ideas on how to use such results in a simple circuit. ~ Potential ¥1 — V), if each potential passes through an attenua-
tor circuit, the output of the attenuator stage\Ms € V,), with:

5.1. Basic principle of the circuit

V3 — V4 = a1V1 — apV 18

ForV,n we get from equations (1)(3) and (13): ST T et (18)

yielding
Ag V3 - V4 a'lvl - (lz(Vl - b)
Vpr = 2.303U7(pH — pHpzd) + Eref(m) U Ur + @28apH (19)
+ (dEfef )(T - 29816) +Xsol + A¢lj (15) If @1 anda, are chosen ag,V; ~ a,(Vy —b), the expression
daT in equation 19 becomes :

The+apsolute potential of the standaro_l hydrogen electrode v/, v, q dEes
Eand( H-) is compensated by the work function of the metal back O, " @28 = @2(2.303(pH — pHpzo) + EF)(ZO)
contacfelectronic charge [18]. Let us consider the expression
in (15), it can be rewritten as: The last expression in equation (20) is a function of pH but

temperature independent (we suppose thatftieetof the tem-
Vpu =V1 -V =apuUr +b (16) perature orpHp,c anddE.+/dT is negligible). However, the



terma, must be temperature independent. To achieve the ealM14 are operating in weak inversion. If the circuit operates
lier condition, @1V1 ~ a2(Vy — b), the potentialV; does not  der the restriction|Vq4| << Ut, the output current of the circuit
have to vary too much. In the next subsections we propose ia given by :
circuit able to extract the potentislh,; and then divide it by the v
thermal potentialUr. This illustrates the general principle of lout = lp=—23
the proposed circuit. The basic topology of this circuitiiseg 27Ut

in Fig. 3, it has three stages as shown in the figure. AS sUg- The circuit uses the current mirror as an active load (M15-
gested previously, once the tensigpy is extracted (with the  p\116). Note that the output of the circuit is a current, and if i
first stage), the two components of dfdrential potential are g required to have an output voltage, #fefiential current to
passed through two attenuators in the second stage, tle thi\r/oltage converter is needed. To simplify this can be redlize

stage allows to divide the output by a thermal voltage Inthe ;5ing a resistorR) as shown, in this case, the output voltage is
previous considerations, the voltagg can obviously be fixed given by:

by a reference voltage, placed in the gate of the transisi@.M

However, this tension is used actually to keep for each stage V. ~ Rl Vd 23)
the tension resulting from the sensor as fiedential voltage. out 2477UT

This will allow a better linearization of the output.

(22)

As the diferential-pair (M13-M14) does not operate cor-
rectly for large signal, therefore we are constrained to enak
. T . ., the Caprio’s quad signals pass through two attenuatoritsrcu

Thde f'rﬁ.t s;tgge c.>f'thei| C'rc\tjltl in Fig. 3 'S$§SG‘?' ona Cﬁg'o Sto reduce the input voltages. In order to demonstrate tha-fea
Quad, whic is originally a V- converter. The C}rcult ISt bility of the proposed circuit and to show an improvementef t
for moderate input amplitudes, the voltage swing at thennputemperature independent output, we simulate this cirguits
cannot be very larges600mV at most). The equivalent volt- ing the MOSIS CMOS (AMI 10um) minimum channel length
age _source/pH Is accurately replicated across the source Corhtechnology and SPICE parameters. The electronic cirquitsi
nections of M3 and M4. The current sourdgsallow limiting lation program HSPICE, which is one of the simulators that ca

the gurrentg na deswgd region (sub-threshold or modma'te be suitably adapted to design and simulate the ISFET transdu
version regions). Obviously the pH-ISFET and the tranmstoerS has been used

M2 should have a perfectly matched ratdfiL. As previously
mentioned, the potenti&l; must be constant or variable in rea-
sonable limits, this can be achieved by adjusting the width 06. Simulation resultsand discussion
the transistor M4. Consequently the greatest variatiorhef t
voltageV; was found to be around 6% for large variations of6'l'

5.2. First stage : modified Caprio’s Quad

ISFET characteristics

the temperature and the pAl (= 20 — 60°C, pH = 2 — 12). The equations provided in the previous sections are used to

Thus, the voltage swing/, — V; is caused by the variation of Simulate the ISFET behavior underfférent operating condi-

V2. In the next section we will discuss this results. tions. The EKV parameters and site-binding ioéents are
determined from experimental data. In order to obtain an op-

5.3. Second stage : attenuators timized set of cofficients, it is desirable to take into account

all types of experimental data, e.g. temperature, pH angl gat
source voltage\(g9 changes. The parameters are determined
from the experimental data by affieient mathematical, least
squares minimization, methods.

The output of each attenuator (M5, M6, M7, M8 or M9, M10,
M11, M12) is linearly proportional to inputs. One of these at
tenuators can be used to havg/; ~ a»(V1 — b) as mentioned
previously. In fact we need this stage to reduce the potsntia )
values for the entry of the third stage too. It is assumed that Drain to source current versus gate to source voltags-{

good layout techniques will help reduce errors due to pmces hgs) cu_rvgs, rzeSasGur\(/a\(/j in Ber Stotlﬁt'ons cl)tf drerent pH, ;{el i
and thermal variations. These circuits are very immunerte te shown In Fig. 4-5-5. VVe present IN€ results as a series a.plo

perature for great variations of the entry. The curves are shifted' by ¥nV/ pH at.23’C toa positive.volt-
age for the samples immersed in higher-pHtéu solutions,
which can be explained by the site binding theory. The experi
mental results were found to be in agreement with the theoret
ical predictions. As can be seen from Fig.7, the fitted curves
accurately match the measured values at pH 4, 10 and specific
value of pH 7 (Fig.9-b). In a second experiment, the pH-ISFET
was operating in a Hter solution at pH 5.2 with temperature
Vy varied in from 10 to 52C. Taking into account that the model
lout = lomis — lomia = I2 X tanh(z U ) (21) s relatively simple, the simulation results are satisfact The
T fit is excellent, for all ranges of pH and temperature in weak
wherelpmis, Ipmi4 are the drains current of M13 and M14, inversion and remain good for moderate inversion. Obvigusl
Vq is the diferential input voltage\y = V3 — V4) andn is the  for long and wide device we would expect the best agreement,
sub-threshold slope factor. Equation (21) assumes thatdlid3 with a few MOSFET part parameters.

5

5.4. Third stage : source coupled circuit

A differential amplifier composed of the two matched transis
tors M13 and M14 in addition to the source curréntprovides
a simple method of realizing a division of the input voltage b
the thermal potentidlt. The basic equation of the circuit is :




Process | Process Il

Na =~ 1e'’(cnT3) Na ~ 1e'5(cnT3)
Parameters Mean Values Standard deviation Mean Values d&@thdeviation
7 (W) 6.0147 1.3297 3.0661 0.7800
o (V) 0.5318 0.2682 0.4630 0.1704
Kp (A/V?) 5.8406<10°* 5.719%10* 12x104 4.6700<10°4
0(1/V) 2.5076 1.1121 25.8612 5.7460
V1o (V) 0.4160 0.1413 -0.6401 0.2660
BEX -1.0914 0.0274 *) -
TCV (V/K) 8.6x10°3 0.0150 * -
PHpzc 4.2389 0.3364 41223 0.2168
Box Ut (V) 0.2370 0.0032 0.2209 0.0045
RF 0.0294 0.0129 0.0319 0.0083

Table 1: Extracted model parameters for MOSFET part and sudatential parameters values with regression statistica fotal of 23 tested deviced\{f is the
substrate p-type doping concentrati®F; is the Reliability Factor (RF was calculated for each deyi€g no temperature variations were made for this process).

° Measuremept:: o ::
Simulation |

Drain to Source Current lds(A)

107 L L L L
0.5 1 1.5 2 25
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Figure 4: Drain-Source currends) vs Gate-Source voltag¥® ¢9 for pH = 2,
T =215°C-31°C-41°C

Measurement:
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Drain to Source Current lds(A)

1.5 2 2.5 3

0.5 1 .
Gate to Source Voltage Vgs(V)

Figure 5: Drain-Source currends) vs Gate-Source voltag¥ g9 for pH = 4,
T=23C-33C-48C

The model parameters (EKV and site binding) were obtained
through a nonlinear regression process, by the least suare
method. The mean value, as well as the standard deviation of
each parameter are given in table 1. Data processing was done
for 23 devices tested under various pH and temperature condi
tions. As we used a nonlinear regression, the reliabilitgda
(RF) defined in equation 24 is used to measure of the goodness
of fit instead of the coficient of determinationR?). In equa-
tion 24, ldsexi) is the experimental measurement number i,
while Ids(i) is the calculated values.

Lty (Idsexgli) — Idsin(i))?
2ty (Idsexgli))?

6.2. Temporal drift and hysteresis experiments

Drift phenomena in pH-ISFETS typically appear as relagivel
slow, monotonic, and temporal changes in the threshol@gelt
of the device. Figure 8 shows the gate to soukégq voltage
drift when Ids andVdswere fixed to 10QA and I respec-
tively, while the bdfer solution is at pH 10. The test was made
for approximately 4h. A heatirigooling cycle has been per-
formed to estimate the influence of the temperature on the pH-
ISFET. The experiment of the illumination influence has been
performed in the same test (by switching on the light, themoo
illumination has been found to increase from 70 to 1504).
The shift of AVgsis around ™V (equivalent to 0.1 pH mea-
surement error). Firstly, the pH-ISFETs responses areachar
terized by a decrease which should be related to their adapta
tion to the watery medium. The increase of temperature from
22°Cto 40°Cis responsible for anincrease of the output voltage
around 2mV. This phenomenon is related to the decrease of
the ISFET threshold voltage. The initial period being apte
complete experiment has also allowed estimating the teahpor
drift of the pH-ISFETs around.BmV/hour, i.e. Q15pH/hour.
When the heatingooling cycle is no longer, the temporal drift
is still evidenced but is strongly reduced. The drift can be e
timated to mV/hour, i.e. Q02pH/hour. Like the time drift
effect, the hysteresis also limits the accuracy of ISFET pH mea-
surements. Hysteresis tests were performed by varyinghhe p

Reliability_Factor = \/( ) (24)
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Figure 7: Hfect of temperature (a) or pH (b) variations on Drain-Sourae cu
rent (ds) vs Gate-Source voltag®/ ¢ curves. The value of RF indicate the
reliability factor of the simulation

Figure 6: Drain-Source currenids) vs Gate-Source voltag&/¢9 for pH =
10,T =23’C-37C-50C

to close a loop (4 7 - 10 & 10— 4 — 7). All tested devices 607 Ids = 100uA 40
exhibit hysteresis of approximately 8-10mV, in sub-thdh 507 ms:ltv | 35
region. Figure 9 depicts the hysteresis curves measureet und 407

the pH loop afl = 22°C andlds = 2QuA. 307 30

All series of measurements have been devoted to characteriz 20
ing the static sensor response, i.e. the dependence ofitheeso g 107
drain current versus source-grid tension on the pH and tempe ;’% 0]
ature changes in weak and moderate inversion regime. Based < ‘10‘

T
N
a1

N
o
Temperature (°C)

on these results, the behavioural thermal drift of the pAHS ~20- light off '

in the sub-threshold region can be modeled by a combination =307 » . Jghton-10
of basic EKV model for the MOSFET part of the ISFET and —407 X "
a simplistic version of the site-binding model using Maota =507

macro-model [25] presented in Fig. 2. On the other hand, the -60 0
electrolyte-membrane part plays an important role in thécst 0 05 1 15 Tizmp_ (Zk;;r’g\ 385 4 45

characteristics of the sensors. The therntida of the elec-
trodgelectrolyt¢gmembrane cannot be neglected and IimitingF_ 6 Drit R tion a1 — 10 and und

HY A o igure rift rates of p in a solution = and unaer an
the performance of the SenSﬁr‘(f drift is around 014mV/°C, increase of the temperature froim= 22°C to aroundT = 40°C. The influence
the threshold voltage thermal drift of the MOS part is aroundys e jight switch is shown.
9ImV/°C and the surface potential drift is arouna\t/°C).

=3

6.3. Circuit simulation 10 \T/zzflf/

Figure 10 shows the temperature and the pH actions on the ] §$$*****“
first stage outputs\M andV,). As can be seen from the fig- TpH=4-7-10_ _+ n*
ure, the pH influences significantly the potentalinstead of 104 &‘
the potentiaV;. The maximal variation o¥/; can be estimated 2 ] et
around 19mV (6%), while that of, is approximately 410mV, - ] Y Flvgs] for e 2hA
for pH varying from 2 to 12. As an analytical calculation oéth = 1 s ¥ SH =7 0.33mV
attenuationy; () is very dificult (especially to take into ac- 10°4 * pH=10- 7.5mV
count of the &ect of the temperature variation). The influence ﬂ *
of the temperature, the canal width of the transistor M10 and 1 L, _
the pH on the terma;Vy, a2(Vi — b) anda;Vi — (Vi — b) N sebede e
was simulated. The results of these simulations are shown in 10 "+ e T

figure 11. The circuit displayed a minimum change of the term 05 005 {,gs (\}55 2 25 3

a1V1 — a2(V1 — b) under several conditions such as the change

of temperature or the potentig}. In figure 11 the change of

the potentialV; is imposed by the variation of the pH from 1 Figure 9: Measured trans-conductance curves for hystecgsie of the pH
to 12, the potentiaV; was extracted from the simulation of the (4-7-10¢> 10-7-4).

7
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Figure 10: Simulated variation of the potentidls and V,vs the pH afT =
20,40 and 60C.

Figure 12: Simulated readout-circuit response Tor 20,40 and 60C, the
small graph is a zoom on the area around pH 6 to show the veryniodence
of the temperature

stage 1. As shown in Fig.11-c, the teanV; —a»(V1—b) can be
adjusted to a value equal or close to zero by acting on thd cana
width of the transistor M10. It has to be noted that in Figcl 1-
each of the three curves includes the results of simulafons

T = 20,40 and 60C. In the above analysis, the value of the
attenuationr; is chosen and then the attenuator circuit sized
according to the constraints of stage 3. The resulting gaddie

@) j 1;21808 a1 anda; are around -0.5 and -0.9 respectively.
s ~250 o T=60°C As illustrated by figure 12, the circuit simulation showsra li
E ear response across a large range of pH, as well as a very insen
> sitive temperature behavior. We show that this compactiitirc
R provides accurate response, although the temperatues\ast
044 0445 045 0455 046 0465 047 tween 20 and 6@. The thermal compensation scheme pro-
v, (v) vides an improved thermal stability by eliminating the temp
- (b) ature défect on the circuit output. The width of the transistor
E 250 M4 of the Caprio’s-quad was adjusted to keep the potektial
B 300 constant. The simulation results confirm the theoreticabimb
N . erations presented in the paper. The circuit output present
& =350 maximum voltage drift, with temperature, aroung.¥g°C for
044 0445 045 0\-;‘5\5/ 046 0465 047 pH=12 and 37uV/°C for pH=5. The maximum power con-
S ) sumption of the readout circuit was estimated to be around
E (© W = aum 186mW. In integrated IC application perspective, the power
=z " supply and the biasing currents can be further minimizedeby r
e,: 0 Yo 4 ducing the aspect ratios of ISFET device and all transigtors
s 20 Wyp30= M lowering the total power consumption.
} o.|44 o.zlms o.|45 o.z|155 0.I46 0.:165 o.|47

V()

7. Conclusions

In this study, we analyzed the behavior of a pH-ISFET sen-

Figure 11: simulations showing the variation of ga)/1, (b)a2(V1—b)and ()~ SOr shown by changing the temperature and the pH of the elec-
@1V1—az(V1-b), for T = 20,40 and 60C and the canal width of the transistor  trolyte solution. The simulation results show that the cemb
M10, Wiio = 3,4 and um, as the potential/y is varied. The interval of ~ nation of a simplified EKV model with basic description of a
variation ofV; is deduced from the simulation of the first stage for pH varying . . . .
from 2 to 12. surface potential can fit experimental results with gooduacc
racy in weak and moderate regimes.
The model takes into account a temperature dependency of
reference electrode, tf&i0,/S BN, electrolytginsulator inter-



face and the semiconductor part of the pH-ISFET. The modghe] D. L. Harame, L. J. Bousse, J. D. Shott, J. Meindl, lonsseg devices

was able to explain the experimental measurements of thresh

old voltage drift, estimated around 9n¥ (at T=300K). The
extracted value opHy, (4.2 at T==300K) is in good agreement
with the reported values f@ kN4 ion sensitive membrane. The
temporal drift combined to the thermal drift shows the Isrof
the pH sensors, the drift was estimated to 0.02pH{ the ther-
mal hysteresis is performed, this value increase to 0.15 fu

a shift of approximately 2@. The study introduces, also, an
original architecture that implements a low-power readmt
cuit for a pH-ISFET featuring thermal compensation, based o
MOS transistors operated in sub-threshold. The ISFET thkerm

model is used to simulate a proposed readout circuit. As a re-

sult, the circuit output voltage drift, with temperaturs,léss
than 37uV/°C, around pH5. The main advantage of the pro-

posed solution consists in the absence of a temperaturerseng23]

resulting in a greater simplicity of the circuit.
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