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1. Introduction 

The idea of modulating the conductance of a small semiconductor slice 
by means of an electnc field perpendicular to the semiconductor surface 
dates from the late twenties [l] The proposed configuration, which shows a 
srmllarlty unth a simple capacitor, IS represented m Fig 1 

Fig 1 Orlgmal Idea of a sohd-state active component 

A posltlve charge on the metal plate induces a negative charge m the 
semiconductor, resulting zn a change m the lateral conductance The unpor- 
tance of this idea 1s the posslblllty of controllmg a current unthout using m- 
put energy m a very small, solid device As 1s often the case with a first idea, 
It took many years before what was later called the “field effect”, could be 
confirmed expelnmentally Intensive research by Brattsun and Bardeen [2] at 
Bell Laboratones m the penod 1947 - 1950 mth germanium monocrystals 
did not result m any provable field effect The reason was that the mduced 
negative charges were lmmobrle, because they were trapped m free valence 
bonds, the so-called “surface states” These surface states can, however, be 
neutrahsed, as proved some years later by Garrett and Brattam, who exper- 
imented with a germanmm-electrolyte cell [3] They showed that the seml- 
conductor conductance could be considerably influenced by applymg a 
negative potential to the germamum ulth respect to the electrolyte These 
expenments did not have any practical slgmflcance at that tune, although 
later the influence of electrolyte concentration on the semiconductor 
conductance was also investigated and proved under certam condltlons [4] 
In principle, the development of chemical sensrtive semiconductor devices 
could have started at that moment at Bell Laboratones This was, however, 
not the sL13n of the mvestlgators and the practical result was the mventlon of 
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the p-n Junction (1949) by Shockley, and m relation to this, the Junctron 
transistor (1950) [ 51 

In the followmg decenmum, the Junction transistor was further 
developed, although the surface state phenomenon still appeared to be a 
large problem To solve this many mvestlgatlons were started, while, in the 
meantime, slhcon was oustmg germamum as the basic semiconductor 
mater& The declslve step was proposed and proved to be reallstlc by Atalla 
m 1958 [6], who discovered that a thermal oxldatlon of the &con surface 
resulted m neutrahsatlon of most of the surface states Soon after, the basic 
pnnclples of the planar silicon technology were consohdated, followed by 
the invention of the Metal Oxide Semiconductor Freld Effect Transistor 
(MOSFET) by Kahng and Atalla (1960) [ 71 So, after approximately 40 
years, the ongmal idea of modulating the conductance of a semiconductor 
slice by means of an electric field was proved to be reahstlc and converted 
into a workmg device The msulatmg layer of the device shown m Fig 1 1s 
now the thermally grown s&on dioxide, while the surface conductance IS 
measured by dlffuslons which are added to the structure and called source 
and dram, respectively, as shown m Fig 2 A mean value of the oxide thlck- 
ness 1s 0 1 pm The metal plate of the capacltlve structure 1s called the gate 
of the device Due to the msulatmg propertles of the input of the device, It 1s 
also called Insulated Gate Field Effect Transistor (IGFET) 

Fig 2 Cross sectlon of a MUSFET 

2. The operation of a MOSFET 

The MOSFET shown m Fig 2 1s an n-channel device, because a posltlve 
potential on the gate with respect to the substrate results m an mverslon of 
the type of conductance of the p-type substrate at the surface between the 
YL+ dlffuslons of source and dram The conductance of this mverslon channel 
IS sven by 

where ,V IS the moblhty of electrons, C,, the MOS capacrty per unit area, L 
the length of the channel between source and dram, W the channel mdth, V, 
the gate voltage and V, the threshold voltage The expresslon for the conduc- 
tance, g, gven by eqn (I) 1s only vahd for V, > V,, resultmg m a surface 
which 1s m strong mverslon 
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The threshold voltage, Vt, can be wntten m dlstmgulshable terms as 
follows 

V, =*M ---G’s - (Q,, +Q,x)/C,, +2@,1 -Q&ox (2) 
where @M and + s1 are the work functions of the metal and the slhcon, 
respectively, (Q,, + Q,,)/C,, IS the contibution to V, caused by the charge 
of the interface states Q, and the charge m the oxide QoX, also assumed to 
be located at the slhcon interface The first three terms of eqn (2) are called 
the flat band voltage V,, according to 

vf = *M -@a -C&s, + Q,,~/C,, (3) 

The flat band voltage 1s equal to that value of the gate voltage which results 
m flat electron energy bands m the &con up to and mcludmg the surface 

The last two terms of eqn (2) reflect the additional gate voltage neces- 
sary to mvert the type of surface conduction @f IS the Fermi potential, 
which 1s a function of the doping concentration of the &con substrate and 
QB, the charge per unit area m the depletion regon underneath the surface, 
also depending on the doping concentration of the substrate 

In practical measurements, the channel conductance 1s measured by 
means of applying a dram source voltage V, to the device resulting m a dram 
current la which can be measured Under the condltlon V, < V, - V, 
eqn (I) gves the followmg equation for Id 

where the last term 1s the result of the gradual potent& along the channel 
from source to dram [S] 

In 1970 Bergveld [9] proposed a modlficatlon of the MOSFET concept 
by replacing the gate metal by an aqueous solution, resulting m a devrce m 
which the channel conductance also appeared to be a function of the ion 
concentration of the solution He called this device an Ion Sensitive Field 
Effect Transistor, ISFET In fact, he showed that the flat band voltage can 
be chemically influenced by lonlc interaction with the silicon dioxide In 
1975 Lundstrom [lo] showed that this is also true for interaction unth 
gases, thus mtroducmg the GASFET Since then many papers have appeared 
on this matter In the followmg Sections these papers unll be analysed m 
respect of the fundamental approach to the theoretical descrlptlon of the 
device operation 

3 The operation of an ISFET 

In Bergveld’s second paper [ 111 the operation of the ISFET was de- 
scribed as a modulation of the threshold potential accordmg to eqn (2) 

RT 
V, = Const + - ln (aH+sol + Ka~~+~~l) 

F 
(5) 
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The term const was not further specified, while the second term was 
mtroduced as the Junction potent& at the solution-oxide interface due to 
diffusion and boundary processes at this interface m accordance w&h the 
phenomena described for glass membrane electrodes Bergveld suggested that 
this actlon could also operate without a reference electrode m the solution, a 
suggestion which resulted m many dlscusslons m later hterature To analyse 
the literature we will therefore now dlstmgulsh between the two posslbllltles 
- operation with and urlthout a reference electrode - startmg with the first 
mentioned sltuatlon 

The literature concermng the ISFET operation with a reference elec- 
trode m the solution, mm&y focusses on the description of the term 
“const ” m eqn (5) m slgmflcant parts One of these parts 1s the contnbu- 
tron of the voltage of the reference electrode, which 1s sometimes described, 
as part of the gate voltage V, [ 121 and sometimes as part of the threshold 
voltage V, or the flat band voltage V,, but, m this case, not always correctly 
This 1s very confusing and this pomt will therefore be carefully analysed m 
this Section This 1s necessary with regard to the apphcatlon of an ISFET as 
sensor for absolute values of Ion concentrations where the values of standard 
electrode potentials play an important rble The various descrlptlons @ven m 
the literature can 
as Bven m Fig 3 

best be understood by surveying the ISFET representation 

SIO, SI Ag 

Fig 3 Representation of ISFET connected to a reference electrode 

The potential dlstnbutlon can be described with the help of the 
Poisson-Boltzmann theory m relation to a thermodynamlcal analysis of the 
dlstmgulshable mterfaces throughout the whole measunng clrcult, mcludmg 
the reference electrode and the connecting leads 

In general, the electromotive force of an electrochemical cell, formed 
by two metals, M1 and MB, m an electrolyte can be described as conslstmg of 
three contrlbutlons 

E = A#$l - AtiMze’ - A#M,Mz 

where 

(6) 

A@M, 
el = PM; e1 - PM; met 

F 

1s the metal-electrolyte mterfaclal potential at M1, 
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1s the metal-electrolyte mterfaclal potential at M2, 

Pe ML - 
A~M,M, = 

Pe M, 

F 

1s the contact potential between M1 and M, 
For a metal-metal ion reactlon, 

M$M’+e 

it yields that 

PM 
met = p M+met + p emet (7) 

For certam redox couples the correspondmg electrode potential 1s tabulated 
with regard to the hydrogen electrode and, m this way, the tabulated values 
of a reference electrode (i!& = C(M+el - ~~~ et) have to be interpreted If m 
the example mentioned above M1 1s a reference electrode, substltutlon of 
eqn (7) in eqn (6) results in 

M2 
E = Eref - A#Mzel + I-le 

F 
(8) 

For the ISFET conflguratlon as given m Fig 3, a snnllar descnptlon can be 
gwen m such a way that due to the polansable oxide-silicon interface no 
e m f 1s developed by the cell, but instead of this a voltage V, IS applied to 
the cell With regard to eqn (8), M2 now represents the szhcon, S1 Further 
the term A&, e1 must now be w&ten as follows 

WM,el= ( 
RT 

4, +F lna, 1 

el 

+hx +xf$ +h (9) 
ox 

where the first term represents the potential difference across the oxlde- 
electrolyte interface, assuming that the oxide behaves m a Nemstlan way. 
Further, I$,, represents the voltage across the oxide, xz$ the silicon surface 
electnc potential and @sl the potential across the space charge re@on m the 
s&on The expression for the flat band voltage of an ISFET follows from 
eqns (8) and (9), consldermg that under flat band condltlons #,, + Qsl = 0 

Vf = Eref - 
RT el 

+ - 
F 

In a, +xz; +“!! 
ox F 

The last two terms of eqn (10) represent the s&con work function Q, s1 (m 
electrochem&ry called OL [ 13]), as mentioned m the expression for the flat 
band voltage of an MOS transistor (eqn (3) Adding the effect of surface 
state- and oxide charge, as well as a correction for the reference electrode 
unth the liquid Junction potential, the ISFET, mcludmg the reference elec- 
trode, can best be described as a modrflcatlon of eqn (3) as follows 

RT 
Vi =Eref -Adq - 9, + - 

F 
In al - Qssl - (Q, + QoxWox (11) 
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An MOS structure (eqn (3)) made on the same chip as an EOS structure 
(eqn (11)) makes it possible to measure a difference m the flat band 
voltages 

Because the first two terms are tabulated mth respect to the hydrogen elec- 
trode, QM 1s a known value, being the work function of the metal, and a, 1s 
the known ion activity of the electrolyte (for Instance aH+ for an H’ sensltlve 
oxrde), @, can now be calculated, bemg the standard potential of the oxlde- 
electrolyte interface 

For fundamental research on the behavlour of Vf, CV measurements on 
the system Electrolyte-Oxide-Semiconductor (EOS) are very suitable, be- 
cause this EOS system 1s a simpler conflguratlon than an ISFET, and ts not 
affected by the possible non-ideal behavlour associated with the transistor 
structure 

The most extended paper with respect to this IS published by Slu and 
Cobbold [14] They dlstmgulsh between two llmltmg cases, namely, a 
blocked and an unblocked electrolyte-oxide interface For the unblocked 
interface the descrlptlon of eqn (11) for the flat band voltage appears to be 
v&d, while for the blocked interface, where any mterfaclal reactlons on the 
oxide surface are assumed to be absent, the flat band voltage appears to be a 
function of the lomc concentration of the electrolyte according to eqn (13) 
m the low lonlc concentration region 

2kT 
V, = Eref -A& + - smh -’ [ od( 8e,kTn”)-1/2] - 

Q 

-+a -C&s, + QoxWox (13) 

In add&on to the terms already mentioned, od denotes the charge m the 
Gouy-Chapman layer, e, the electrolyte permlttlvlty, and no the lonfc 
den&y The “lonlc ” term differs greatly from that mentioned m eqn (11) 
and LS, m this case of low lomc concentration, the result of an appreciable 
potential drop across the Gouy-Chapman layer m the electrolyte, thus 
mfluencmg the pure electrostatic condltlon The authors assume that any 
reallstlc EOS or ISFET structure ~11 behave m a manner somewhere m be- 
tween the charactenstlcs described m the two hmltmg cases, probably result- 
mg m a sensltlvlty of the various devices desclnbed m the literature, which IS 
not always pure Nernstlan It IS essential that both llmltmg cases descnbe 
pure surface effects, resulting m a shift of the CV curves along the voltage 
axis as a function of pH, from which a linear behavlour between V, and pH 
can be expected, although limited to low ionic concentrations for the case of 
a blocked mterface However, de ROO~J and Bergveld also observed a change 
m the shape of the CV curves, an effect that they ascrlbe to a chemical 
interaction mth the surface states, thus Influencing the surface-state density 
[ 15 J The original curves are shown m Fig 4 
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Fig 4 Measured quasi-static CV curves at different pH values on electrolyte/SlO@1 
structures 

Recent mvestigatlons show that the flat band voltage has a plateau 
around pH = 6 This 1s correlated utlth an observed time drift of the ISFETs, 
produce-d by the same process as the EOS structures, which changes its dlrec- 
tlon around pH = 6, as shown m Fig 5 [16]. 
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t 
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Fig 5 Transient behavlour of controlled Vg(t) after a stepwlse change m pH m two pH 
ranges (a) pH < 6, (b) pH > 6 

The time constant of the dnft phenomena 1s of the order of 4 mm It 1s 
assumed that the mltlal fast response 1s a pnmary effect as described by eqn 
(11) but that the long dnft 1s associated unth a dlffuslon of hydrogen bearmg 
species through the oxide, resultmg m an interaction mth surface states This 
entmls that eqn (11) has to be modified as follows 

J 

RT 
Vf = Eref --A+,- +a,+ -Ina, -Qs, 

F ), 
- UUYPW + QoxWox (14) 

I I 
fast slow 

The secondary effect of slow dnft 1s especially observed wkh thermal silicon 
dioxide, pretreated wAh alummum, probably resulting m the formation of 
alummonhcate groups In this context, the papers of Revesz [17] have to be 
interpreted, where the posslblllty of dlffuaon of hydrogen or hydrogen bear- 
mg species m this type of oxide 1s made evident 
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Note that the chemical control of the surface state density has, m fact, 
already been studled for many many years, even from the begmnmg of the 
development of surface devices as mentIoned m the Introduction, but 
focussed on the mlmmlzatlon of the surface state effect and not on the use 
of 1t 

Bergveld’s orlgmal statement, that it should be possible to use ISFETs 
unthout a reference electrode ~11 now also be clear A dLlrect modulation of 
the interface state density (the last term of eqn (14)) ~11 also be noticeable 
If no reference electrode 1s Inserted m the electrolyte Strictly speakmg, a 
device operating m this way, by modulatrng the surface state density by 
chemical interaction, 1s not a field effect transistor, because the operation 1s 
not a function of an externally apphed electnc field as mentloned m the 
Introduction The response will be slow, although it can be speeded up for 
thinner oxrde layers The device ~11, however, remam sensrtrve for 
electrostatrc external field of which the effect hmlts its apphcatlon 
slblhty 

any 
pos- 

4. The apphcatlon of an ISFET as sensor for absolute values of lonlc 
activities 

Because, m practice, ISFETs ~l.l mostly be used mth a reference elec- 
trode and wrth an ion selective layer on top of an msulatmg layer, we ~11 
focus our attention further on a device operating according to eqn (11) It 1s 
useful to compare the operation of this device urlth that of a glass membrane 
electrode, which 1s a well-known device for measuring absolute values of 
lornc activity, a property mth which the ISFET has to compete 

The measunng clrcult of a pH glass membrane electrode 1s schematically 
represented m Fig 6 As can be seen from Fig 6, the e m f E,, measured 
between the internal and the external reference electrode equals the sum of 
all voltages connected m semes 

External / Gloss / lnternol 
electrolyte 1 membrane 1 electrolyte 

I I 
I I 
I I 

T 

+i~~--IJt-----lt 
E rex E Ii EQl,X RQf Egtln Erin E 

Fig 6 Schematw diagram of the measurmg cwcult of a pH electrode 

Em = Erex + Et, + &lex + z~gl-E,m --Km (15) 

where E,,, and E,, are the voltages of the external and mtemal reference 
electrodes respectively, El, 1s the hquld Junction potential of the external 
reference electrode, Eglex and Egt, are the voltages at the external and 
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internal glass-electrolyte Interfaces, while R, 1s the internal resistance of the 
glass membrane If the internal resutance, R,, of the measurmg amplifier 1s 
very much larger than Rgl, the contnbutlon of ~22~1, where z 1s the input 
current of the amphfler, can be neglected Further, it appears that reference 
electrodes can be >onst&ted so a&urately that 

E rex -E,+El,=O 

can be approached 
This means that eqn (15) can be snnpllfled to 

E, = Eglex -4~ 

Using the Nerst equation for Eglex and E,h it follows 
membrane 

(16) 

(17) 

for a pH selective glass 

RT 
E, = E:,(T) + - 

F 
In aH+,x - (EL(T) + R$ In Q~+,) (18) 

where E :x(T) and E:(T) are the standard potentials at the external and 
1nteIWd glass membrane surfaces, and aH+ex and ++,, are the WtlVltleS of the 
hydrogen ions m the external and internal solutions It appears that E:,(T) = 
E&(T), independent of pH Because the internal electrolyte has a constant 
pH, the last term of eqn (18) forms an offset voltage, E,(T), which 1s a 
function of temperature Thus 

RT 
E, = -E,(T) +- 

F 
In QH+ex (19) 

Further, it 1s obvious from eqn (19) that also, the sensltlv&y for changes m 

aH+eX (pH changes to be measured) 1s a function of temperature, but m such 
a way that the isotherms have one common point, as illustrated m Fig 7 

For practical reasons it 1s useful that this pomt of mtersectlon comcldes 
mth the electrical zero of the measurmg system, usually chosen at pH = 7 

Cmvl 

E,(T) 

f 

Fig 7 The characterlstlcs of a pH glass membrane electrode for two temperatures T1 and Tz 
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(aH+ex = 10s7) as already shown m Fig 7 In this case the reference pomt of 
OV on the voltage scale 1s msensltlve for temperature vanatlons, which 1s an 
essential condltlon for an absolute measurement 

The Isotherm mteractlon point comcldes mth the electruzal zero If 
dE,/dT = 0 From eqn (19) it can be seen that for pH = 7 this 1s the case if 

$(E,(T)) = 1 39 mV/“C (20) 

It appears that this requirement can be met m practice, mthm the described 
accuracy, by a careful choice of the composltlon and buffering propertles of 
the internal electrolyte of the electrode 

Changes m temperature now only require a compensation for the 
sensltlvlty of the electrode, or, m other words, the slope of the curve given m 
Fig 7 In practice this can easily be achieved by an adJustment of the 
amphfIcatlon of the measured voltage as a function of the temperature, 
which can be measured by a separate sensor 

The glass membrane electrode 1s an excellent example where technol- 
0g~a.l process control leads to a sensor wth a built-m absolute reference 
point, which, unfortunately, cannot be smd for many other sensors used for 
measunng physical or chemical quantltles The question arises whether an 
ISFET can compete m this way with the glass membrane electrode as a re- 
placement m the future 

Combmmg eqns (4), (Z), (3) and (11) results m the followmg measur- 
able output quantity of an ISFET 

Id = $,x ; K RT 
Vg-&ef+A@,+@o+- 

F 
lna,+@s,+ 

Q~~+Qox+~B _ 2G 

c 1 
(21) 

ox 

It 1s useful to find a condltlon m agreement with the conslderatlons men- 
tioned above for a glass membrane electrode where Id = const for pH = 7 
(a, = 10m7), independent of temperature varratlons Then agam, only the 
sensltlvlty factor of the device has to be compensated as function of the 
measured temperature It 1s obvious from eqn (21) that much more temper- 
ature sensltlve parameters are now involved, partly of a chemical and partly 
of a physical (solid state) character The contrlbutlon of the reference elec- 
trode 1s now part of the equation, m contrast to the glass membrane elec- 
trode where two reference electrodes are necessmly used and these contnbu- 
tlons to the output voltage of the electrode compensate each other Also, the 
standard potential of the electrolyte-oxide interface 1s now part of the equa- 
tlon 

Knowing the tolerances m solid-state technolo@cal processmg it 1s un- 
reahstlc to expect that a slmllar solution as realized for glass membrane elec- 
trodes (eqn (20)) can be found for ISFETs by a proper choice of matenals 
and processing Fortunately, the ISFET has one great advantage over the 
conventional glass membrane electrode and that IS the fact that it 1s an elec- 
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tromc component, where certam properties can be adJusted electronically It 
1s therefore useful further to consider eqn (21) as a basic equation for var- 
lous electronic apphcatlon posslblhtles This will be the subJect of a follow- 
ing paper [ 181 
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