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ABSTRACT 

Fie ld-dfect transistors (FF I) arc scnuconductor dcvi~ which have been devel­

oped for clcctrofllc a pplications but hav-e found applications in chemical t ransduction as 
wcli. ' I he surface of the fEf g;~te a rea coukl be mtcrfaced to a che mJcally scnsiti"e me m­
brane which generates a potential whe n placed in contact with a specifi c chemical spe­
cies. The cu rrent flowing through the t ransistor a m be rclMcd to the conccntratioo of the 
che mical substance. Chemical sensors based on FEr arc sclectivc. fast -responding and 
miniature. /\ number of chemical species had l>cer! measured using 1'1.:1 scnsoTS. An o~-cr­

vicw of the state-of-the-art of FbT sensors is presented. 

Introduction 

The tield effect transistor (FET) is a powerful and versatile semiconductor 
device currently widely used in very large-scale integrated circuits for a number 
of good reasons. First, the FEr has a simple and compact structure which ma.ki!S it 
possiblt! to pack more than 100,000 FET units in a single chip. Second, the FET 
has a high input impedance, which means that the input signal for a FET can be a 
voltage of practically zero power level. And lastly, FETs may be connected as 
resistors and capacitors. Thus, it is feasible to design systems cono;isting entirely of 
FETs and no other components. 

The role of FET in dectronics is already well-establisht:d. Now, it is steadily 
gaining ground in another field of application - in chemical transduction. The 
conversion of chemical information, such as the concentration of chemical spe· 
cies, into an electrical signal allo% a simple and rapid method of chemical analy­
sis. This transduction process provides the bao;is for the development of chemical 
sensors. chemical sensor& arc selective, fas t-responding devices which can be 
used for continuous in-situ measurements. They are in demand in industrial, medi­
cal and environmental monitoring f24]. 
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The FET has several attractive features which make it suitable for scnsin~ 
;tpplications. These include its small dimensions, low output impcdcnc:e. fast re ­
~pon.c;c and mass-fabrication ability. Since its intwduction in 1970. manv cnemJ­
cally-sensittve FETs or ChcmFETs have been developed for vanous sub~tanc~s 
•.:vhich includes ions. gases, and organic :nokcuks. 

This paper presents an overview of the statc-of-thc-arl in lhe utili/ aliuo l1l 

FET ior ch<.:mical transduction, including !>omc results of our \\ork in the dcvd ­
opmcnt of FE.I sensors. 

Priuciple 

The FET is a three-terminal scmicondUdLlr device whidl depends i,: r 1ls 

qpcration on the control of current hy an dcctnc licld. The cu ntigu.ratil;n o t the 
common FET (Figure ia) c.msists of a metallic ..:!ct·trudc. the g.atc. an in.-;uiatin~ 
layer which is usually a silicon dio>adc layer, :md d silicnn :.crnicunductur. the 
substrate. Because of its stntctun:, lhis type ol FET ha~ also hl!~n called MOSFET 
:mctal-oxidl:-~cmiconductor F£T) ;)r l(IFET (insulatcd-~atc FET). EmbeddcJ in 
.:-:·: ;:.ubstrat<! arc two i:"daled scmiconductt'r~, the s0urcc <tnd llK drain. which 
;!ii'lcr in lvpc from the suhslratc. in thl.! figur~ , the suh~lratc i:-. a (Hype s:;micon­
ciuctor, wmlc th~.: s<tu:cc and the uratn arc 1Hypc. 

·-------, 
~ 

JiiJ,;Ott· I a. l>ia)..'Tam of tht:: FET. Ill p-type -.ilkon .. ut.str;th:·. 1!' III~Hiutor, 1Ji ).!alt· 
metal, (-1 ) n-rypc souJTt~ (:') n-t~v~ dntin. t6J mdal \·nntads In ... ourct 
and drain. 

The l)pcration o f the FET is based on the control of current lllw,:ing thrnugh 
thL.: substrate from source to drain, by means ot a voltage appli~d a! the g::n~ . 

Current is induced in the !>Ubstratt· by applying a vqJtagc h:twccn the soun·c and 
the drain. Normally, no current .:an pass because there :ue only few ch.:ctnHls in 
the p-typc ~ubstrarc. When a positive -.olt<sgc is appli~.:d on ihc galt!, th.: positive 
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''holes" which are the majority charg<: carriers in a p-lypc semiconductor arc 
driven away from the silicon-insulator interface. At a voltage level known as the 
threshold voltage, the region ncar the silicon-insulator interface turns from a p­
.~ype to an n-typc semiconductor, the same type as the scurcc and the drain. Thts 
rhenomcnon, known as inversion, rcsuits in the creation of a d1annd hctwr;en 
i.hc. source and the dram. The channel allows the conduction of current, J.nd its 
size Jc;termincs rhc level of the current. Since lhe gate potential control~ the 
channel sue, it aiso i.nflucnn:s the level of cmrcnt in the FET. 

The FET can be made to function as a chemical transducer hy replacing the 
;nctailic electrode with a chemically-scnsllivc membrane (figure 1b). When im­
mersed in solution, lhc FET develops a concentration-dependent ?0tcntia1 be­
zwcen the reference dcctrodc and the membrane. ;)imilar to the ordinarv FET. 
~.llb. potential controls the current in thc :;emJconduW>r subslrarc . 

. 
~ • • ,, 
:1 .. __ ,_ _________ +-_...,. 

Vo 
Figure j b. Diagram of the FET ~.~hemh:al trart'>du~:.er. ( 1) Silkun suhstrate, (2} 

in~ulatnr. (J) <'.hcmkally sr.msitino mcmhranc. (4) suun:~:, (5t dr!l!n, 
.;md i,i()) "nntpsulant. 
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Insti'Urnentation 

Measurements with chcmically-semitiw FET can be accomplished in tW<l 
operating modes. In one mode, the gate vohage is bdd constant. and in the other. lhl~ 
Llrain current is kept unchanged. The nm<.tant gate voltage operation. hmvevc r, i~ the 
simplest. 

The ci rcuit for the constant gate voltage operation is shov.'ll in figure 2.. Con­
slant voltages, V D and V G• arc applied to the Llrain and reference ekctrodL'. respec­
tively. Changes in the potential at the memhranr:-solution intcr(ace manifest as a 
change in the drain cw-rent, ln . The operational amplifier, A, gives an output voltage 
which is related to the product of the drain current and 1 he f ce dback 
resistor, R 1• 

As in potentiometric measurements a reference electrode i.~ required to serve 
as a baseline for the variable potential of the indicating ekctro<k, or the FET sensor, 
in this case. Ordinarily, silver-si lver chloride or calomel d c.clrodcs art: used as refer ­
ence electrodes. These electrodes, however, are hulky and incllmpatihlc w1th the 
miniature FET sen~or. To realize a completely miniaturized scnsor syslcm, n.:.fe:n:nce 
electrodes ~uch CIS a platinum d cctrodc or a pl-1-inscn ~itivc FET. also known as a 
RefFET [3), have been used. 

Vo 

Sol 
Rt 

REF. m 

VG 
I 

I 
Vout 

I 

Figur£: 2. Schema til: diagram for mea-.uring ID a t constant gat~ '' oltage. A, op­
~rationa I mnplitier. 



Fet Sensors 

FET semors can be divided into direct or indirect sensing dcvi.::es. The diffn­
cncc between the two is illustrall.:d in Fihrurc 3. In a d irect sensing device, the sub­
stance of inte rcst (the primary chemical variable) directly causes the (·hangc in the 
d .:ctrical parameter nf tht~ FET through a chemically-sensitive.: inkrface. In an indi­
rect sensing device, the primary chemical variable is first converted by ;m intermedi­
ate layer into a secondary chemical variable which is sensed directly by tht: underly­
ing Fl ~T chcmicnl transducer. 

Examples of direct sensing FET sensors include all membrane-covered and 
chcm icaJly-modilied FET .sensors since Lhey do not involve any secondary chemical 
va riable. The gas-se nsitive FETs as well as the FETs sensitive to organic com­
pound~, BioFETs, an: indirect sensing devices. 

direct sensing 
devices 

Primary chemical 
variable 

1 
chemically-sensitive 

Interface 

I 
electrical 
parameter 

indirect sensing 
devices 

Primary chemical 
variable 

1 
secondar¥ chemical 

v anable 

l 
chemically-sensitive 

Interface 

1 
electrical 
parameter 

l'igure ·'· S<·hcmatic reprcsentathm ol' direct and indired seno;ing FET dt!vices. 
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p H-sensitive FETs 

The pH-sensitive FET is the most widely investigated sensor becmJsc of the 
importance of pH measurement, as well <ll>, the nature tlf the gate materials com­
monly used in it. Th~.: first FET chemical sensor that was Jcvd~1pcd had a Si02 
membr ane which was naturally sensitive to pH [2j. Althllugh this mateir<Jl showed 
some pH sensitivity, the response was nonlinear, it drifted highly, and su ffered w n­
sider..tblc sodium intcrfcrcnce [8j. Much of th..: work that followed tried to impnwc on 
the first hy employing other gate materials, such as Si3N4 p 71, A 1zC>3 [1Hl. and 

Ta20 5 llS]. C01mm:r ical pH·s~:nsitiw FETs are alrcad:v availabk. 
In our laboratory, we itwe,.tigated the behavior of a pH-setl.'>itivc FET nmtain­

ing a Si3N4 gate. The fET was obtained from advanced Biotechnology C\1rporation 

(Germany}. Wl: have fabricatc.d a robust and compact pi j sensor based on thi!i :<.emi­
c.onductor device (Figure 4). The calibral ion curve of' thi'l sensor is shov.n in Figure 5. 

The potent ial-gcncrating mechanism of an FET chemical tran,..,ducer is de­
scribed by the site-binding model (Figure 6). According lo this model, lhc rt~­
sponse results from the presence of silanol groups at the surface of h ydrated 
silica, the ionization slate of which changes ""ith pH. The resulting ckctrical sur­
fan::. charge of the dielectric lead~ to modui:Jti•.m or the channel' conductacc which 
becomes the analytical signal. This model has also been applied to the other pH .. 
scnsilive m<tl erial~-

REF. 

AII/AtiCI ref, fltotrodt 

FETwre s.-tcL Ka solutltlo 

Fi~:,surc 4. Diagr-am of the pH sensor ba-K'<I on FET 
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Figure 6. !onizatinn states of silanl)l with different pH ' al ut~s. 
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FET sensors fnr ions 01 her than th{~ hydrogen ion have been devclnped 
through chemical modificalion of the gale membrane. Modilication has often been 
done either by dcp<1sition of ion-sensitive membranes or by chemical grafting, i.e. 
by cnvalentiy binding ion-sensitive molecules to the silanol groups of the silicon 
dioxide gale insulator {9]. 
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Deposition of inorganic membranes, such as films of aluminosilicate glass 
llll anti calcium fluoride I 12], allowed the d ctection of sodium and llumide ions, 
respectively. A more versatile mate rial for deposition arc polymer s doped with 
ionophon:s which may be complcxing and chclating agents. FET sensors for 
potassium [201 and ammonium ions [21 I havt: bee n fuhrieakd by depn:-.iting poly­
mer mebranes containing valinomycin and nona<.:tin, respectively, as iono phores. 
A recent development is the use of Lungmuir-Biodgetl lilms which can ht: as thick 
as the strand of a molecule but can nevertheless include ionophores 123]. 

Gas-sensitive FETs 

Sensors for gases have been deve loped using th~~ Sev..: ringhaus dertmdc 
config uration (Figurc 7), which consist~ uf a pH-sensitive electrode. configuratiun 
(Figure 7), which consists o f a pH-sensit ive electrode, a reference dectrode, an 
interna l elcclrolyte, anti a gas pcrmeahlc membrane. The intnnal dectrolytc. 
contains a solutio n of the weak salt of the gas to hi.: detected . During measure­
ment, the gas tlilfuses through the m..:mbranc until the final ~.:quilibrium di stribu­
tion o f dissolved gas m olecules is attained thro ughout the memhrane and the 
internal ekctrolyle layer. The chemical processes involved in th~ C02 and NH 1 
gas sensor are shown in Figure 8. 

Scvcringhaus electrodes for C02, NH3, S02 and other gases have bee n 
made. Most of them, however, are still using the fragile and bulky gla~s ele('frode, 
the most commo n pH electrode. So far, only the C0 2 se;:n :ring haus c lt:ctrode has 
bee n fabrica ted with a pH-sensitive FET [22 1. Currently. we are working on an 
ammonia gas sensor (Figure 9) using a FET. The response curve shown in Figure 
10 is the result of a pre liminary study. 

sample 
solution 

Membrane 

pH-el Ag/AgCI Ref. 

electrolyte 

Figure 7. Sev~ringhaus cdl as...;em bly t'or gas ~nsing 
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(a) 

+ 
C02 (g) + H20 --> HC03 + H 

"''~~~ ..... ~~f'ol!'i!;'<!f!¥"""">l<~.•s-''"~"""~.._....__!JII __ -ll' __ 
''?.'~(~>,> ... <~;~, ~~f,~.,tW•;>'i!''iJ.>,f;W.-1t:'l\..,.\'\1':1<"'i<~--:::=:e~':~';;:~~OO' 

C02 (g) 

(b) 

+ 
NH3 (g) + H20 --> NH4 + OH 

:wr~::~~:if(t:;f, :~;:sr:t~~.~%l~~~,g:~§;.:ttM~rN~mAt~l\~tM.flli~t~(~J;lt;=t;t:k?~~;¥Y.r~::~~a~,$.it~~;t 
Qas-permeable membrane 

NH3 (g) 

227 

Figur~ 8. Chcmk al p roc:t>sses t ha t lead to t he p otentiom et r ic r t!spnnse nf (a) 
C ll1 and (h ) NH3 gas stnsor . 
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Figure 9 . Ammoni<t g<t~ .~~nsor based on FET. 
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Figure 10. Calihn1tion <:urH: of ammunia g:L..; Sl'nsor h:•~·d on FET. 

Bioi'ETs 

4 .1 

A pH-sensiliv<.: rET bewmcs more versmilc as an indirectly s.:nsing Ui.:\·icc, 
when it i~ coupled with a biological dement. Adding intermediate la\i'L'rS contain­
ing imrnohilizcd enzymes. antibodies, or microorganisms on the gate mL~ rnhrane 

of the FET (Fig ure ll) expands the range of suhstances it c:.1n an:dyzc. In this 
way, many FET se nsors for organic substanct·s have bee n d :::wlPpcd. C'ollec­
tivdy, these se nsors have been ca ll ed BioFETs bccau.se 111" the biol11gical ori?,in 
of their intermediate layers. 

Most BioFETs were developed for medical applications. Th L: substances 
often determined incluJe g.lucnsc [71 [1 5], urea Ill- <Hld penicillin [('I· Biol'ETs for 
acetylcholine 11 21, penicillin G [5] , hypoxanthine \1 3]. inos in~ [14] and alcohol 
[16] have been devised, as well. 

;\ BioFF.T sensor for lactos<.: based on Ctl-immobilin:d ?,alactosida~e and 
glucose dehydrogenase was also developed by the auth(,rs. The chemical reac­
tions leading to the transduction arc as follows: 

Lactose 
galactosidase 

glucose 
dehydrogenase 

Glucose ~ (ialaclo~e 

Glucose+ NAD -----~Gluconic acid ~ NADH +- H' 



. \lfim.<o '· ( .,11'11!1• '•11 ,.111111./tu·tion /1IJI tt.~lt rr r 

The ~e n~or display~d n highly reprmlucible and relat ively rapid response. The 
rc:spousc uf the ~cnsor is shown in Figure 10. 

oroanlc substances 

I -1-+-+--~ 
l BIOACTIVE LAYER 
J (enzymes, antibodles, mlcrooroanisms) 

I 
~------+-+----t----1 _ ___j 

reaction products 

Figun· II. i\lcdw nism ofthc response uf BinFETs 

Conclusion 

Th l: FET has not only lx:cn useful as an electron ic dcvicc h!.lt also as a 
tran~,Jucc r for chemical species. The potcnti<Jl advantages of FET transducers 
m cr conventional imH.clcctivc electrodes have been realized. Its applications in 
flow-1 hrou gh and now-injection analytical systems have been rccognin:d a nd ar e 
being investigated [41 . Novel method s of sensi tizing the gate dielec tric of FETs 
wt ll further enhance the capabilities of FETs for chemical transductiun [QI. Progre s~ 
'n clcCLnmic micrncircuit ry ami m icrophotolitography will lead to a highly e ffi ­
•:it: nt and IC -tcchnology com patible sensors fo r the de tection and measurement 
:l f chemical substances 110]. 
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