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Abstract 

The consequences of a constant substrate bias on the operation of 
ISFETs m a source and dram follower clrcult are bnefly discussed The 
blasmg of the substrate becomes necessary as only one substrate contact 
IS avalable on a chip that contams several ISFETs Although the gam of 
the follower clrcmts therefore becomes smaller than umty, the transfer IS 
practically hnear and the apphcatlon of the ISFETs 1s not restricted 

Introduction 

For the apphcatlon of ISFETs, a range of different measurmg clrcults 
can be used. The purpose of the measurmg clrcult 1s to provide an output 
signal that 1s proportional to the pH of the analyte solution. The hnearlty 
of this response IS fast of all dependent on the sensmg mechamsm, I e , 

the potential developed across the Interface between solutron and gate 
msulator as a function of pH [l] 

On the other hand, there 1s the transfer charactelnstlc of the electronic 
clrcultry that should, m the Ideal case, directly reflect chemically-induced 
changes m the mterface potential One possible way of domg this 1s to keep 
the voltage of the reference electrode constant and, at a constant dram-to- 
source voltage, V,,, measure the changes m the dram current, Id, as a func- 
tion of pH [ 2,3 ] Although this method 1s sunple, the transfer will depend 
on the biasing of the transistor and be different for each device Further- 
more, it 1s not linear due to non-ideal FET charactenstlcs, and thus an 
extensive calibration 1s required 

Lmearlty can be improved by the use of an operational amplifier m a 
feedback loop that controls the potential of the reference electrode [2] In 
this way, the dram current and the dram-to-source voltage can be held 
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constant so that the bias of the ISFET does not change The hm&atlon of 
this method is, of course, that it can be used for only one ISFET at a time 

Altematlvely, source and dram follower clrcults [4] can be used, m 
which also a constant dram-to-source voltage and a constant dram current 
are mamtamed In this case, the source voltage changes hnearly with the 
pH-dependent changes m the threshold voltage, while the reference elec- 
trode 1s grounded Thus, this method IS suitable for the parallel operation 
of several ISFETs m the same solution 

Another approach IS to use a dlfferentlal ISFET-MOSFET parr m the 
mput stage of an operational amphher [5, 61 If the ISFET and MOSFET 
are sufflclently matched, the transfer 1s linear over a wide range At the same 
time, a compensation for the temperature and hght sensltlvlty of the tran- 
slstors 1s obtamed This system also works at a constant voltage on the 
reference electrode and thus 1s suitable for multi-sensor apphcatlons 

The chip that we use for our mvestlgatlons on chemical sensor-actuator 
systems [7, 81 contams ten ISFETs without correspondmg MOSFETs 
Source and dram follower clrcults are used for its operation The transfer 
of such a system 1s unity and perfectly linear over a wide mput range, at 
least when bulk (substrate) and source are connected However, sxnce an 
N-MOS process 1s used for the fabncatlon of the multi-ISFETs, there 1s 
only one substrate contact avdable As a consequence, the bulk cannot 
be connected to the source of each mdlvldual ISFET because the source 
voltages need to be controlled mdependently for all transistors Therefore 
we make use of a constant substrate voltage of -1 5 V with respect to 
ground In the follower cmzults, the source voltage 1s limited between -1 3 
and + 3 V with respect to ground so that the p-n Junction between bulk and 
source will always be reversely bmed The consequences of a constant 
substrate voltage on the operation of the follower clrc~ts will be drscussed 
below 

Theoretxcal considerations 

As the ISFETs are operated m a constant current and a constant dram- 
to-source voltage mode, the source voltage itself IS the output signal of the 
sensor The bulk-to-source voltage wfl therefore not be constant and this 
will affect the threshold voltage of the ISFET and thus also the gam of the 
follower clrcult The change m threshold voltage (V,) of a MOSFET as a 
function of the bulk-to-source voltage (V,,) 1s depicted m Fig 1 [9] It 
can be described by the followmg equation [lo] 

v, = v, + 24, + L-Y(2#, - vb*)l’* (1) 

m which Vfi 1s the flat-band voltage, & the Fermi potential difference 
between doped and undoped salcon, cy = (2e,qN,)1’2/C,,, e, = sem1con- 
ductor permlttmlty, N, = acceptor lmpurlty concentration and C,, = oxide 
capacitance per unit area 
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Fig 1 Dependence of V, on bulk-tosource voltage for an n-channel MOSFET (from [9]) 
I.-‘, indicates the threshold voltage when source and bulk are connected 

The flat-band voltage, Vfb, of a MOSFET 1s gwen by 

vfb = (a, - *p,d/~ - V&s + QoxWox (2) 
aM and @si are the work functions of the metal and the &con respectively, 
Q 1s the umt electromc charge and (Qg + Q,,)/C,, ls the contnbutlon to 
V, caused by the charge of the mterface states and the charge m the oxide 

For an ISFET, the threshold voltage 1~, not only determined by the 
‘electromc’ parameters gwen m eqns (1) and (2) but also by a chemical 
term This term can be seen as part of the flat-band voltage [I], which 1s 
now even by 

v, = E,, - l/Jo + xsoi - %A - (8, + Qox)/Cox (3) 

E,, IS the voltage of the reference electrode mcludmg the metal work func- 
tlon a&q, J/o 1s the pH-dependent voltage across the electrolyte-oxide 
mterface and fol IS the surface dipole potentlal of the solution 

In operation, the threshold voltage 1s affected by two vmables, the pH- 
dependent term tiO and the bulk-to-source voltage V,, and thus, for an 
ISFET, eqns (1) and (3) can be combmed and sunphfled to 

V, = const - Go + or( 2& - V,,) "* (4) 

In fast-order MOS theory, the equation for the dram current (&) m the 
unsaturated remon (V,, < V,, - VJ 1s 

Id =fl[tves- vt)vds - 1/2vds21 (51 

where p = CCC,, W/L, a constant factor m which p 1s the election mobility 
and W/L IS the width/length ratio of the channel, V,, = gate-to-source voltage 
and v,, = dram-to-source voltage 

In the source and dram follower cn~ults, Id and vd, are kept constant 
When the reference electrode 16 grounded, V,, IS equal to -V,, the sotirce 
voltage with respect to ground Thus eqn. (5) can be remtten as 

-K -Vt=Id/fiVda +1/2vd, (6) 
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Vbs HI eqn (4) can also be written as Vb - V, where V, IS the bulk voltage 
with respect to ground Combmatlon of eqns (4) and (b) now leads to 

--v!A - const + Q0 - or(Zc$, - V, + Vs)l'* = Id/j3Vd, + 1/2Vd, (7) 

This equation can be dlfferentlated to fmd the relationship between a 
chemical shift m the threshold voltage and the source voltage, which IS the 
sensor output 

-sv, + 6($,) - 1/2a(2& - v, + v*)-“2Sv, = 0 

or 

6 V, = 11 + N2(2#9 - ViX23 1-ls(lLo) (3) 

When values for QL and & are substituted mto this equation, the gam 
SV,/6( \Lo) of the follower clrcult as a function of V,, can be calculated 
It can be shown that IY 1s approxunately 0 74 V1’2 and & = 0 3 V Thus If 
the substrate LS held at a constant voltage, the gam for Vb, + 0 1s 0 68 and 
mcreases to 1 for V,, + --oo 

Expenmental venficatlon and conclusion 

Figure 2 shows the gam of the follower as measured for an n-channel 
MOSFET for different substrate voltages For this experiment a MOSFET 
was used that 1s completely identical to the ISFETs that we normally apply, 
with the exception, of course, of a metal gate electrode In this case, V, 
1s gwen as a function of V, For an ISFET, it 1s the change m the threshold 
voltage V, that 1s the essential sensor signal For a MOSFET, this threshold 
voltage cannot easily be modified, but from eqn (5) it follows that V, and 
V, are complementary and, thus, V, 1s used as the input parameter m this 
case 

-5 -4 -3 -2 -1 0 1 2 

%l 
Fig 2 Transfer of the source and dram follower for various values of Vb Vb = V, (-), 
V,=OV(---),I$=-1 5V(- -)andVb=-lOV(----) 
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It must be noted that the same expenment can of course be performed 
by using an ISFET and applymg a vmble voltage to the reference electrode 
as the mput s-al. Of course, the result of this expenment wrll be exactly 
identical to that of the MOSFET experunent Alternatively, while usmg an 
ISFET, the pH of the solution can be changed, m which case V, 1s really 
modtiled However, m this way it wd.l be rather difficult to create a con- 
tmuous reg&ratlon of the curves as gwen m Fg. 2 Moreover, by changmg 
the pH from, for mstance, pH 2 to pH 12, the change m threshold voltage 
1s hmlted to approxunately 500 mV, dependmg on the sensltlvlty of the 
ISFET It will thus be clear that an ‘electrical sunulatlon’ of the ISFET 1s 
more mstructlve m this case 

If bulk and source are connected, the gam 1s equal to one From the 
curve for V,, = 0 V, it. can be seen that for values of V, < V,.,, the follower 
cannot operate properly In that case the sourcebulk diode 1s conductmg 
and the current does not flow merely through the FET channel but also 
through the diode. The curves for V,, = -1.5 V and V, = -10 V are also 
sven. It will be clear that the transfer function of the follower becomes 
more linear as I V&l mcreases For use m connection with ISFETs, however, 
V, 1s limited to -1.5 V because at large posltlve potentials of the solution 
with respect to the substrate, a breakdown of the gate msulator may occur 
Although V,,, IS therefore chosen relatwely low, the transfer of the follower 
1s practically lmear over the working range of the ISFET, because the 
changes m V, as a function of pH are lmuted to some hundreds of mtilvolts 

For an ISFET with V, = 0 V, V,, = 500 mV, Id = 100 PA, V, = -15 V 
and the reference electrode connected to ground, the gam of the follower 
1s found to be approxnnately 0.8. This value IS m perfect agreement with 
eqn. (8) The apparent sensltlvlty of the ISFETs 1s measured to be 43 - 45 
mV/pH When a correction IS apphed for the non-unity gam of the followers, 
this results m a sensltwlty of 54 - 56 mV per decade, which 1s m agreement 
with the values found m the literature for Ta205 ISFETs [ 111 
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