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1/f Noise in lon Sensitive Field Effect
Transistors from Subthreshold to Saturation
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Abstract—The present paper presents extensive measurements of low
frequency noise in pH ion sensitive field effect transistors (ISFET’s) under
various bias conditions corresponding to the gate voltage changing from
subthreshold to saturation, in the frequency range between 1 Hz and
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100 kHz. The noise measurements were performed in solutions with pH in 105 : T,m100mA
the range of pH4 to pH10, at room temperature. In contrast to previously 4
reported results, the measured ISFET'’s exhibit clearlyl/f noise down E
to 1 Hz. ol d A i
1 10 100 1000 10000

. INTRODUCTION
Frequency [Hz]

lon sensitive field effect transistors (ISFET’s), originally intro-
duced by Bergveld [1], have been under extensive study in the |&ig- 1. Drain current noise spectra measured for drainvcurrent ranging from
decade [2], [3], and references therein. In spite of several inher nf to 10pA. In all the measurementsps = 1V, Vs = 0 V and
difficulties in terms of stability and reliability, ISFET'’s are currently
produced commercially and promise to become important and generic
biosensors for many applications includimgvivo sensors. Fourier transform. This transform provides the power spectral density
The study of noise in ISFET’s is important for two main reasongf the incoming voltage in the frequencies of interest.
First, any source of noise present in the sensor will impose aThe relative importance of the different noise components in this
fundamental limit on the resolution and accuracy of the measuremes#sup has been presented in [10]. The noise floor of the SR570 is 70
and hence the sensitivity of ISFET's is limited by sensor noiséd/sqrt(Hz) at 10 Hz and 7 fA/sqrt(Hz) above 1 KHz. The bandwidth
Second, a study of noise can provide a microscopic probe aofthe preamplifier depends upon its gain. In the measurements
additional insight into the basic physical mechanisms in the senspresented the gain of the preamplifier varies fron? 10 10° Q,
While the importance of noise studies is widely established and noisem higher to lower drain currents, and the corresponding bandwidth
has been extensively studied in MOSFET’s and additional electronaries from 50 KHz to 50 Hz.
devices, so far the noise research of ISFET's has been very limitedlo study the dependence @f f noise upon dc operation point,
[4]-[8]. it is necessary to achieve a good precision in the variations of the
The present paper presents the first extensive measurements ofdovparameters of the ISFET. To this end, the data acquisition system
frequency noise in ISFET’s under various bias conditions corresporabntrols the dc voltages of the reference electrode and the drain. This
ing to the gate voltage changing from subthreshold to saturatiaxperimental setup can work stand-alone for hours as required for
in the frequency range between 1 Hz and 100 kHz. The ISFETHise noise measurements.
under study are commercial pH ISFET’s with a relatively matured
fabrication and packaging technology [9]. The pH ISFET’s measured
show a drift of 0.06 pH units during the first 4.5 hours and a maximum
drift of 0.15 pH units in 24 h. The reference electrode used is Ag/AgCl The pH ISFET measured has a channel widith of 600 pm,
and is not integrated with the ISFET. The noise measurements waréhannel lengthl of 20 xm, and insulator capacitance per gate
performed in solutions with pH in the range of p;H4 to pH: 10, unit areaC; of 2.97 x :I.O_8 F/CI'T]2 The sensor is biased from
at room temperature. In contrast to the preliminary results previougje subthreshold to the saturation region at a constant drain-source

reported [4]-[6], the measured ISFET's exhibit cleatlyf noise VoltageVps = 1 V. The measured pH sensitivity in the 4-10 pH
down to 1 Hz. range is 50 mV per unit pH and is roughly linear.

Fig. 1 shows the drain current noise spectiay measured for
pH = 7 and mean drain currerdt, ranging from 10 nA to 1Q:A.

The maximum frequency shown for each curve corresponds to
A data acquisition system has been built that can measure drg{g pandwidth limit of the low noise current amplifier. The lower
current noise spectrum of the sensor in a wide range of drain currepigwidth is obtained for the smaller currents where a high gain is

[10]. The ISFET is connected in a common source configuration apghyired.
Amplifier. The output of this amplifier is connected to an HP356% seen that the noise is cleaily f down to 1 Hz. Assuming &/ f*
Dynamic Signal Analyzer that samples this signal and calculates {gpendence, the exponential slopaneasured i$.86 + 0.04. This
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IIl. RESULTS AND DISCUSSION

Il. EXPERIMENTAL SETUP

of this brief was arranged by Editor K. Najafi. in MOSFET’s. The dependence of this noise upon bias condition is
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Fig. 2. Drain current noise power spectral density as a function of thdg. 3. Gate referred noise power spectral density as a function of the
average drain current for pkt 4,7,10. The noise is evaluated gt = 1  average gate voltage for p& 4,7,9,10. The noise is evaluated gt =1
Hz. In all the measurement§,s = 1 V and Vgs = 0 V. The dashed lines Hz. In all the measurementégps =1V and Vs = 0 V.
correspond to (1) and (2) calculated wifh,, = 3 x 10~® Flcn?, W = 600
pum, L =20 pm, Not = 8 x 105 cm—2, u = 600 cm?/V - sec. ) .
that yields N, = 8 x 10° cm 2, a very reasonable value for

. L state-of-the-art MOSFET's.
charge andy,, the gate transconductance. This noise is well below

the 1/ noise within the frequency range studied.

Fig. 2 presents the dependence of the measured drain current
noise spectra at 1 Hz upon mean drain curréii; increases with  The present paper studies the noise behavior of a state-of-the-
increasingl». Moreover,S; p is proportional tol? in subthreshold art ISFET for pH measurements. The results clearly indicate that
and tol,, in saturation, as indicated by the lines added to Fig. 2. Thke ISFET noise is dominated by the FET transistor noise. The
measured mean drain current dependence is in good agreement ddthninant low frequency noise i$/f noise. The dependence of
the following expressions corresponding to a MOSFET modeled fiye drain current noise power spectral density upon average drain

IV. SUMMARY

trapping-detrappind / f noise [10]-{13] current follows the predicted behavior of a MOSFET. The gate

1) At subthreshold: voltage noise power spectral density is independent of the average
o2 . 1 gate voltage as predicted by trapping-detrapgipi§ noise modeling

Sip = e “"b 7 k?F ‘2;@ I3 =. (1) of MOSFET. The measured noise characteristics shown here indicate

_ (Cox + Cp)* (KT) -t that the Si/Si@ interface dominates the noise behavior of the ISFET.
2) At saturation: No pH dependent effects are observed and the interface between the
PpuNe - 1 solution and the gate insulator does not contribute measurable noise.

Sip = Coxl? 7F @ The ultimate performance of the ISFET as a sensing device will

where Ci,v, Cox, and Cp are the inversion, oxide, and depletionbe obtalne_d when_ the NOISE 1S dommatec_i by_ the mea_tsurand, _namely
. . o . ] .. the pH. This requires a significant reduction in the noise contributed
capacitance per unit area, and; is the effective oxide traps density ) : . . - )
per unit area by the FET. It is possible to attain this goal by designing ISFET's
The gate transconductangg, is measured from thep-Vas based on p-MOSFET instead of the commonly used n-channel since

characteristics withns — 1 V and calculated ag,. = 9Ip /dVas. it is well established that the noise of p-MOSFET is lower by nearly

Csing the measured,. vles, he gate reerd volage s 10 O Mg Mowouer e MOSEET toe e -
spectrum is calculated as YL/ Cox y g o]

(increasingC’;) the noise will be reduced. A low noise design based
52’7_ (3) ©on p-channel and a thin gate insulator is expected to yield ISFET’s
Jm exhibiting solution related noise mechanisms that may provide new
The results are presented in Fig. 3 for several pHs. It is clearly sd@esight on ISFET fundamentals.
that at low frequency the gate referred noise power spectral density is
constant for any pH and gate voltage applied. The average measured ACKNOWLEDGMENT
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