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Abstract As an example, Fig. 1 shows the gate current density for NMOS
devices belonging to two CMOS processes with 90 nm and

This work describes a measuring system that was developed38 nm feature size; in the 90 nm process the leakage current
characterize the gate current noise performances of CMOS igeabout 2-3 orders of magnitude higher than in the 130 nm
vices with minimum feature size in the 100 nm span. TheRgcess. This leakage current, which originates from discrete
devices play an essential role in the design of present day mixe/garges randomly crossing a potential barrier, is affected by
signal integrated circuits, because of the advantages associa@ge fluctuations which may degrade circuit performance in
with the scaling process. The reduction in the gate oxide thigkalog applications.
ness brought about by CMOS technology downscaling leads 16 &articular, in solid state detector readout circuits integrated in
non-negligible gate current due to direct tunneling phenomefdb-100 nm CMOS technologies, the resolution, which is lim-
this current represents a noise source which requires an ad€g-by the noise from the input transistor of the charge sensitive
rate characterization for optimum analog design. In this papemplifier, may be degraded by the parallel noise source in the
two instruments able to perform measurements in two differélgvice gate current. In order to evaluate the effects of this noise
ranges of gate current values will be discussed. Some of geatribution on the resolution of readout circuits, and to supply
results of gate current noise characterization will also be pgélitable design criteria for IC designers, accurate characteriza-
sented. tion and modeling of gate current noise are mandatory.
In this work, the noise characterization is carried out by means
of purposely developed instrumentation with the required accu-
racy in a frequency range large enough to include both white

In the last decade, the requirements of high granularity3Rd!// Or Lorentzian-like components, considering the depen-
the design of the readout electronics for HEP experiments hgygce of the gate current from device geometry and bias con-
led to an extensive use of deep-submicron CMOS proces§§oNs. This measuring instrument consists mainly of a tran-
While approaching the 100 nm span, the CMOS technology [Fygpedance stage amplifying the noise in the DUT (device un-
entered the sub-3 nm gate oxide thickness regime. In Sucqgeétest) gate-leakage current, wh|ch is converted into a voltage
regime, MOSFET devices exhibit a non-negligible gate-leak than detected by a commercial spectrum analyzer. The con-

current, due to the finite probability of electrons directly tunnett@int for the minimum detectable noise is chiefly dictated by
ing through the insulatingiO, layer [1] the noise of the amplifier and its feedback resistor: the value of

such a component has been chosen as a compromise between
accuracy and bandwidth of the measuring system. As a result,
the system allows for measurements from 0.1 Hz up to 100 kHz.
Such a bandwidth allows us to fully characterize the gate current
noise, which exhibits white, 1/f and Lorentzian-like behavior in
this frequency range.

In order to measure the noise arising from an extended range of
gate current values, two different interface circuits whose res-
olution has been optimized for two different intervals of these
values have been developed .

After presenting the details of the interface circuit design and of
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10° ] relevant to transistors belonging to a 90 nm and 130 nm CMOS
NMOS @ Vps=Vys=0 technologies will be also presented and discussed.
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Figure 1: gate current density of NMOS devices with various gate di- In MOS devices with ultrathin gate oxide thlckness, di-

mensions and beloimgg to two CMOS technology nodes, with differ-"€Ct tunneling appears to be the dominant mechanism of gate-

ent oxide thicknesse$ x . leakage current. This current can be divided into three major
contributions [2]: the gate-to-inverted channel currept) ithe
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gate-to-sourcel(;) and the gate-to-drair {;) components due of gate and drain bias circuits it is possible to obtain different
to the path through the source and drain overlap regions. Ties conditions and gate current contributions and make one of
gate-leakage current noise performances of a CMOS device ttease components dominant with respect to the others.

be characterized in terms of the gate noise current spectrum,

which can be modeled by means of the equation [3]:

Af.q
Noise measurements at high gate current values (from hun-

fo‘fg ’
] ) ) ) ) dreds of nanoamps to few microamps) can be performed by
The firs term in (1) desdres the white noise component of the, o< of the interface circuit shown in Fig. 3.

spectrum while the second one is given by fliker noise, where
Ayq is a power coefficient of thé/f noise whileay, deter-
mines the slope of this low frequency noise contribution. The
term S3, in (1) can be expressed by means of the well known
shot noise law [4]:

A. Interface circuit for high DUT gate currents

St =Sp + 1)

St =241 () v v Cr
. D G Il
wherel is the sum of the absolute values of each gate current |
contribution for a given bias condition.
Rg
R
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In this section two interface circuits used to perform noise L +
measurements will be presented. These circuits have been de- <~ CDf
signed with different resolution on the basis of the expected 3
noise level for a given gate current of the DUT. v
N

Figure 3: high-gate-current interface circuit.

Spectrum
Analyzer

The voltages/p and Vi are applied espectively to the drain
of the DUT and to the resistdi¢, used to regulate the voltage
at the gate of the device. By adjustif@ andVy it is possi-
ble to obtain the desired device bias conditions. The value of
o feedback resistoR r and bias resitoRs has been chosen tak-
FDT ing into account the value of the static gate current of the DUT
and the expected noise level for that current. Actudlly, and
Figure 2: system for the noise measurements. R¢ provide the main noise contribution to the overall system
performances. The value of the gate current can be obtained by
measuring the voltage drop across e resistor.C; is a de-
The driving criterion in tle design of the amplification system&oupling capacitor, whil€'r has been introduced to avoid res-
was the minimization of their input-referred noise with respe@fance peaks in the circuit response éhslincludes the input
to the current noise of the DUE; pyr. Noise measurementscapacitance of the amplifier and parasitics from the PCB. High
are performed by means of the system described in Fig. 2. B all over the frequency range is also needed to overcome the
noise in the gate current of the DUT is converted into a voltageise of the spectrum analyzer. The frequency response of the
by means of a low noise transimpedance amplifier, and then gistem can be expressed by means of the following equation:
tected by a commercial network/spectrum analyzer. The test
signal source of the analyzer is applied, through the resistor
Rppr and the switchs, to the input of the interface circuit, in
order to evaluate the transfer function of the measuring system. Gjw) = Rp _
The transfer function is obtained by applying a voltage signal, 1+ jwRpCF
converted into a current signal by means of the resiBtep
shunted to the amplifier input virtual ground. The equivalent
input noise current spectrum is calculated by dividing the out-
put noise spectral density by the measured transfer function @aheé frequency responsaf the interface circuit is shown in
taking into account the value of the resisi®fpr. By means Fig. 4, for a feedback resistor 2fA/ Q2.

Test Sign:

®)
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Figure 4: transimpedance gain of the instrument in the high-gate- A A
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Figure 6: input-referred noise contribution of the amplifier, and calcu-
A noise analysis of the measuring system can be carrig@d contribtions.

out considering the main noise sources, shown in Fig. 5, where

St rr andS; re are current noise sources relevant to the ther-

mal noise of theRr and R resistors, whileS; op andSy,op

are the equivalent input noise sources of the amplifier.

Fig. 6 shows the measured input-referred noise of the inter-
face circuit, and the theoretical noise contributions calculated by
means of (4), for an estimateti, of 25 pF. Considering that
S;op = 1.5 fA/v/Hz, and neglecting the series noise contri-
(O bution from the operatical amplifier, which has an impact on
the resolution only at frequencies higher than 100 kHz, the total
input noise of the interface system is mainly due to resiskys
and Rg. Assuming that minimum gate-leakage current noise
F for the DUT can be expressed by means of (2), it is possible to
Sv.op determine the valué; i, for the gate current which leads to a

| i L Vout signal to noise ratioS} ,;1/S%y ) equal to unity:
R
¢ ?SI,RGICD Si0p

Figure 5: transimpedance stage with the main noise sources.

KT (7 + 75

5 ©)

IG,min ~

With the values used faRr ard R, I min = 52 nA.
The noise of the measuringgstem can then be modeled by

means of an equivalent input current noise source, whose powelg  |nterface circuit for low DUT gate currents
spectral density is given by the following equation:

Measurements of noise spectral density arising from smaller

9 1 ) currents, can be carried out by decreasing the noise contribu-
Ssys(w) = 4kT Rr//Rg +5Top(W) + tions in the interface circuit. A solution which suitably improves
. 9 the noise performance of the amplifying system is described in
+ 5‘2/7013 (w) (W) Fig. 7. The main difference with respect to the schematic of

Fig. 3 lies in the absence of the gate-biasing resiBtoy which
RrRc 2 leads to a significant noise reduction in the interface amplifier.
1A+ [w <m> (Cp + CF)} ; In particular, the dominant noise source in this configuration
is represented only by the feedback residigr. Adopting a
4) 100 MQ resistor, it is possible to measure the noise arising from

a minimum gate-leakage current in the order of few nanoamps,
wherek is the Boltzmann's anstant andl” the absolute tem- as highlighted in Fig. 8, where the signal-to-noise ratio is repre-
perature. Expression (4) can be minimized choosing high vatsnted as a function of the gate-leakage current. DUT biasing is
resistors; the choice for the operational amplifier used in ttiene by means of the voltade: applied to the non-invertingin-
transimpedance stage has been dictated by its performancesifrof the transimpedance amplifier and the volt&geapplied
terms of parallel input-nois&; op. to the drain of the DUT.
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Figure 7: low-gate-current interface circuit.
Figure 9: transimpedance gain of the instrument in the low-gate-current
topology.

IV. NOISE MEASUREMENTS

The instruments described in Section Il were used to mea-
sure gate-leakage current noise of devices belongingto a 130 nm
and a 90 nm CMOS process by STMicroelectronics. Noise was
measured by means of a HP3562A Dynamic Signal Analyzer,
also performing network transfer function characterization.

S/N=0 dB @ 1,=0.6 nA
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Figure 8: signal-to-noise ratio for the low gate current interface circuit.

Noise Current Spectrum (pA / Hz”z)

At low gate arrent, the noise at the output of the tran-
simpedance amplifier requires an additional gain stage in order
to overcome the noise of the spectrum analyzer; in particular, a
40 dB gain stage has been included in the circuit. ResiBgor 10° 10’ 10 10° 10 10°

and capacitot’y perform the high-pass filtering action needed Frequency (Hz)

to decouple the two stages of the circuit. Adequate values for

these components were chosen in order to obtain an extrenm@jyre 10: gate noise current spectra for an NMOS with
low cut-off frequency. Stray capacitdr, in parallel with re- W/L=600/0.40, belongingta 90 nm CMOS technology, biased at dif-
sistor R4 introduces an high-frequency pole in the frequenésrent gate current values, folhs =0 V.

response of the system. The value of the feedback redistor

of the transimpedance amplifier has to be chosen as a compro-

mise between the noise performance of the measuring syskn 10 and Fig. 11 show noise current spectra of NMOS with
and the range of the gate current values in the DUT, whichdigferent dimensions biased in different conditions in terms of
limited by the output dynamic range of the amplifier. Fig. §ate-to-source and drain-to-source voltages, for gate current val-
shows the good agreement between measured and theorafiggitanging from 0.8 nA t6.9 A. Source and bulk of the DUTSs
frequency response, which can be calculated as follows:  was always connected to ground.
Noise measurement results have shown that the gate current
noise spectrum exhibit both white andf behavior, therefore
L RuRs they can be modeled by means of equation (1). The resqlts show
Gljw) = Rp (1 &) I+ JW(RA+RB )Ca _ adependence of the' f term on the gate current: decreasing the
1+ jwRpCFp Rp 14 jwRACH gate-leakage current of the DUT results in a lowgyf noise
(6) contribution.

[ NMOS WIL =600/0.40 @V, =V, =0V
0.1 L L L L
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Figure 11: gate noise current spectra for devices belonging to 90 nm and 130 nm CMG@agielsn biased at different gate current values.

This low-frequency noise exhibits a quadratic dependenceterization of the technologies used in the design of low-noise
the gate current [5]. For devices belonging to the 130 nm pidrarge sensitive amplifiers, where the gate-leakage current can
cess thel/f noise component of the spectrum is not clearhgpresent a limit in the achievable resolution.

visible at 1 Hz as shown in Fig. 14), while the white noise
contribution confirm the good accuracy of the model for the the-
oretical behavior expressed by (2). In order to detéggtcon-
tribution it has been necessary to perform measurements frg] Y. Taur, A.D. Buchanan, W. Chen, D.J. Frank, K.E. Ismail, S. Lo
lower frequencies, as shown in Fig. &}, relevant to a gate et al.,“CMOS scaling into the nanometer regimetpceedings
current smaller than 1 nA. As it can be seen in the presented of the IEEE, vol. 85, no. 4, pp. 486-504, Apr. 1997.

spectra, white and/f noise increase by increasing the gate2

Current;. moreover, at a fixed current, white noise segms to t;e] gate direct tunneling and drain leakage currents in n-MOSFET's
glmost mdependent of_ the gate geometry. So_me _dewces exhib- i <ib-2 nm gate oxides’|EEE Trans. Electron Devices,

ited Lorentzian-like noise behavior, as shown in Fig.d}.1 vol. 47, no. 8, pp. 1636-1644, Aug. 2000.
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