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Abstract—The RF noise in 0.18um CMOS technology has been current noise spectrum. The latter effect is known as “induced
measured and modeled. In contrast to some other groups, we find gate noise.” In Section Ill, we will present a large number of
only a moderate enhancement of the drain current noise for short- measurements and a model that is ableredict the thermal

channel MOSFETSs. The gate current noise on the other hand is . . the drai t ind d oat . I thei
more significantly enhanced, which is explained by the effects of the noise in the drain current, induced gate noise, as well as their

gate resistance. The experimental results are modeled with a non- Correlation.

quasi-static RF model, based on channel segmentation, whichisca- Finally, in Section IV, the noise mechanisms that will play
pable of predicting both drain and gate current noise accurately. a role in MOS devices with leaky gate dielectrics are briefly
Experimental evidence is shown for two additional noise mecha- reviewed

nisms: 1) avalanche noise associated with the avalanche current )

from drain to bulk and 2) shot noise in the direct-tunneling gate

leakage current. Additionally, we show low-frequency noise mea- Il. 1/f Noise

surements, which strongly point toward an explanation of thel / f . .

noise based on carrier trapping, not only in n-channel MOSFETS, A. Introduction tol/f Noise

but also in p-channel MOSFETSs. At low frequencies] / f noise is the dominant source of noise

Index Terms—1/f noise, avalanche noise, compact modeling, I MOS devices. Here, we use the ter/f noise” for all
flicker noise, induced flicker noise, induced gate noise, MOSFET, low-frequency noise in excess of the thermal noise background.

noise, RF CMOS, shot noise, thermal noise. Typically, 1/ f noise in MOSFETS has a spectrum with a slope
that varies betweer —0.7 and~—1.3 on a double-log plot.
I. INTRODUCTION The MOSFET1/f noise does not only have an impact on

. low-frequency applications. Due to upconversion, it also has a
HE EVER-CONTINUING downscaling of CMOS tech-serious impact on RF CMOS circuits such as VCOs, where it
nologies has resulted in a strong improvement in the Rfzses a significant increase of the phase noise [3]. Therefore,
performance of MOS devices [1], [2]. Consequently, CMOS hgsg0d1/f noise model is an important ingredient of an RF
become a viable option for analog RF applications and RF S¥fssign kit.
tems-on-chip. For the application of modern CMOS technolo- Many different theories have been proposed to explain the
gies in I_O\_N-noise RF circuits, accurate modeling of noise is;fhysical origin of1/f noise in MOSFETSs [4], [5]. These can
prerequisite. ) _ be categorized in three major types.
In MOSFETS, there are two major sources of nois¢f 1) Carrier Number Fluctuation Theoryin this theory, orig-
noise and th_ermal noise. The f noise in the .dra|_n current of inally due to McWorther [6], the / f noise is attributed to the
a MOSFET is not only important in analog circuits (€.9., 0pefrapping and detrapping of charge carriers in traps located in
ational amplifiers), but also in RF circuits, where it increasgfe gate dielectric. Every single trap leads to a Lorentzian noise
the phase noise of, e.g., voltage-controlled oscillators (VCOghwer spectrum. In case of a uniform spatial trap distribution,
In Section 1I, we will briefly discuss the issue af f noise the [ orentzian spectra add up to give & spectrum. The car-
modeling for circuit simulation. rier number fluctuation theory has been successful in modeling

Next, in Section IlI, we turn to the main topic of this papefihe observed) f noise in n-channel devices, where the input-re-
which is thermal noise in MOSFETSs. Thermal noise is due terred1/f noise, defined by

the random thermal motion of charge carriers. It not only man-
ifests itself in the drain current noise spectrum, but, due to the

" i : Ieate = —o— 1
capacitive coupling between channel and gate, also in the gate Svaate 2 (1)

is almost independent dfgs. In the above equatiorfyy, is
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cessful in describing the observédf noise in p-channel de-

vices, where the input-referréd f noise is found to be strongly

dependent oivgs. Fig. 2. (Top) dashed lines are examples of low-frequency noise spectra for a
3) Unified 1/f Noise Model: Recently, a unified model hasnumber of 0.5/0.28:m p-channel devices with the same layout, but located on

: : different positions on the wafer. The thick solid line is the sum of 20 of these
been proposed that can describe both the meagwﬁ(mo's’e tra. The dash—dotted line gilgy slope for comparison. (Bottom) dashed

o . ) i spec
characteristics of n- and p-channel devices using a single moﬁﬁék are examples of low-frequency noise spectra for a number of 1Q/@28-
[8]-[11]. The unified model isiot, as one may think, a combi- devices with the same layout, but located on different positions on the wafer.

nation of the number fluctuation theory and the Hooge mobilig})'ck solid line is the same as in upper frame.

fluctuation theory. Instead, it extends the carrier number fluctu-

ation theory to include the Coulomb scattering of free chargaired in saturationlys = Vaqa = 1.8 V) as a function of the
carriers at trapped oxide charge. As a consequence, not ag@e—source voltage driv;s. The devices discussed here were
thenumberof charge carriers in the channel, but also their m@ll manufactured in the same 0.1L:8 CMOS technology that
bility fluctuates. Because these mobility fluctuations have thge used in our study of thermal noise (see Section Ill). We focus
same origin as the number fluctuations (i.e., trapping and deere on the p-channel devices, which are of the surface-channel
trapping of charge carriers in the oxide), they are correlategpe.

The unified model is very successful in describing the mea-In the upper frame of Fig. 2, the low-frequency noise spectra
sured noise in both n-channel and p-channel devices (see Figfl)several 0.5/0.28#m p-channel devices with the same
and is therefore called “unifieti/ f noise model.” The unified |ayout, but located on different positions on the wafer, are
1/f noise model is used in many of today’s compact MOSFEdhown (the notation 0.5/0.2@m stands fo¥ = 0.5 um and
models, such as BSIM3, BSIM4, MOS Model 9, and MOg, — (.28 ;m). We observe a rather large sample-to-sample
Model 11. Vandamme and Vandamme, however, have argugflead. Moreover, the shape of the spectra also varies strongly
that the Coulomb scattering effect is far too weak to explain thg, sample to sample, and strongly deviates from ¢

p-channel data [12]. _ _ _ shape. Instead, distinct humps are observed.
Although there is a growing consensus in the literature abOUtNext when we add up the noise spectra of 20 of such

the explanation of / f noise in n-channel MOSFETS in termsy 5/ 28um devices
of carrier number fluctuations, a lot of controversy still existal'afer' The resulting ’noise spectrum is very close tg
about the origin ol / f noise in p-channel devices. In this wor : ’

. . ! ' It is now interesting to compare this sum of 20 individual
we will show experimental evidence that strongly supports the 9 P

picture thatl/f noise in p-channels, just like in n-channels‘e’pec'[ra o’ = 0.5 um devices with the spectrum of a single

) . . Lo tevice with the same channel length, but with a widtiiof=
arises from trapping and detrapping of charge carriersinthe g ge 0.5 — 10 um. Thi mparison is shown in the lower fram
oxide. These experiments are difficult to reconcile with expld.. < °-° = -7 #M- ThiS comparisonis sho €lowerirame

nations in terms of bulk mobility fluctuations. of Fig. 2. For these w_ider devices, compared to the narrow-
channel case, the relative sample-to-sample spread is much less,
the shape of the spectra varies much less, and the spectra are
much closer td /f. Moreover, we see that the summed spectra

Low-frequency noise measurements in the frequency rangfeour 20 narrow devices agree quite well with the spectra mea-
from 10 Hz to 10 kHz have all been carried out on-wafer with sured for the wide devices, in particular in the range from 10 to
BTA 9812A noise measurement system. The devices were m&ao0 Hz.

located on different positions on our

B. Experimental Results



620 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50, NO. 3, MARCH 2003

C. Discussion a large number of experimental results and an RF MOSFET

The above experiments clearly show that the microscopitodel thatis capable giredictingthe drain current noisy, ,
noise sources causinig'f-like noise in p-channel MOSFETsthe gate current nqls%(; ,aswell as thelr_c.orrelatlon coefficient
donothave al/f spectrum. Moreover, the experiments revedl (fora precise definition of these qua}ntltles, pleas.e referto [22]
that thel/f spectrum, as observed in large-area p-channel Ad [23]). This work_forms an extension tq an earlier study [24]
vices, is the sum of many differently shaped spectra, which a{|:[§31t_focused on drain current thermal noise only, and that was
very similar to the Lorentzian noise spectra which are thougf@Tiéd at much lower frequency (248 MHz) than the present
to be the microscopic noise sources in both the number fludtdy (1 GHz< f < 10 GHz).
tuation theory and the unified noise model. The experimental Drain Current Thermal Noise Model
results, shown here for p-channels, are very similar to results
already known for n-channels [13]. Therefore, we believe thatThe drain current thermal noise in MOSFETSs is calculated by
an explanation of MOSFET/ f noise must be based on numbethe well-known Klaassen—Prins equation [25]
fluctuation theory for n- as well as for p-channels. The Hooge 1 Vo
bulk mobility fluctuation model, on the other hand, seemstobe S, (f) = ———- / 4-kg-T-g(V)2-dV  (2)
difficult to reconcile with the experiments presented here, be- Ip - Liee Jvis
cause it does not explain the shape of the narrow-channel nqigesre,
spectra, as well as their large statistical spread.

Besides the similarities between n- and p-chanri¢inoise, Lejec = Lg — ALcLm 3
emphasized above, there are also differences between the two. , o
For instance, thdé/us dependence is strikingly different (sedS the electrical channel length of thg MOSFET wh|ch includes
Fig. 1) and so is the oxide thickness dependence [14]. Thel€ ffect of channel length modulatiax/.cr.ar, andLg is the
fore, it is evident that the number fluctuation theory must JYOSFET effective channel length. The Klaassen—Prins equa-
extended to achieve a good description for both n- and p-chdien formula was derived using the Langevin method. An al-
nels. Thus, either the arguments of [12] against the unified nof§snative derivation, which is essentially the same but some-
model must be proven wrong or an alternative extension of thf!at more transparent, has been given by Tsividis [26]. The
number fluctuation theory should be devised. In this context, 4Rd€rlying assumptions are that: 1) the charge carriers are in
interesting direction is found in [15], where it is shown that thiermal equilibrium so that the voltage noise spectral density
inclusion of inversion layer quantization yields the experimer®f @ channel segments is given by the Nyquist expression
tally observed/cs dependence of the/ f noise both for n- and 4kpT, d:L‘/g(V), whereg(V) |s_the local channel conductance
for p-channels. Another option is to take into account the g&"d 2) the noise sources of different channel segments are un-
pendence of trap density on Fermi-level, as in [16]. This deperRrelated.

dence is often neglected in compact models based on numbef/e evaluate (2) using our recently developed compact MOS
fluctuation theory. model, named MOS Model 11 [27], [28]. This public-domain

compact MOS model is based or&° continuous description
of the surface potential throughout all MOSFET operating re-
gions, including the increasingly important moderate inversion
A. Introduction to Thermal Noise region. The details of the derivation 8f, are found in the Ap-

At RF frequencies, the MOSFET/f noise becomes pendix.
negligible and thermal noise is the dominant source of noise.The effect ofvelocity saturatiorin the channel region is in-
Thermal noise of deep-submicrometer MOSFETSs has receivddded via the local channel conductangé’). The expres-
considerable attention lately, which is mainly triggered bgion for velocity saturation is different for n- and p-channels,
publications that report a severe enhancement of the therifgulting also in different expressions 6y, .
noise with respect to long-channel theory [17]-[21]. In the It was argued recently that the possible noise contribution of
earliest of these publications [17], thermal noise was found e pinch-off regioris negligible [29]. In our model we also ne-
be enhanced by a factor up to 12 in n-channel devices wakect this contribution, which will be corroborated by the exper-
0.7-um gate length and hot electrons were proposed to exp|éimeﬂta| observation (cf. Section llI-E1 and Fig. 12) that there is
these results. More recently, Klein [18], [19] reported verpardly any dependence of the noiselgss beyond the satura-
similar enhancements of the drain current thermal noise tign voltage. What we do take into account, again in agreement
devices with 0.65:m gate length and proposed a model whickith [29], is channel length modulation.e., the effect of the
invokes heating of the charge carriers in the inversion chanf@ngth of the pinch-off region on the electrical channel length
to explain the experiments. For the induced gate noise, &fec-
even more dramatic enhancement factor as large as 30 wakinally, note that, in the weak inversion regime, the model
found by Knoblinger [20] for a 0.2%m gate-length n-channel €xpressions reduce to the shot noise expression- Ins, as
MOSFET. expected (see the Appendix).

Evidently, the reported noise enhancements would seriously .
limit the viability of RF CMOS and a detailed study is called forC: Segmentation Model
Therefore, in this paper, we perform an extensive study of thel) Model Description: The analysis of our measurements is
RF noise in 0.18:m RF CMOS technology. We will presentbased on the nonquasi-static RF MOSFET model displayed in

elec

Ill. THERMAL NOISE
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Fig. 3. Nonguasi-static RF CMOS model, consisting of five channel seg- ‘:0,2 -
ments, and parasitic resistances and capacitances. Some short-channel effects LE
are incorporated using the voltage-controlled voltage source in the gate lead.
Every channel segment is equipped with a drain current noise source only. The 0.0 F
phenomenon of induced gate noise comes out of the model naturally. .

0 1 2 3 4 5
Fig. 3. The model is based on the concept of channel segmen- Nsgo
tation [26], [30], [31], where every channel segment s mOdeled 4. Effect of the number of channel segments on the noige=af).1 GHz
by MOS Model 11. We stress however that the noise mOde“ﬂaL = 2 pm. (Top) drain current noise and gate current noise spectral density.
approach described in this paper is not restricted to MOS Modwlddle) real and imaginary parts of the correlation coefficient. (Bottom)
11, but can be applied to any quasi-static MOSFET model, e ginimum noise figure.
BSIM3 or BSIM4 [33]. The ability of the channel segmentation
model to describe the measurEeparameters even in the NQS - The effect of segmentation is illustrated in Fig. 4, where the
regime has been demonstrated in [31] for MOS Model 9, and iffain current thermal noiséf{, ), the induced gate current noise
[32] for MOS Model 11. (S1,), and their complex correlation coefficientre plotted as
In order to describe the RF noise correctly, every quasi-stafiGunction of the number of channel segments. It is seen that
channel segment is equipped with a drain current noise SOUKE s hardly dependent ofV..,, which confirms the correct-
only, i.e., the segments dwthave a gate current noise sourCeness of both the drain current noise model and the segmentation
The drain current noise of each channel segment is givgfbcess. The induced gate nolse,, on the other hand, rapidly
by the equation discussed in the previous section, and #hverges from almost O for a single-segment model to a nearly
noise sources of the different channel segments are mutuafnstant value folV..; > 2. The same holds for the correla-
uncorrelated. tion coefficient, which rapidly converges toward the theoretical
The phenomenon of induced gate noise originates from tésg-channel limit0.395; [23] and the minimum noise figure.
segmentation model naturally due to the distributed gate capga¢the remainder of this work, we keep the number of channel
itance: because the noise voltages atitiernal nodes of this segments fixed to five, because this gives a good description of
compound model are nonzero, a noise currefitflows from the MOSFETY -parameters as well as the noise [32].
the channel into the gate terminal, corresponding to a noise curin contrast to expressions féty, currently used in circuit
rent spectral densit§z, o f2. In a single-segment model, indesign models [33], [27], our model has the advantages that: 1)
contrast, the induced gate noise does not come out naturally, ipés not only valid in saturation, but in all MOSFET operating
cause, by definition, thexternalgate, source, and drain nodesegimes; 2) it does not need correlated noise sources; 3) it auto-
have zero noise voltage [22] when the noise is expressedniatically accounts for short-channel effectsSip, through the
terms ofSy,, S, and their correlation coefficient Therefore, short-channel effects incorporated in thig, expression; and 4)
when one only has a current noise source between the sottigvalid even in the NQS regime. Further note that therenare
and drain, zero noise current in the gate lead results. Thusaufjustable parameters to fit the noise data: all model parameters
single-segment or lumped models such as MOS Model 9, M@Slow from dc andC—V measurements, except for the bulk re-
Model 11, and BSIM, the induced gate noise has been addsstance parameters, which follow from off-stateparameters
separately. In the present study, however, we have explici{sf. Section I1I-C5).
turned off the induced gate noise of the MOS Model 11 seg-2) Induced Flicker Noise:In the previous section, we saw
ments, so that they have a drain current noise source only. how thermal noisex f°) in the inversion channel leads to in-
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\g—O.Z — off. Not only a white drain current noise contribution, but alsf?agate current
= noise contribution emanates from the compound model. The dashed lines are
= calculated with the approximate equations (4) and (5). The device length is
T-0.41 Im(c) L =018 pm.
—0.6 [35]. In our compound model the effects of this noise source
Ly . T are automatically accounted for by the circuit simulator. It is
10° 10' instructive, however, to consider these effects here separately.
f (GHz) First, the voltage noise across the gate resistance is, like any

other ac signal, amplified to the drain, leading to an additional
Fig.5. Demonstration of the effect called “induced flicker noise”ina :18-  §rain current noise
n-channel biased atqs = 1V, andVps = 1.8 V. All noise contributions,
except the MOSFET/ f noise, have been switched off in the model. (Top) itis 9
seen that this leads to “induced flicker noise” in the gate current, proportional S1, = 4kTR,g;,. (4)
to . (Bottom) the corresponding complex correlation coefficient is shown.

What was not recognized in [34] and [35] is that the voltage

duced gate noisex(f2) by the capacitive coupling between thd1oise across the gate resistance also gives rise to a noise current
channel and gate. It is instructive to note that, by the very saffidne gate, in first-order approximation given by

mechanisml/ f or flicker noise will be induced in the gate ter-
minal as well. In this case, the noise sources in the inversion

channel are proportional tb-1, and therefore the noise induced_, . . . .
Prop o dThls will turn out to be a major contributor to the measured gate

in the gate terminal is expected to be proportionaf tdVe pro- . . .
pose to call this phenomenon “induced flicker noise” to distifcurrent noise in short-channel devices. Note that it has exactly

guish it from the usual “induced gate noise” which is normally'€ Same fre_qu.encerpendermq‘(’) asthe |n<_juc§d gate noise
associated with thermal noise. (The term “indudggl noise” rom the intrinsic device. Of course, the contributions of the gate

must be avoided because it would suggest the wrong frequefﬁ?ﬁancel t,:_) drain (;fl_Jr_ren;[ _and galte _curre_nt no.l_si ?.e correlated.
dependence of this type of noise.) e correlation coefficient is purely imaginaiy:= 1.0;.
o - L When the gate resistance, as in our model, is accounted for
Just like “induced gate noise” of thermal origin, “induced

. e . s a separate element in a compound model, all these effects are
flicker noise” originates from our segmentation approach nat: L . .
N A ) ccounted for naturally by the circuit simulator, which contains
urally. This is illustrated in Fig. 5, which shows the results 0t

a calculation in which the MOSFET segments only hayg ermal noise sources for all explicit resistors. This is shown
noise. As expected, the “induced flicker noise” shows the e% 'r:l?:.hg;wr\:\g;eh;l%vglilzh'?\ﬁitﬁe;?giesz 2;&2:?“;&? ?ﬂ?él 8;;,{6
pectedx f behavior. The correlation coefficient proves to be_ . . . . ' prine g
—0.454 for this 0.18xm n-channel MOSFET under Consider_reS|stance noise, set to zero. The S|mulat|or] results (solid lines)

X ' are shown to agree well with (4) and (5), given by the dashed

ation. :
In practice, the phenomenon of “induced flicker noise” is n&nes. . . i

! : L In our model, the gate resistance consists of several parts: the
very important, because at frequencies so low thHgtnoise is . ; o -

. . - : resistance of the vias between metall and silicided polysilicon,
dominant over thermal noise the capacitive coupling between . . - :

; ; e effective resistance of the silicide, and the contact resistance

channel and gate is extremely low. At those frequencies, the K

sulting “induced flicker noise” will be much too low to measure; etween silicide and polysilicon [36]. For a single polysilicon

At higher frequencies, it will be overwhelmed by traditional “in_gate finger, connected on both sides, we have

duced gate noise” of thermal origin. Indeed, we will see in our 1 w1 Woe 1 Ry p
. “« . . ” . _R [ . __}__ i ex’ - via con (6)
analysis that “induced flicker noise” only contributes a few per-figate = 15 /0, sil 7~ T 5 PO, sil —p SN WL
cent to the measured gate current nois¢ at 3 GHz. v
3) Gate Resistance NoiséA noise contribution that may not where pg 4 is the silicide sheet resistancR,;, is the resis-
be overlooked is the thermal noise of the gate resistance [34]nce of a metall-to-polysilicon vi&/,;, is the number of such

Sty = 4ksTRw*Cy,. (5)
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Fig. 7. Schematic layout of a single gate finger, showing the meanifmg ,of
Wext,» and L in (6).
Fig. 8. Gate resistance versus frequency as measured on dedicated test
structures ¥ = 10 um). The sheet resistance is{¥sq., except for the
vias, peon is the silicide-to-polysilicon specific contact resjg9-18xm device where the sheet resistance i$28q., due to incomplete

L K .~ silicidation. Gate lengthsare = 2 ym (), L = 1 gm (A), L = 0.5 um
tance, and the meanings &f, L, and Wy are depicted in (o) andz = 0.24 ,m?(v)v andL :'mé Btm(o) pm (&) !

Fig. 7.
4) Noise From Other Parasitic ResistanceBesides the

noise from the gate resistance, the other parasitic resistances 0.5 L=0.18 um
also produce thermal noise. The role of thermal noise of the o4l Ve=1.0 V
bulk resistance has been emphasized by [37] and [38] and is . Vps=1.8 V
taken into account by the circuit simulator when our compound @ 0.3 f=3 GHz
model (Fig. 3) is used. Similarly, the thermal noise of the = .
source/drain series resistances are accounted for. Their relative ozl .,
importance will be discussed below.

5) Parameter Extraction:The MOS Model 11 parameters, 0.1 T ———
such as gain factor, body factor, flatband voltage, source/drain {

. . L . . . 0.0 W Ll [ EREAT]
series resistance, and mobility reduction coefficients, are ex- 10° 10 0

tracted from standard dc and low-freque@yWmeasurements.
The detailed extraction procedure can be found in [27].
Only for the extraction of bulk resistance parameté+pa- Fig. 9. Layout optimization using the model described in this paper. The

rameter measurements are required. These are taken in the@ imum noise figure at 3 GHz is calculated as a function of the folding

. ] or, for an n-channel device with a 0.8 gate length and a total width
state {gs = 0 V) as described in [39]. of 192 um, biased al’cs = 1V andVps = 1.8 V. The arrow indicates the

For the calculation of the effective gate resistance with (6), vifdding factor of 64 that we used, which corresponds toanfinger width.
need to know the silicide sheet resistapegsi, the silicide-to-

polysilicon specific contact resistanpg,., and the resistance py careful layout optimization, reducing the effective gate resis-
Ryia of a metall-to-polysilicon via. tance to a minimum using folding and double-sided connection
The frequency independence of the silicide sheet resistargehe gate.
has been verified usin§-parameter measurements on dedicated This same layout optimization also leads to attractive noise
test structures (see Fig. 8). It was found that.i is equal to figures [40]. In Fig. 9, we calculate the minimum noise figure of
4 Q/sq., except for the 0.18m device where the sheet resisy 0.18,m n-channel device as a function of the folding factor.
tance is 92/sq., probably due to incomplete silicidation. Havingrhe total device width is kept constant at 198&1. By folding
verified the frequency independency of the silicide sheet resie device, the effective gate resistance is considerably reduced,
tance, means that one can rely on dc measurements of thiszieq therefore the minimum noise figure is reduced considerably
sistance just as well. as well. Based on Fig. 9, we have chosen a folding factor of
The silicide-to-polysilicon specific contact resistangg, is 64, corresponding to a finger width of;8n. Further reduction
25 - um? [36], andR,;, was found to be 22. of finger width does not lead to a much lower minimum noise
Finally, note that there are no parameters adjusted to fit thgure (see Fig. 9).
noise measurements. The only MOS Model 11 parameter thafrhe RF noise figure measurements were taken over frequency
can be used to adjust the noiseVig, which is set to its theoret- and versus bias voltage using an HP8970 noise figure test-set
ical value4kgT'. for a limited number of precharacterized source and load im-
pedances which provided stable device operation over the en-
tire gain bandwidth of our devices. The addition of a separate
low-noise amplifier to our system reduces its noise figure to
Noise measurements are performed on a commercially avail4 dB up to 18 GHzS-parameters are simultaneously mea-
able RF CMOS technology with an 0.18n minimum feature sured using an HP8510C network analyzer. The amount of gate
size. This technology shows g#i of 70 GHz and ary,,.x as and drain current thermal noise and their correlation is derived
high as 150 GHz [40]. This world-recorfl,.., was achieved in two steps. First the noise added by the input and output stages

folding factor

D. Experimental Details and Deembedding
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Fig.10. Drain current thermal noise versus frequency for a series of n-chanfig. 12. Drain current thermal noise versuss for the same devices as
devices withl = 2 ym (d), L = 1 um (2), L = 0.5 um (¢), L = in Fig. 10. The devices are biasedidts = 1.0 V. Solid lines are model
0.24 pm (V),andL = 0.18 pm (0). The devices are biasedéts = 1 Vand predictions. All curves are taken at 2.5 GHz, except for the= 0.18—um
Vpbs = 1.8 V. Solid lines are model predictions. The dashed line is the result ofirve, which was taken at 5 GHz.

a quasi-static model for the = 2 pm device.

107
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Fig. 11. Drain current thermal noise verslgs for the same devices as Fig. 13. Contributions to simulated drain current thermal noiselof=
in Fig. 10. The devices are biased¥ats = 1.8 V. Solid lines are model 0.18 um device atf = 3 GHz. The device is biased &;s = 1 V and
predictions. All curves are taken at 2.5 GHz, except forthe= 0.18—um Vg = 1.8 V.

curve, which was taken at 5 GHz.

. . . . ically accounted for by our segmentation approach. Using a
is corrected for, and the noise parameters like minimum noisge Y y 9 bp 9

. ) . . : Single-segment model, the simulation yields a white noise spec-
figure, noise resistance, and optimum source impedance are ex:

tracted [41]. For the subsequeént and noise parameter de-em-tFrium %;]d underestimates the measured noise (dashed line in
bedding, a conversion to the correlation matrix representation 09' ) . .

; . . Note also that there is hardly any dependence of the noise on
noisy two-ports is made [42]. The transisiérparameters and

. . Vps in saturation (see Fig. 12). This an experimental confirma-
noise current sources are then derived usiqgarameter mea- . : A . .
tion that the noise contribution of the pinch-off region may be

zrgﬁgagﬁissgfz;Tfﬂjzs? pen” and "short” dummy StruCtur%s(’aglected, aswe have done in our model. Thg very small depen
) dence of the noise oVipg for the shortest devices is due to the
E. Results channel length modulation effect, included in our model.
. . . The various contributions to the modeled drain current noise
1) Dram_ Current N_0|se:The measured and_ mo_deled drane)f the 0.18um device at 3 GHz are indicated in Fig. 13. It is
current_n0|se of various n-channel geometrles_ls plotted 8Sen that the major part (88%) is due to the intrinsic thermal
a function of frequency, gate voltage, and drain voltage e of the MOSFET. The relatively small contribution of the

Figs. 10-12, reSP_e‘%“Ve'y- It is ob_served that our model g'Vﬁﬁte resistance is due to the careful device layout optimization
an excellent prediction of the drain current noise both for t}'@

| h h | : firmi lusi arrow fingers and double-sided contacting of the gate). More-
ong anq short-channel geometries, confirming our conclusio er, we observe that there are small contributions of the bulk
in [24]: in sharp contrast to [17]-[19], we dwt observe large

h f th | noise in sh h | IVIOSFE_Ir_esistance, the source resistance, and sbffieoise.
enhancements of thermal noise in short-channe SDrain current thermal noise is often represented using the so-
Relatively small discrepancies (upt@®0%) are found at lower

) alled “white noise gamma factoty, defined by the equation
frequencies for the short channels and are not understood: at ¢ W y a

present. Possibly, a more refined description of gate or bulk St = 4kpTgaey (7)
parasitics may explain the effect.

An interesting phenomenon is observed in fhe= 2—um where g4, is the MOSFET output conductance at zero
curves: the noise is seen to increase with frequency. This pldeain—source bias. The theoretical long-channel value
nomenon is due to nonquasi-static effects, which are automat= 2/3. In Fig. 14, both measured and modeledactors
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0.0 0.5 1.0 1.5 2.0 2.5 3.0

are plotted forf = 3 GHz. At intermediate channel lengths, drain—source voltage (V)

~ is close to the classical = 2/3. Shorter channels show a

small enhancement of, which is partly due to thermal noiseFig- 17.  (Top) multiplication factor and (bottom) drain current thermal noise
! versusVps, foran L = 0.18 pm n-channel device, biased 8ts = 1.0 V.

of parasitic resistances (see Fig- 13) a.nd partly due to Shﬂ% drain voltage is intentionally swept far beyond the supply voltage to make
channel effects such as velocity saturation and channel lengiheffects of the weak avalanche current visible. Dashed lines: model without

modulation [29]. The increase offor longer channel lengths is avalanphe muItipIication: Solid lines: model with avalanche multiplication and
. . . . . the noise associated to it.

due to the nonquasi-static effect. This follows from inspection
of Fig. 10, where the quasi-static model (dashed line) is seen to
give less noise than the nonquasi-static model (solid line) foontribution has been treated theoretically by van der Ziel and
the L = 2 pm device. Chenette [44], who found

The drain current noise of our 0.18n p-channel device is
plotted versus frequency in Fig. 15 and versus bias in Fig. 16.
Also, for the p-channels, our model gives an excellent prediction
of the measurements. The first term in this equation is the trivial multiplication of the

2) Avalanche Noiseiln the above, we observed that the meahermal noise generated in the channel (i.e., the source current
sured drain current noise is independent of drain voltage wheaiseS;s). The second term is the actual noise contribution of
the device is biased in saturation. This situation changes whee weak avalanche current itseliz§, which can be rewritten
we increase the drain voltage far above the supply voltage of this2¢/s M. Therefore, (8) is equivalent to
technology,Vaq = 1.8 V. In that case, weak avalanche comes
into play. In the upper frame of Fig. 17, the multiplication factor
M = Ip/Is is plotted versus drain voltage. Abs = 3V, the
multiplication factor has increased from 1.00 to 1.03. The corrb our model, we have added this noise current source [see (9)]
sponding increase in drain current noise is much more specthetween drain and bulk. This yields the solid line in the lower
ular and amounts to a factor ef2. This sharp increase in drainframe of Fig. 17, which fits the data excellently. To the best of our
current noise is explained when we include the noise associakedwledge, this is the first experimental verification of the van
with the weak avalanche current from drain to bulk. This nois#er Ziel-Chenette equation for avalanche noise in a MOSFET.

Sp, = M*Sis + 2qIsM (M — 1). (8)

Sip, = (M —1)2S;s + 2qIg M. (9)
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Fig. 18. Gate current noise versus frequency for a series of n-channel deviegs 19. Gate current noise as a function of gate voltage for the same devices
withL =2 umd),L =1um(A),L =0.5 um(¢),andL = 0.18 um (0). as in Fig. 18. The devices are biased/at; = 1.8 V. Solid lines are model
The L = 0.24 pm device is skipped here for clarity of the figure. The devicepredictions. All curves are taken at 2.5 GHz, except for the= 0.18 um

are biased at'zs = 1V, andVps = 1.8 V. Solid lines are model predictions curve, which was taken at 5 GHz.

with noisy R, .:.. Dashed line is model prediction fér = 0.18 pm calculated
with an additional 0.32 contact resistance.

10 Ves=1.0 V f=5 GHz (L=0.18um)
. - o a, f=2.5uGHz (L20.5um)
Evidently, the avalanche noise does not play a significant role pofol De pee—pr 0o %®1=2.0um
in practical use of 0.1@m technology: we have to increase the N 102 ° o o "u" °
drain voltage far above the supply voltage of this technology to N{ o 2008 asa A aAL At asaA AR | =1.0m
make the effect visible. The effect, however, may explain some = 2
of the anomalous results that were reported by Abidi [17]. Abidi v 107 o o P000%%66% 000%0° 400000 =0.5um
found ay value of 7.98 (a factor of 12 enhancement with respect %ﬁbmgm
to (w.r.t) the long-channel value) at a biaslgfs = 1 V and 107 * o °
Vbs = 4 V. From his output curves we estimate tigt= 0.8 L L

1 1 1 1
02 06 1.0 14 18 22

_ = — = isti I -
MA, gao = 2.5 mS, andM = 1.25 (a distinguished roll-up of drain-source voltage (V)

thelp versusi/ps is visible in the curves). Using (8), itis readily

derived in the case of avalanche that Fig. 20. Gate current noise as a function of drain voltage for the same devices
as in Fig. 18. The devices are biasedvats = 1.0 V. Solid lines are model

2 4 2qIsM(M —1) predictions. All curves are taken at 2.5 GHz, except for the= 0.18 pm
T=73 M? - - (M —1)+ G (10) curve, which was taken at 5 GHz.
3 3 4kBjﬂgdo
which yieldsy = 2.7 (a factor of four enhancement w.r.t. the R,

long-channel value). Although this is still a factor of 3 lower
than they = 7.98 found by Abidi, it shows that avalanche noise
is indeed a significant contributor in his experiment, and partly
explains his anomalous results.

3) Gate Current Noise:The measured and modeled gate
current noise of various n-channel geometries is plotted as

layout
dependent

. . . IFN
a function of frequency, gate voltage, and drain voltage in R
Figs. 18-20, respectively. Excellent agreement between mea- A b
/ R layout
surements and model is observed. Anomalously large gate g3 \
independent

current noise, as reported in [20],nst found.

The various contributions to the modeled gate current noise
at f = 3 GHz of the 0.18xm transistor are indicated in Fig. 21.
This gives acompletely dlﬁgrent plctu_re thanthe COrreSpond”l1 . 21. Contributions to simulated gate current thermal noise of
plot for the drain current noise (see Fig. 13). Whereas the drairL 13 ,;m device atf = 3 GHz. The device is biased &t;s = 1V, and
current noise is dominated by thermal noise of the intrinsiés = 1.8 V. “IFN” stands for “induced flicker noise,” which is discussed in
MOSFET, the induced gate noise of the intrinsic MOSFEq}ectionlll-CZ, and only gives a minor contribution to the total noise.
only contributes 30% to the total gate current noise. The main
contribution, 65%, stems from a parasitic resistance, namely that the effective gate resistance is now dominated by a contri-
gate resistance. Remember that the effect of the gate resistdndén thatcannotbe influenced by device layout: the contact
is not only a white noise contribution to the drain current noisegsistance between silicide and polysilicon. Therefore, further
but also anf? contribution to the gate current noise, see (5). reduction of the finger width below 3m will not change the

As discussed before, our devices have been carefully géeture and we may draw the more general conclusion that
signed to minimize the effective gate resistance (narrow fingegate current noise in present-day short-channel MOSFETSs
and double-sided contacting of the gate). This has reduced thelominated by the noise associated to the parasitic gate
effective silicide resistance in our devices to such an extemsistance
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Moreover, we observe that there are small contributions of —0.41
the bulk resistance and the source resistance. Finally, note that 0.4 im(c) o
induced flicker noise (see Section III-C2) only plays a minor M%§w°°°oﬁqbw%°°°o‘bo%°mq
role. L 02f e

. . . . © ) .

In analogy to the “white noise gamma factoy, which is E 0.0 L * e e
often used to represent the amount of drain current thermal S| e T Re(c)
noise, the gate current noise is often represented using the e -0.2} -
so-calleds-factor, defined by the equation o4k L=0.18um

1 1 1 1 1 1
Sr.. = 4kgT g8 11 1 2 3 4 5 6 7
fe gg[ (11) f (GHz)

wheregg is given by Fig. 23. Measurements of the real (open symbols) and imaginary (filled

symbols) parts of the correlation coefficient as a function of frequency for a

w?C? number of n-channel geometries, at a biad’gk = 1V andVps = 1.8 V.
Jg = r—gs. (12) Dashed and solid lines are model predictions of the real and imaginary parts of

9F9gdo the correlation coefficient, respectively.

The theoretical long-channel value ¢fis 5 = 4/3. In

Fig. 22, both measured and modelgdfactors are plotted _

for f = 3 GHz. At intermediate and long channel lengths, 107 L=01%m pchannel Yo

g is close to the classica# = 4/3. Shorter channels show - v§:=—1.a v ° ,o:

a significant enhancement ¢f, due to the effect of the gate N B °

resistance, as discussed above. < 107k

In Fig. 23, the correlation coefficient between gate and drain e E

current noise is plotted for a number of geometries. Although « o

the general agreement is satisfactory, some differendes(it) B

between measurement and model are observed, which are a sub- 10™E

ject of further study. Note however that the measurement of the = 3 . é . } — 1'0

correlation coefficient for short-channel devices is at the limit of frequency (GHz)

our present noise measurement setup. The precise determination
of the correlation coefficient requires a more advanced measufFig- 24. Induced gate current noise versus frequency for a p-channel device
ment system than presently available to us. More specificallyV# - = 0-18 pm. The device is biased fits| = 1V and[Vps| = 1.8 V.
. . . Solid line is model prediction.
smaller bandwidth of the noise figure meter and less frequency
offset between noise figure meter and network analyzer are re-
quired for this purpose. tity of interest for a circuit designer. In Figs. 26 and 27, the min-
Finally we show the gate current noise as a function of frénum noise figure and the 5Q-noise figure are plotted versus
quency of the short-channel PMOS device in Fig. 24. Just likeequency for a number of n-channel geometries. As expected,
in the n-channel case, an excellent agreement between madelose agreement between data and model prediction is seen.
and measurements is observed. The corresponding correlafanther note that, for the 0.18m device, very attractive noise
coefficient is plotted in Fig. 25. Just like in the n-channel caséigures are encountered: in the 1-10-GHz range, the minimum
there is a slight discrepancy Im(c), which needs further in- noise figure remains below 1 dB. For a 80source impedance,
vestigation. the noise figure remains below 2 dB in this range. Both min-
4) Noise Figure: Having verified our model interms &f7,, imum and 509 noise figures will even become better in future
S1., andc, itis of interest to look at the noise figure, the quanEMOS technologies (see [45]).
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37 S B S A tion that we can only partly answer. As far as Abidi's results
% il [17] are concerned, we already saw in Section llI-E2 that they
ORI i can be partly explained by avalanche noise. Knoblinger’s results
—E—” 0.0 i T, et [20] on gate current noise are most likely due to improper deem-
< e o T . bedding of the gate resistance: we have shown in Section IlI-E3
@ -0.2F : . that gate current noise in short-channel MOSFETSs is dominated
—oul by the gate current noise, even in the case of optimized device
) A T S S W layouts. In suboptimal layouts, the induced gate noise of the in-

trinsic MOSFET is overwhelmed by the gate resistance noise.
A slight underestimation of the gate resistance (neglection of
Fig. 25. Measurements of the real (open symbols) and imaginary (fild#€ Cha_nnel Iength_c_ie_pendence O_f_the silicide shee_t resistance or
symbols) parts of the correlation coefficient as a function of frequency fereglection of the silicide-to-polysilicon contact resistance [36])

a 0.18um p-channel, biased 4t'cs| = 1V, and|Vps| = 1.8 V. Dashed may therefore lead to a giant overestimation of the induced gate

and solid lines are model predictions of the real and imaginary parts of t .
correlation coefficient, respectively. noise of the intrinsic MOSFET.

f (GHz)

IV. ADDITIONAL NOISE SOURCES IN TECHNOLOGIES
WITH LEAKY GATE OXIDES

A. Introduction

Our investigations so far have been restricted to a @uh8-
CMOS technology, in which gate leakage can be neglected. It
is well known, however, that in technologies beyond 0.18
gate leakage becomes more important due to direct tunneling of
10 charge carriers through the gate dielectric. In the context of this

f (GHz) work, the interesting question arises of what the impact of gate
. . o leakage on the noise will be. In this section, we will investigate
g'egdnfgﬁie';’!'??e“g;ansoggsf'i”ﬁ bt {f,sg“i”?g%r. as%’ggg gprr‘e‘;zar‘]?”ﬂ‘ns_ question in a 100-nm CMOS technology. In this investi-
measurements, and lines represent model predictions. gation, we use a set of dc structures, for which MOS Model 11
parameters have been determined. Since gate leakage is covered
by MOS Model 11 [47], [27], this allows us to explore its effects
on the noise behavior of MOSFETSs with leaky gate dielectrics.

6) B. Shot Noise of the Gate Leakage Current
8 Since gate leakage current is the result of quantum-mechan-
o s ical direct tunneling process, it is expected [23] that MOSFETSs
— I with a leaky gate dielectric will show a shot noise contribution
o, . e in the gate current
0 2 4 6 8 10
f (GHz) Sre =2-q-1g. (13)

Fig. 27. The 502 noise figure versus frequency for a number of n-channdh order to verify (13) experimentally, we have performed low-
geometries. The bias s = 1V, andVps = 1.8 V. Symbols represent frequency noise measurements on a large-area transistor in
measurements, and lines represent model predictions. . .
100-nm technology using a BTA low-frequency noise mea-

surement system. An example of a noise spectrum of the gate
current is shown in Fig. 28. Apart from low-frequency noise,

We have shown a modeling approach, based on the chargistussed below in Section IV-C, the spectrum also exhibits a
segmentation approach, which is able to predict the MOSFEvhite noise contribution. For a number of bias conditions, we
thermal noise to a high degree of accuracy. Our main conclusidetermined this white noise contribution using a curve fit to the
is that classical noise modeling approach [25], [23] is still validiata, with both low-frequency noise and a white contribution
if short-channel effects such as velocity saturation and chan(ete Fig. 28). Subsequently, the fitted white noise level is
length modulation are properly accounted for, as well as the patetted against the dc gate current in Fig. 29. The theoretical
asitic resistances that surround the intrinsic MOSFET. Themxpression (13) is seen to give an excellent prediction of the
fore, it is very unlikely that carrier heating, invoked by severalbserved white noise levels, clearly demonstrating the presence
authors to explain their anomalous results [17]-[19], plays a sigF shot noise in the gate leakage current.
nificant role. To assess the importance of this effect, we have added it to

This conclusion is well in line with other recent work, e.g., bpur RF model of Fig. 3 and calculated the resulting gate cur-
Jamal Deen [29] and by Brederlow [46]. The interesting quegent noise spectrum for a number of channel lengths. The re-
tion remains, of course, what causes the anomalous noise gt is shown in Fig. 30. It is seen that shot noise, giving a fre-
hancements observed by other authors [17]-[20]. This is a qugsency-independent contribution§g_ , significantly enhances

F. Discussion
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Fig. 28. Low-frequency gate current noise spectrum of a 1p/AOMOSFET f (Hz)

processed in 100-nm technology with a 1.5-nm EOT. Markers: measuremefg;. 31. Drain current and gate current low-frequency noise spectra of a

solid line: fit to the data with LF-noise and white contribution; dashed linet0/10«m MOSFET processed in a 100-nm technology with a 1.5-nm EQOT.

expected shot noise level. The device is biased afpbs = Vas = 1 V. The dashed line is prediction of
our segmentation model, including shot noise of the gate leakage current.

e ¢ e measured C. 1/f Noise of the Gate Current

Several authors have observetf noise in the gate current
[48]-[50]. Alers [48] has attributed this to the phenomenon of
trap-assisted tunneling. However, in oxides whose leakage is
dominated by direct tunneling, it is not clear how the observed
low-frequency noise must be explained.

We have performed low-frequency noise measurements on

a 10/10xm n-channel MOSFET processed in 100-nm CMOS

107 10° - ”1'6-= - "'1'0-‘ technology. In addition to the usug/l f noise in the drain cur-

gate current (A) rent, we also observe a low-frequency noise contribution to the

Fig. 29. Markers: white noise contribution to the gate current noise asd@t€ current noise. An example is shown in Fig. 31. The solid
function of measured gate curreflys = 1 V and Vs is varied. Solid line:  line in the picture gives the modeled drain current noise, which
expected shot noisty/c. has been adjusted to fit the data. Next, we calculate the low-
frequency gate current noise using the segmentation model of
Fig. 3, which has been extended with shot noise. This gives the
dashed line in Fig. 31. It is seen that, besides the shot noise

contribution that we have added to the model explicitly, also
a low-frequency noise contribution emanates from the model.
This is due to an effect which is very similar to the well-known
induced gate noise in MOSFETS. The latter is caused by the ca-
pacitive coupling between channel and gate. In leaky dielectrics,
however, there also exists a dc coupling between channel and
gate, which gives rise to a replica of the drain current noise spec-
10 v vvnwr D v i 1 i trum in the gate terminal. This mechanism acts both ori fife
10* 107 10° 10' noise and the thermal noise of the conducting channel, giving
frequency (GHz) rise to1/f and a white contribution in the gate terminal, re-

E%Si%T Srig;lé';'ﬂ;gz i?]a;el ggf;?iegﬁisglospemﬁ ;fl%”ﬁrﬁ“é’o? }r?]%‘ggvicspectively. However, the mechanism, as described above, is not
are biasedpat’DS = Vgs = 1 V. Dashed Igijges are calculated without shotgﬁﬂlment to (_jescrlbe the measqred low-frequency gat_e current
noise. Solid lines are calculated with shot noise. noise (see Fig. 31). One may think of several explanations. One

possibility is that there may be a contribution of trap-assisted
. . . tunneling to the noise, although the current itself is dominated
S, in particular at sub-GHz frequencies. For the 100-nm dg- . . Lo X
Ser . . . .__by direct tunneling. Another possibility is the modulation of the
vice, it is observed thaf;, is dominated by induced gate noise; : S :

: : L direct-tunneling probability by the Coulomb field of the traps
and gate resistance noise (both givifigdependence) when the hat are thought to be responsible for drain curight noise
frequency is above-1 GHz. Thus, the impact of shot noise 01‘t 9 P '
the gate current seems to be very limited for typical RF CMOS V C
frequencies which operate at a few gigahertz. For more conven- - CONCLUSION
tional analog CMOS applications, however, shot noise of theLet us summarize the conclusions of this paper briefly.
gate current may affect the circuit performance. In particular, 1/f Noise: We have shown low-frequency noise measure-
when the MOSFET is used as a capacitor, the source and draients on a set of small-area p-channel MOSFETSs strongly

are tied together, and the shot noise of the gate current will peint toward an explanation of thg/ f noise based on carrier
the dominant noise source. trapping.

S, (W/H2)
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Thermal Noise:Based on extensive measurement and anatereQ? . = Qiny — ¢ - (0Qiny/Is). The inversion-layer
ysis on both n- and p-channel devices, we find that there dearge density;,, depends on the surface potential and can be
only a moderate enhancement of drain current noise in Qrii8- accurately approximated by
CMOS technology. We do find an enhancement of gate cur-

rent noise, though not as dramatic as in [20]. The enhancement Qine (¥5) = Qine (V) + 9Qiny ) (1/Js _ @)
we find is explained by the gate current noise associated with ' s |y.—3 '
the gate resistance. We have presented an RF model for circuit =Qiny — Ciny - (¥s — ) (18)

simulation, based on channel segmentation, which predicts both
drain and gate current noise at RF frequencies, even in the n@irerey) is the average surface potential,, + v, )/2.

quasi-static regime. For n-type MOSFETS, the carrier mobility(1)s), including
Avalanche Noise:When the drain—source voltage is raisegelocity saturation, is given by [51]

far beyond the supply voltage, effects of weak avalanche be-

come visible in the drain current as well as in the drain current w(ths) = Hett (19)
noise. This behavior is well predicted by the avalanche noise \/1 n (u ) 0¢5)2
equation developed by van der Ziel [44] and partly explains the Vsar O

often-cited anomalous results of Abidi [17]. whereu.# is the effective mobility including mobility reduction

Shot Noise Due to Gate LeakagWe_ haye expe_rlmentally andus.; is the saturation velocity limited by optical phonon scat-
demonstrated the presence of shot noise in the dwect—tunnelggﬁng
gate current in a 100-nm CMOS technology. We have ShownSoIving i, /0 from (14), (15), and (19) yields an explicit

that this shot noise will not affect RF design in this technologg .
. I . =expression
but may have some impact on more traditional analog design.

1/f Noise in the Gate CurrentWe have shown that/ f O, Ips
noise in the gate current is expected because the dc coupling or 5" (20)
between channel and gate transfefg noise from the inver- \//Lfff W2 Q5% - (fj—f: 'IDS)

sion channel into the gate terminal. However, this is not enough

to explain the magnitude of the gate currériyf noise that is |nserting the above equation into (19) and then the next into
actually found in experiments. An explanation is still lacking. (15), g(V) can be evaluated, resulting in

APPENDIX

2
2 e inv
g(V) = \//LZH W2 . Qf v — <’l f 'IDS> . @ . (21

In this appendix, we derive the expression for the drain cur- - sat Qv

rent noise valid for both long- and short-channel MOSFETS. ] ] )
The starting point is the Klaassen—Prins equation (2). In orderaving derived the expression fg{V"), we are ready to eval-

to evaluate this equation, we first need to have an expression'{8te the Klaassen—Prins equation (2). To perform the integration

g(V). in (2), we need to find an analytical expression§é(V') - dV'.
The channel currenftps in a MOSFET is given by Using (21) forg(V') and (14) and (17) fodV', we write
Qv
Ips =g(V)- ?)—V 1a) 9°(V)-dV =g*(4)- Quy Vs
i mv

2
whereV is the quasi-Fermi potential ranging fromg at the = |u2; - W? - Qiny - Q;*m,—<“°ﬂ -IDS> . Qf"] ~dihs. (22)
source sideA = 0) to Vpp at the drain sidex( = L), andg(V) sat Qi

's the local channel conductance given by The lastterm of the above equation is determined by the effect of

— W O: velocity saturation and is thus only of importance in the strong
9(V) = =pV)- W - Qune (V). (15) inversion region, where drift current is dominant. Simplifying

Equation (14) can be rewritten in terms of drift and diﬁusioﬁhe influence of diffusion on the_velocity saturation term, i.e.,
Qv ~ Q% (22) can be approximated by

components
2
0 s 0 inv 9 (V) -dV
Tos = g02) - 205 4 p(ip) - W - gy - 2 Y
(()1/1; ¢T aQin\' 16 ~ [ugﬂ : W2 : Qinv : Q;knv - ( = [DS> ] : ddjs (23)
= s) - S . sat
s e (1= J1 )
) _ The integration in (2) can now be performed and yields
where¢r is the thermal voltagés - 7'/ ¢, andys is the surface
i i i i i 4-kn-T

potential ranging from), to v, . This can be rewritten in a Sy, = kn e W AY

~ Ips- L?

elec

o @ G Qe S gz (13 V| a
Ips = 9(7/}5) . D . f (17) . Qinv . Qinv + ? . l/} - 7 . ( )

more convenient way as
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As expected, this equation reduces to the shot noise expregas]
sion

St, = 2-q-Ips (25)

[16]

in weak inversion.

The above derivation for thermal noise holds for n-type MOS{17]
FETSs. For p-type MOSFETS, a different expression for velocity
saturation has to be used [51] as follows: (18]

Heft
M(I/JS) = ;
(“eff .M)z

ve

(26)

[19]

()
(20]
wherew,. is a parameter corresponding to the velocity of the
longitudinal acoustic phonons adgis an empirical parameter.
Using (26) complicates the derivation of thermal noise, but “[21]
can be simplified by replacinges /vsat in (19)—(24) by

1/4
et AY)\°
G2—|— (Mff ) 1/’)
Ve L

(22]

Heff
Ve

(27) [

[24]
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