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Channel Noise Modeling of Deep Submicron MOSFETs Vs
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Abstract—This brief presents a new channel noise model using the
channel length modulation (CLM) effect to calculate the channel noise of
deep submicron MOSFETSs. Based on the new channel noise model, the
simulated noise spectral densities of the devices fabricated in a 0.18m
CMOS process as a function of channel length and bias condition are
compared to the channel noise directly extracted from RF noise measure-
ments. In addition, the hot electron effect and the noise contributed from
the velocity saturation region are discussed.
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In addition to the high levels of integration for digital circuit de-
sign offered by advanced CMOS processes, these MOSFETSs are also
capable of operating in the GHz regime because of their very higtb. 1. Cross section of a MOSFET channel divided into a gradual channel
unity-gain frequencies of tens of GHz. Because of this, MOSFET&gion (1) and a velocity saturation region (I1).
have become very attractive for RF IC applications [1]. However, when
working at high frequencies, the noise generated within the device it-
self will play an increasingly important role in the overall RF IC per-
formance, for example in the noise performance of a front-end receiverT e approach used in this paper to calculate the channel noise
in an RFIC. Therefore, a physics-based noise model which can actfiPased on a two-section channel model in which the channel of
rately predict the noise characteristics of deep-submicron MOSFET&dOSFET s divided into two regions: a gradual channel region
crucial for the low noise, RF IC design. of Ieng.th Lelec_ = L.y — AL (n_eglon.I |n_F|g. 1) and a velocity

To date, there are many publications on the noise modeling of tﬁ@_tura_tlon reg_lon_of lengthh L (region Il in Fig. 1) [4], [10], [15]. In
channel noise which is the most dominant noise source in short-chantr%? brief, AL is given by [16]

MOSFETSs [2]-[11]. The noise model based on the Nyquist theory and AL = 1 " <ar(v’bs — Vpssat) + ED )
the dc model of MOSFETSs successfully predicted the channel noise de- e Eorit

vices working the linear region. However, for RFICs, the :~‘,h0r’[-chanr\;?7here
MOSFETSs usually operate in the saturation region for most applica-
tions, and it is often observed that the channel noise generated from a(Vos = Viossat) "
the short-channel devices is higher than expected from the conventional Ep = Eeriny[1+ <E—f>
channel noise theory for long-channel MOSFETS [7], [10]. Some ap-
proaches have been presented to explain the discrepancy by introduéi'r‘@
the extra channel noise from the velocity saturation through either the
hot-electron effect [10] or the diffusion noise [9], [12]. The noise from
the saturation region proposed in these models is neither physical nor
proven by the measured noise data of deep-submicron MOSFETSHigve, E.,.; is the critical lateral electric field at which carriers travel
this brief, a new analytical noise model using the channel length magt-their saturation velocity;, is the junction depth of the source and
ulation (CLM) effect to calculate the channel noise of deep submirain regions(... is the gate-oxide capacitance per unit area,aisth

cron MOSFETs is presented and verified with the measured data ¢ifting parameter to adjust the channel length modulation and it is unity
tained using the direct extraction method [13], [14]. In addition, thia this work. Based on this channel model, the total noise current shown
hot electron effect and the noise from the velocity saturation region aethe drain terminal will be the sum of the noise current contributed
discussed. from both regions.

_— X

Il. CALCULATION OF CHANNEL NOISE INMOSFETs

1)

)

@)

) ] ] ) ) A. Channel Noise From the Gradual Channel Region (Region I)
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MOSFETS, then the channel resistanx® of a sectionAx at the po- Whereg is the mean square value of the total noise current. After rear-

sition z,, in the gradual channel region is given by [6] ranging the (10), the spectral density of the channel nﬁ&,i?@ecomes
AR(5) — Az 4T, AKT,Ip .
AR(zo) = G S 0w (4) Siz = 73 perr(=Qine) + 0 g5 Vosear (1)

elec™crit

whereu(z,) andQ(z,) are the mobility (cri/V - sec) and the elec- where—Q,., is the total inversion charge in gradual channel region
tron concentration (), respectively, at the position,. The term  (region 1). Equation (11) is general and can be applied to any com-
—Q(x,) is positive because of the negative chailfe:, ) for electrons. pact model. Different complexity and accuracy will be achieved de-
From the thermal noise theory (or Nyquist theory), the mean squarending on the models used to calculate the inversion cligsgeand
value of the noise voltage generated franR(x, ) is given by the channel length modulation effest.. Note thali 554+ in (11) will
KT (2,) AzAf becqmeVDs andL.;.. V\_/iII becor_ne]%ef_f when the_ device opt_erates in

—— 27— (5) thelinear mode. Equation (11) is similar to (10) in [10], but it uses the
Wi(wo)(=Q(x0)) L. instead ofL. s for the noise calculation.

wherek is Boltzmann’s constanf[(x,) is the absolute temperature ~ There have been two different approaches in the literature to calcu-
of the lattice at the positiom,,, andA f is the bandwidth. If we treat late the total noise spectral densty from region I. The firstapproach

the part of the channel in the gradual channel region as a single trinio obtain the spectral density of the noise current from each channel
sistor with the channel length. ..., then according to the channel noisesection at the drain terminal and integrate each noise current density
derivation presented in [6], the mean square value of the noise c@long the channel as described above [2], [6]. The other approach is
rent Ai(x,)? delivered to the drain terminal from R(x,) is given tointegrate each noise voltage density along the channel and then mul-
by Av(x,)? multiplied by the square of its local output conductancéPly the total spectral density of the noise voltage by the squaye of

clec

Av(ro)? = 4kT(2,)AR(x,)Af =

gns(x,), andgns(z,) is [4], [9]. For a linear resistor, the output conductance is independent of
the location in the resistor, and the two approaches are essentially the
g () = Wi(ao)(=Q(,)) (6) Same because thé < can be taken out of the integration in (10). How-
o L. ever, for a non-linear resistor like a MOSFET, the output conductance

Assuming that the electric field in thedirection for most of the sec- IS & function of channel position. as shown in (6), and the second
tions in the gradual channel region is much less than the critical figpProach is essentially not correct. Therefore, in this brief, the channel
E..., then the local mobility:(z,,) is about the same as the effective10iS€ from region lis calculated based on the first approach.

mobility p. sy which is given by [18] . . . . .
B. Channel Noise From the Velocity Saturation Region (Region I1)
Ho

T voiev VN2 (1) For the noise current generated from the velocity saturation region
14 (Ua +UVis) (QT“) + U (QT“) (region I1), several models were presented in [4], [8]-[10] for example,
) ) ] to calculate the noise current from this region. For the noise models
whereT,.. is the oxide thickness arid;, the threshold vol@age. There-j, [8] and [10], the equation based on the equation (8.5.18) in [6] for
fore, from (5) and (6), the mean square value of the noise current c@ie model derivation is only true in the absence of velocity saturation
tributed fromA R(x, ) is then by [6] [6]. On the other hand, because the Ohm’s law is not valid in the ve-
— 2 — locity saturation region, the local resistanae? in (4) is not defined
Aifwo)* =gDs (wo) - Av(wo)? and therefore the thermal noise (or Johnson noise) theor
, R y can not be
= 4kT(,r(,)A]‘W;;l,efo(m(,)Am. (8) used in region Il [12]. These reasons make the noise calculation in [4]
L. questionable in region II.

Note that (8) is only true for the region where the carriers do not travel The key question for the noise calculation in region Il is what is

at their saturation velocity and it cannot be applied to the velocity s&fl noise mechanism if the thermal noise theory fails? Different noise

uration region (region Il in Fig. 1) because the Nyquist theory fails iftéchanisms —diffusion noise model [20], [21] and drifting dipole layer

that region [12]. model [9], [12] have been proposed for the noise calculation in velocity
There is also a debate about the temperafite, ) in (8)-whether saturation region. However, in this paper, we will show that there is no

it is the electron temperatufE or the lattice temperaturE,. Let us noisepurrentgenerated fromregion Il ba}sed ont_hefollowing_ “thought”

assume thaf (x, ) is the electron temperature. In this case, we can u§&Periment. Let us assume that there exists a noise mechanism that gen-

the most commonly adopted equation for the electron temperaturéEtes a finite voltage fluctuation at a local positionin region Il. Be-
the positionz, [19], cause the carriers in region Il travel at their the saturation velocity, the

carriers will not respond to the local change of the electric field caused
, E(z,) 2 by the noise voltage fluctuation. Therefore, there will be no noise cur-
To(xo) =T | 146 <m> ’ ©) rent (or current fluctuation) generated by the finite noise voltage at the

positionz, in the velocity saturation region. This applies to all the lo-
whereé is a fitting parameter and its value is in the range of 5-20 farations in region Il, and therefore it is assumed that the noise current
values ofE..,.;; in the range of 2—4 Yum [19]. The total noise spectral from region Il is zero. This conclusion will be checked with experi-
densitySii from region | is then given by the integration of (8) frommental data.
2 =0tor = L. divided byA f which is

Pefy =

I1l. M EASUREMENTS ANDDISCUSSIONS

2 ART,
Sii :Adf =12 The devices—under—tests (DUT) are fabricated in a gri8CMOS
I, oo ) technology with channel width” = 10 x 6 xm and channel lengths
X / 1 + 6 <E(‘”°)) WierrQ(a,)d L =0.18 pum, 0.42:m and 0.97.:m, respectively. Fig. 2 shows the ex-
0 Eerit tracted (symbols) and simulated (lines) spectral density of the channel

(10) noiseS,i versusVgs characteristics for the n-type MOSFETSs with
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Fig. 4. Extracted (symbols) and simulated (lingsersusi s characteristics
; ; ; ; he n-type MOSFETs with channel widifY = 10 x 6 gm and channel
Fig. 2. Extracted (symbols) and simulated (lines) spectral density of t 3 . .
channel noise versUg. s characteristics of the n-type MOSFETs with channeleN9thsL = 1_0 pum, 0.42 pm and 0.18 um, respectively, biased afps =
width W = 10 x 6 um and channel lengths = 0.97 um, 0.42um and 1-3 V With 6 = 0.
0.18 um, respectively, biased &fp,s = 1.5 V with 6 = 0. The solid lines

are obtained by usingl.. and the dashed lines are obtained by using L 20
¢ 95
in (11). L=018um S.=y4Tg,
= 1.0x10% ¢ ‘ L =018 um Ls W=10x6pm V=15V
& =T
A °
& sox10%} '/./_Tz/‘
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= ] [ ] ° [ ] 05 s ) ;
g o [ 24 0.5 1.0 1.5 2.0
6 e = '----------1--------15;9097“m VGSBiaS(Volt)
0.0 L ’

1.0 1.2 14 1.6 1.8 Fig.5. Extracted (symbols) and simulated (lingsersus/ s characteristics
V__ Bias (Volt) of the n-type NMOSFET with channel lengfh = 0.18 pm and widthi' =
DS 10 x 6 umand biased dtps = 1.5 V with 6 = 0. The solid lines are obtained

i ) ) ) by usingL.,.., and the dashed lines are obtained by uding; in (11).
Fig. 3. Extracted (symbols) and simulated (lines) spectral density of thé

channel noise versds, s characteristics of the n-type MOSFETSs with channel

width W = 10 x 6 ym and channel lengthg = 0.97 pm, 0.42um and and 0.18um, respectively biased afzs = 1.0 V and withé = 0.
0.18m, respectively biased afzs = 1.0 V with & = 0. The solid lines are  Thg 5olid lines are obtained by usidg,.. and the dashed lines are
?flt‘?_md by using L. and the dashed lines are obtained by using/Lin i aine by usind.. ¢ ¢ in the noise calculation. Itis shown that the cal-
culated channel noise usidg ;s in (11) predicts lower channel noise,
and cannot match the increasing trend of the extracted channel noise
caused by the CLM effect for the deep submicron devices. The slope
of simulated lines in the channel noise ver¥is; characteristics will
depend on the accuracy of the model calculating the channel length

channel widthiW’ = 10 x 6 gm and channel length = 0.97 um,
0.42,m and 0.18:m, respectively biased &ps = 1.5 V and with
& = 0. The inversion charge model in [18] is used to calculatéihg,
in (11). The solid lines are obtained by usihg.. and the dashed lines .o qulationA L.
are obtained by using. in (11). Itis shown that the CLM effectbe-  gqmetimes, the spectral density of the channel noise is expressed as
gins to have some impact on the channel noise when the channel le g}h
of the device is smaller than 0/am, and that is why the simulated
channel noise from region | in [10] predicts lower channel noise from S0 = 4kTgaso (12)
0.25:m and 0.18:m channel-length devices. Although [10] corrects ¢
this degradation by the introduction of the channel noise current causdtkereg, ., is the output conductance at zero drain bias (/e = 0).
by the hot electrons from the velocity saturation region, the equati@ased on the noise theory for long-channel devices, the values@/3
used in the model derivation cannot be applied to the location whggd. However, when the channel length is reduced, the valgensfi be
carriers travel at their saturation velocity, as discussed in Sectionilicreased [7], [13]. Fig. 4 shows the extracted (symbols) and simulated
Another observation from Fig. 2 is that the hot electron effects su@iines)~ versusVs s characteristics of n-type MOSFETSs with channel
gested in [2] and [22] and used in [3]-[5] and [10] does not show tagidth 1% = 10 x 6 pm and channel lengths = 10 ym, 0.42um
much impact on the channel noise of deep submicron MOSFETS,and 0.18:m, respectively biased &t s = 1.5 V with § = 0. For the
agreement with the conclusion in [7]. long-channel devices, the calculateds 0.68 atV;s = 1.8 V, which

For theVp s dependence of the channel noise, Fig. 3 shows extractagrees with the theoretical value. When the channel length is decreased,
(symbols) and calculated (lines) spectral density of the channel noike v value will increase from 0.68 to 1.2 or 1.8 (depending on the
S’fi versusVps characteristics for the n-type MOSFETSs with channélzs bias), and the model agrees well with the data. Fig. 5 shows the
width W = 10 x 6 um and channel lengths = 0.97 um, 0.42um  extracted (symbols) and simulated (linesjersusls characteristics
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of the n-type MOSFET with channel length= 0.18 xm and width

W = 10 x 6 um and biased at'ps = 1.5 V with § = 0. The
solid line is obtained by using.,.. and the dashed line is obtained by
usingL.s . Itis shown again that the calculatedisingL. s, in (11)
predicts lowery value and cannot match the decreasing trend which is
also reported in [7] when thE:s bias is increased.

Finally, we want to discuss the impact of neglecting the velocity sat-
uration effect in region | on the modeling of the channel noise and the[4]
accuracy of (11). As presented in Section Il.A., (11) is derived based
on the assumption that the electric field in thelirection for most of
the sections in the gradual channel region is much less than the criticaﬁ ]
field E..;,. That is, we ignore the velocity saturation effect for sec- [g]
tions in region | close to the boundary of regions | and Il. If we include
the velocity saturation effect in region | by modeling the local mobility (7]
with the empirical relation [2], [6], then

(1

(2]

Hefs
E(ao)
1+ Terit

(o) = (13) (8l

9
with E(x,) being the electric field at the position, in region | and o]

e sy being given by (7). Now the dc drain currefit, becomes

(10]
I :I’V;Leff( Q(z,)) dV(z,)
ds 1+ Iz,(rot) da
_AV(a) [11]
_ARluu(ilfo) (14)
[12]

whereA Ry,.(z,) is the local channel resistance at the positionlt

is difficult to derive an analytical expression fArR?;,.(z,) from (14),

but it can be observed quantitatively that the local channel reS|stanée
is increased due to the velocity saturation effect (XeR;,c(z,) >
AR(z,)), and this implies that a higher thermal noise voltage is gener-
ated from the section at the positiop close toL.,.... However, as can [14]
be seen from (6), the local output conductapge;..(x.) at position I
x, including the velocity saturation effect will be decreased becausé
the local mobilityu(«,) is reduced (i.egpsioe (o) < gps(x.)). The
good matching obtained between the calculétgadusmg (11) and the
extracteds, 2 indicates that the product gfmw( t0)”  ARoe(,) IS
approxmately about the same@ss (z,)* - AR(x,) or the difference
between these two products is negligible. This means that the impact of
the velocity saturation effect in region | on the channel noise modelingﬁ18
is not as pronounced as that on the modeling of dc current, and it cgfg,
be considered as a secondary effect compared to the CLM effect in the
channel noise modeling of short—channel devices down to;011.8

[16]

(17]

(20]

IV. CONCLUSION
[21]

The channel length modulation (CLM) effect begins to have impact
on the devices with channel length shorter than.Grb For deep sub- [22]
micron MOSFETSs, if the CLM effect is not included, the calculated
spectral density of the channel noise will be much lower than the exper-
imental results. On the other hand, the noise contributions from the ve-
locity saturation region and from the hot electron effect seem to be neg-
ligible in the channel noise modeling of deep submicron MOSFETS.
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