Noise Models for MOSFETS in Saturation

R. Sekhar Narayanaswami and Dennis Yee

EE 231 Term Project, Spring 1997

Abstract - Progress in CMOS device technology has the effective channel length decrease¥gss increased
motivated the design of high-performance analog integrated beyondVys,;due to the velocity saturation region which has

circuits in standard CMOS processes. In particular, the high lengthAL [7]. Although channel length modulation (CLM)
speed of submicron CMOS devices make them attractive for a is also present in long-channel devicAg, may be a

variety of analog applications, including data converters,

. ; S . i significant portion of the overall channel length in short-
switched capacitor circuits, and low noise amplifiers [1,2,16]. g P 9

L .~ channel devices. Third, the threshold voltage decreases with
However, recent reports have indicated that the measured noise d . h l h d with i . drain bi
in short-channel MOSFET devices is greater than the amount ecreasing channel length and with increasing drain bias

predicted by long-channel theory [3,4,5]. In order to predict the due to drain-induced barrier lowering (DIBL) [8]. All of
noise performance of ana|og circuits designed using short- these effeCtS Inf|ueﬂce the Channel Conductance, WhICh IS the

channel MOSFET devices, an accurate noise model is source of the thermal noise.

imperative. In this work, a MOSFET noise model is presented

which matches well with observed data. This model accounts for Recent work has addressed these issues [9,11]; however, the
the effect of high fields on the thermal noise of the device as well result is incomplete since the noise model is derived using
as the effect of substrate shot noise on the total noise current. ~ an equation which does not hold for short-channel devices.
Furthermore, hot electrons exist when high electric fields in
MOSFET devices cause electrons to have a carrier
temperatureTg) which varies with the electric field and

This work begins with an examination of the traditional noisxceeds the lattice temperat.ifg. (This alone increases the
model and its shortcomings. Since the MOSFET chann@mount of thermal noise in the device[12]. Moreover, these
material is resistive, it exhibits thermal noise. In analof0t electrons may cause impact ionization resulting in
circuits, most devices are operating in the saturation regigH€ctron-hole pair generation; the generated electrons are
and according to long-channel theory, the drain current noigellected by the drain, and the holes give rise to substrate

I. Introduction

spectral density in saturation may be expressed as current. The substrate current exhibits shot noise since this
current is due to carriers crossing a potential barrier at

2 random. It has been found that the measured noise due to
Sﬂd(f) = 4kT§gm’ @) impact ionization is greater than this shot noise [10].

Models to account for this enhancement have been proposed
whereg,, is the transconductance [6]. Eq. 1 assumes that tf#0,11]; in this work, a new model based on a different
device is operating at frequencies well above the flicker noiggerpretation of this enhancement is presented.
corner frequency so that flicker noise may be neglected. This
model underestimates the actual noise present in shoHis paper presents an improved model for MOSFETSs in

channel devices by a factor ranging from three to ten timggturation. The next section presents a derivation of the
[3,4,5]. improved model which includes mobility degradation,

CLM, DIBL, electron temperature, and substrate current.
A more accurate noise model must account for high-fiel8ection Ill compares simulated results with measured values
effects. While these effects are also known as short-chanaeld Section IV concludes this paper with some closing
effects, they are present in all devices and can degrad®emments.
performance at high terminal voltages. As such, an accurate
noise model for any device must account for these effects )
which can degrade performance in the following ways. First, II. Analysis
at high electric fields, the carrier velocity saturates, resulting tnis section, models for the noise of MOSFETS in

in a corresponding decrease in effective mobility [7]. Secondyyration are derived. The first of these is derived without



accounting for the deviation of electron temperature from tlggven drain voltage. It should also be noted that Eg. 6
lattice temperature. The second model includes the effectmdicts more noise than that obtained by simply modifying
electron temperature on the noise. Finally, a preliminay,in Eq. 1 to include high-field effects.

model to account for the increase in noise at high drain

voltages is discussed. In the limit thatEgadefr is much larger thanVy-Vie)
(equivalent to assuming that the device is a long channel

_ _ device), the above equation reduces to the standard long-
A.  Noise Model without Electron Temperature channel noise model. However, in the limit thég-V;eq) is

. . . uch larger thai . Eq. 6 simplifies to
The thermal noise spectral density of a MOSFET device M g satef Ed P

any region of operation is given by 1 W
Sf) = AT 3Hen—Cox(Vo=Vier) - (7)
4KT Ve €
S,(f) = 5= d*(V)av, 2) . _
L1 Jo Eqg. 7 predicts less noise than the long-channel model

predicts, which indicates that there may be another factor
whereg(V) is the channel conductance at a given point aloripat causes the noise to be enhanced. Hot electron effects
the channel an¥l is the corresponding voltage [12]. The mostay help account for the observed noise enhancement.
basic equation from whio§(V) can be derived is

B. Noise Model with Electron Temperature

av
lg = oV)g,- (3) , o
y Under high channel electric fields, the temperature of
Including the effects of mobility degradation, the Channeqlgctrons in th(_a channel can rise aboye that of the_ lattice.
current is i This effect can increase the thermal noise of the device [12].
given by o .
Eqg. 2 can be modified to include the effect of electron

E(y) temperature, and the result is
Id = ueffWCOX(Vg_Vt_V) E(y) . (4)
1+ =% v
AKT el
Esat S,(f) = |_2_|J0 SR (V)Y ®)

EqQ. 4 can be put in the form of Eq. 3 in the following fashion:
whereT, is the electron temperature amds the lattice
av temperature.

|
lg = [ueffWCOX(Vg_Vt_V) ——d} )

Bsal Oy One of the more challenging aspects of including the effect
F]electron temperature in the noise model is finding a good

del for the electron temperature. A prevalent model in
the literature expresses the electron mobility as a function of

the temperature as shown below [13, 14,15]:

The equation from which [9] starts neglects the second termy
the above equation, and thus the result in that paper
incomplete. From Eq. 5, the noise spectral density is

w
AKTHerCoxi— (Vg —Vi ) T2
e L MTr2E ) o2 e “z“og?g : ©)
Sd( ) 2 3( sat eff) ( ) e
[(Vg _Vteff) + EsatLeff]
Mobility can also be represented as a function of electric
1 > field [7]:
(Vg _Vteff) Esaderr t E(Vg _Vteff) }

In order to account for the short-channel effects, the channel 1 0E ?
length used in Eq. 6 must be thg; of the device, allowing * (E0

for CLM. Also, the threshold voltage used in the above

equation must be the “effectiv&/; of the device, taking into Eq. 10 presents a slightly more complex and more accurate
account DIBL. These two effects do not need to be included|ationship than the piecewise function normally used.
at an earlier point in the analysis, since the integration donerguating the two and solving fayT gives

determine the noise spectral density assumes a fixed drain

voltage, and the amount of both DIBL and CLM is fixed for a



e OE
— =1+ =
T

? junction, and thus reduce the threshold voltage, which
LED

(11)  accounts for a larger drain current than expected. Similarly,

the change Vg ,will be a noisy process due to the noise
Using this equation foTy/T, the noise spectral density is@ssociated witls,, The noise in/s,, may cause a noise
found to be process in the threshold voltage, which could add to the
noise seen in the drain current.

4kTpeﬁL—ffCOX(Vg—Vt ) Determining an equation for this extra noise is relatively
e

g(EsatLeff)2 .(12) straightforward. Assuming the shot noise spectral density
from I, given by Eqg. 13, the noise spectral densitydp,

is given by

eff

f) =
Sd( ) [(Vg_vteff) + EsatLeff]2 [

+2(Vg - Vteff) EsatLeff + 2(Vg - Vteff)z]

Sv.(f) = RéwS (). (14)

sub sub
Again, in the limit thaEgal o is much larger thaV-Vier),  This noise spectral density can be expressed as a noise
the noise simplifies to the long-channel model. However, gpectral density iV, (at least in a small signal sense) by
the case oEg,lff being much less thavg-Vier), Eq. 12 multiplying by the ratio of/; to Vg, or
shows that the noise is three times larger than the standard
long-channel model given in Eq. 1. Moreover, it should be av
noted that the actuaj,, of the device (including high-field S\/I(f) = Riubgw_tbgsﬂsub(f)' (15)
effects) is significantly less than in the long-channel case, and o
thus the noise would appear to be magnified even more thgifally, this can be related to a noise spectral density in
three times. through the ratio ofy4 to V;, which is equivalent in

) ) ) _magnitude t@,,, and thus the final equation is
Still, as the drain voltage rises to large values, the noise

observed increases above what Eq. 12 predicts. One effect not v, (2
included in Eq. 12 which becomes important at high drain Sdsub(f) = %;mRsude—tD Ssub(f). (16)
voltages is substrate current, which introduces shot noise into sub

the drain current. This effect is examined in the next sectiorEq 16 can effectively be seen as an amplified version of the

noise spectral density iR, It should be noted that this
C.  Shot Noise due to Substrate Current noise enhancement factor is not constant, but rather a
function of the bias conditions.
Finally, at high drain voltages, significant noise increases have
been reported [10,11], and it is clear that there is noidde total noise spectral densitylipis given by the sum of
associated with the substrate current that is generated by e 16 and Eq. 12,
high drain voltage, specifically shot noise. Shot noise is
generated by the random process associated with a mobile S, (f) =S§,(fH)+5 (f). (17)
carrier jumping a potential barrier, e.g., the potential barrier of
a p-n junction. The shot noise associated with this substrate
current is represented as lll. Results

B In this section, the model derived in this work is compared
Sﬂsub(f) = 20l sup- (13)  with measured data. Since devices from which noise data

] ) ] can be measured were not available at the time of this
Unfortunately, this alone does not explain the increase Writing, this model is compared with data observed by

noise seen in the device [10,11]. A common explanation fiers and presented in literature. The noise data used in
the literature is to include some “avalanche” multiplicatioyis section are taken from [10, 11, 16].

factor M in theSg,, equation, and fit M to experimental data.

Noise data from an NMOS device with characteristics as

However, a more intuitive interpretation can be reached if the,o\wn in Table 1 is plotted in Figure 1, along with the noise
increase in drain current that accompanies the preseigg, of

is understood. Ak pincreases, the potential of the substrate
starts to increase due to the resistive drop in the substrate
(Vsus!subRsup WhereRgpis the effective substrate resistance
seen bylg,y. This tends to forward bias the bulk-source



predicted by the model in [11] as well as the model derived in

Drain Current Noise vs. Drain Bias
Table 1.NMOS Device Parameters [11]

ﬁl0.0 T T -
T — Sodini
Parameter Value = — Measured .
3 I — Improved Model (with Ig,p)
w 25um 2 8.0
L 3 um 2
tox 42.5 nm O
N, 2 X10° 2 6.0f
Vio 0.75V Z
Vgs 55V =
Vgsat 329V % 401 //—”'
this work. The model used in Figure 1 does not include the®
effect of the shot noise i, The model in [11] significantly '%
underestimates the measured noise for all values of drain biag '%.O 2.0 6.0 80 10.0
Drain Current Noise vs. Drain Bias Vas (volts)
10.0 i i , Figure 2. Drain Current Noise vs. Drain Bias
_ P for NMOS Device from [11], Including
Sodini Effect of |
— Measured sub
8ot — Improved Model (no Igyp) | was beyond the scope of this work, a valudRgf, was
4KT(2/3)gm chosen to match the drain current noise at a drain bias of 10
V.
6.0

Unfortunately, this method of determinifRy,, may seem

lsup NOise Enhancement
Factor vs. Drain Bias
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Drain Current Noise (pA/Sqrt[Hz])

. 34
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Figure 1. Drain Current Noise vs. Drain Bias S
for NMOS Device from [11]. 3

S30r

deviating by as much as 29% below drain biases of 8V.£
However, the model presented in this work matches within
nine percent for values of drain bias between 3.3 V and 8 V..g 28f
Both models are inadequate at drain biases greater than 8.5 v
as the effect of noise due to substrate current becomes%

significant. 720 2.0 6.0 8.0 10.0
: : . ) Vys (volts)

Figure 2 shows the improvement in the model presented in

this work once the effect of substrate current noise is included. Figure 3. Effective Isub Noise Enhancement

The data is again taken from a device in [11], and the observed Factor for NMOS Device from [11].

data as well as the prediction from [11] are plotted. The

model derived in this work closely matches the observed da|m|Iar to the method of fitting a multiplicative factor to the

at all values of drain bias. For this model, a value for e ot noise equation. It was stated earlier that the method of

substrate resistan@®, is required. UnfortunatelfRgpis a predicting the noise in this work is a more intuitive approach
u - u

very difficult quantity to model: it is dependent on man;}o explaining the noise enhancement, and yet an empirical

method was still used to determine the paramBigf,

factors, including the layout of the device, which can impa . . .
. owever, there is one important difference between the
the distance to a substrate contact, and the process technolo ;
del presented here and the other models which select an

which determines the thickness of the substrate and other .. L .
. . . : mpirical multiplicative factor. It is apparent from [11] that
factors impactindR,,,, For this particular case, a value of°

7000Q was chosen as the valueRy,, Since modelin@.,; a constant multiplicative factor M is not sufficient to account

4



for the noise enhancement at high drain voltages; thpeesented in this work closely matches the measured results
prediction in [11] gets less accurate with increadigg The . . .
method proposed in this work makes this enhancement factor Noise Factor Y Vs. Drain Bias
a function of the terminal voltages, improving the prediction 3.0 - -

of the drain current noise. This variation in the effective
multiplication factor M used in the model derived in this work
is shown in Figure 3.

— Improved Model (no Igyp)
— Measured (Jindal)
Z20f

Figure 4 plots the predictions of drain noise current given by //?
©

Drain Current Noise vs. Drain Bias Eﬁ)
10.0f ' | | 210y '
— Improved Model (Thermal Noise Only)
— Improved Model (Ig,, Noise Only)
— Improved Model (Total)
0.0 . .
0.0 1.0 2.0 3.0

Vys (volIts)

501

Figure 5. Noise Factarvs. Drain Bias
for Device A from [10].

from [10]. The noise due this not included in this

, , comparison, as the drain bias is sufficiently low tQgfis
2.0 4.0 6.0 8.0 10.0 not yet S|gn|f|cant
Vs (volts)

Drain Current Noise (pA/Sqrt[Hz])

Figure 4. Comparison of Thermal Noisg,qJ Figure 6 shows a similar set of curves for Device B in [10].

Noise, and Total Noise Predictions i i i
from Models Derived in this Work. Noise Factor YVS. Drain Bias

3.0 - ;
Eq. 12, Eq. 16, and Eq. 17. Plotting the noise currents in this — Improved Model (no Igyp)
manner emphasizes the significant contribution of the noise — Measured (Jindal)
induced by the shot noise lig,,at high drain voltages. >0l
B .

—

Data for two devices was also taken from [10], Whose%
characteristics are shown in Table 2. Figure 5 shows &
comparison between the measured values of the nois&
enhancement factgr(not to be confused with the body effect 2 1.01
coefficient) and those predicted by the model presented in this
work for Device A.y is defined to be a multiplicative factor

used to account for noise enhancement over the standard long-

channel model, and is actually referenced to the zero-drain 0.0 1.0 2.0 3.0
bias drain conductanagg, which in the long-channel model Vys (volts)
Table 2.NMOS Device Parameters [10] Figure 6. Noise Factay vs. Drain Bias
for Device B from [10].
Parameter | Device A | Device B Again, the predicted and measured noise currents match

W 1200pm 800pm closely.

L 1.25um 75um ) ] _

Tor 25 m 25 nm Finally, the noise model was used to generate an equivalent

Vo 053V 052V noise figure for a 1.9 GHz low noise amplifier (LNA)

Vs 12V 11V designed in a 0.am CMOS process [16]. The results are

V gsat 057V 047V shown in Table 3. Spice severely underestimates the noise

is equivalent tay, in saturation. It is essentially a measure ofgure of the LNA. While the noise figure predicted by the
the noise enhancement due to high-field effects. The modepdel in this paper still underestimates the noise of the



LNA, the author stated that there were other sources of no[6¢ P. Gray and R. MeyeAnalysis and Design of Analog
outside of the amplifier that added to the noise figure, such ladegrated Circuits 3rd Edition, John Wiley & Sons, Inc.,
board parasitics as well as noisy bias components. The autNew York, 1993.

further stated that the prediction of the model presented here

is similar to the noise figures presented in similar CMO§1 S. Wolf, Silicon Processing for the VLSI Era, Volume 3:

LNAs.[4] The Submicron MOSFETattice Press, California, 1995.
Table 3.LNA Noise Figure Predictions and Measurements8] Z- LiU, C. Hu, J. Huang, T. Chan, M. Jeng, P. Ko, and Y.
Cheng, “Threshold Voltage Model for Deep-Submicrometer
This MOSFET's,” IEEE Transactions on Electron Devices, vol.
Spice Model Measured 40, no.1, pp.86-93, January 1993.
2.6 dB 3.4d8 5d8 [9] B. Wang, J. Hellums, and C. Sodini, “MOSFET Thermal

Noise Modeling for Analog Integrated Circuits,” IEEE
Journal of Solid-State Circuits, vol. 29, no. 7, pp. 833-5,
July 1994,

A complete model for the drain current noise for MOSFET ) . ) ) )
devices in the saturation region has been presented. THigl R. Jindal, “Noise Associated with Substrate Current in
model accounts for mobility degradation, DIBL, CLM, ag ine-Line NMOS Field-Effect Transistors,” IEEE
well as electron temperature. Also, an intuitive model for thE'@nsactions on Electron Devices, vol. ED-32, no. 6, pp.
noise induced by the substrate current Isub at high dralf47-52, June 1985.

voltages was presented. These models were shown to m
well with observed noise data presented in earlier papers.

IV. Conclusion

t
FN 5. wang, “Wide Band Noise in MOSFETSs,” M.S.
Thesis, Massachusetts Institute of Technology, October

From these models, a few key guidelines can be extractdd@92.
The models in this paper, as well as the observed da _ . . .
indicate a severe increase in the noise at high electric fielg,z] At \gaﬂ d\(/avr_|Z|e8IL,l\SIO|se Im S?\:'d SYtatke lljgtz\gces and
making it imperative that as device geometries are reduc ,rcw S, John Wiley ons, Inc., New York, :
termln_al \./oltages.m_ust k_)e reduced as well, to minimize t £3] K. SeegerSemiconductor Physic$pringer-Verlag,
electric fields existing in the channel. Also, in order t ew York 1973
achieve a minimum amount of noise, the device should be ' '
biased at low\(g-Vy) in order to keep the device acting as g14] R. A. Smith,SemiconductotsCambridge University
long-channel device. In addition, thé,{V;) should be small press New York, 1978.
enough to avoid the peak in thg;Vy curve.
[15] G. W. Taylor, “Velocity-Saturated Characteristics of
Short-Channel MOSFETs”, AT&T Bell Laboratories
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