NoiseSourcesn Bulk CMOS

Kent H. Lundberg

The noisebehavior of bulk CMOS devicesis dominated primarily by two noisesources:thermal
noiseand °icker (1=f) noise. Other sourcesthat are sometimespresert in the noise spectrum are
shot noise, generation/recombination noise, and \p opcorn” noise. Of these sources,thermal noise
and shot noise are physically fundamertal to the operation of the device and are always preser.
The quality of the manufactured device (the number of defectsin the bulk silicon, in the gate oxide,
and in the various interfaces) determinesthe level of generation/recomnbination noiseand popcorn
noise. It is probable that °icker noise appearsthrough both quality-dependert and fundamental
noise processes.

1 Noise Notation

Following van der Ziel's [1] lead, common practice in the literature usestwo-level subscripts, for
example, S|, to denote the spectral density of the drain current. Unfortunately, this author can't
stand the sight of two-level subscripts, sohe reluctantly usesa di®eren notation for noisevariables.

In IEEE notation, as described in the Standard [2], variables are named with the following
convertion:

2 Incremertal small signal quartities are expressedn all lower case(iqg, Vgs)
2 Quiescen large signal quartities are expressedn all upper case(lp, Vps)

2 Instantaneoustotal valuesare expressedasa lower casevariable with an upper casesubscript
(ip = Ip + g, Vs = Vbs + Vqgs)

2 Root-mean-squarevaluesare expressedas an upper casevariable with a lower casesubscript
(14, Vas)

Note that all three editions of Gray and Meyer [3, page 31] label the total variable incorrectly
(incorrectly using the form resened for RMS values®). Roberge [4, page 3] usesthe upper case
variable with a lower casesubscript to denote complex quartities, suc as Laplace transforms, but
usesthe notation 14(s) to reinforce the fact that |4 is a function of the complexvariable s = ¥+ j! .

Here, the corvertion for noise spectral density variables closely follows the notation used by
Motcherbadher and Fitchen [5, page?2], using the IEEE standard for mean-squarequartities. Thus,
we use a capital letter squaredfor the current or voltage, with a three letter subscript, starting
with n for \noise", followed by either e for excessnoise,f for °icker noise,s for shot noise,or t for
thermal noise,and ending with either g for gate-referred,d for drain-referred, or b for valuesin the
body. A roman type faceis usedin the subscript to take advantage of kerning and ligatures so it
looks nice. For example,

12, excessnoisecurrent at the drain in units of A2/Hz

LUnfortunately , this mistake has probably miseducated a generation of electrical engineers.



| 24 °icker noisecurrent at the drain in units of A%/Hz

| 2, shot noisecurrent in the body in units of A%/Hz

1 2.4 shot noisecurrent at the drain in units of A%/Hz
124 thermal noisecurrent at the drain in units of A2/Hz
Vnzeg excessnoise voltage referred to the gate in units of V?/Hz
Vnzfg °icker noisevoltage referred to the gate in units of V2/Hz
V2, shot noisevoltage in the body in units of V2/Hz
Vnztg thermal noisevoltage referred to the gate in units of V?/Hz
It is noted that there is someredundancyin this notation when usedwith MOSFETSs (the input at

the gate is always a voltage, and the output at the drain is always a current), but someredundancy
in writing is well-known to be helpful for the reader [6].

For device elemeris, physical parameters are expressedin all upper case(Cqx; W; L), while
incremertal model parametersare expressedn all lower case(gm;ro). However, somewidely used
notation that doesnot correspond to the above rules is neverthelessstill usedin this paper, because
it is sowidely used(likel;). Thus, in addition to the above noisevariables, the following are used:

®y Hooge'sempirical \constant"

Cp depletion region capacitance

C, inversion layer capacitance

Css surfacestates capacitance

¢f noisebandwidth

f. Lorentzian corner frequency

I impact ionization current

Kg empirical °icker noise coexcient

1, mobility due to lattice scattering only
N number of free carriers

Nst number of surfacetrap states

ris incremertal resistanceof the body/source junction

Other variables are explained as they are introduced.



2 Flic ker Noise

Flicker noise dominates the noise spectrum at low frequency Flicker noise was rst obsened in
vacuum tubes over sewernty- v e yearsago [7]. It getsits name from the anomalous\°ic ker" that
was seenin the plate current. Flicker noiseis also commonly called 1=f noise, becausethe noise
spectrum varies as 1=f ®, where the exponert ® is very closeto unity (®= 1§ 0:2).
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Figure 1. Plot of noiseamplitude versusfrequency (on linear scales)as measuredin two dissimilar
vacuum tubes by Johnsonin 1925, from [7, Figure 7]. The vertical axis has beennormalized by
the expected shot noise amplitude.

Fluctuations with a 1=f power law have been obsened in practically all electronic materials
and devices, including homogenoussemiconductors, junction devices, metal Ims, liquid metals,
electrolytic solutions, and even superconducting Josephsonjunctions. In addition it has been
obsened in medianical, biological, geological,and even musical systems. No ertirely satisfactory
physical explanation has beendeveloped, and in fact, available evidenceseemsto suggestthat the
origins of °icker noisein di®eren devicesmay be quite di®erer [8, page 143].

Two competing models have appearedin the literature to explain °icker noise: the McWhorter
number °uctuation theory and the Hooge mobility °uctuation theory. There is experimental ev-
idence to support both theories, and thus the literature is mostly split into two camps over the
issue.



2.1 The McWhorter Mo del (Num ber Fluctuations)

McWhorter, working with germanium Taments at MIT Lincoln Laboratory in 1957[9], proposed
that °icker noiseis primarily a surfacee®ect. He cites a number of experiments that shaved that
the 1=f noisein germanium is dependert on the ambient atmosphereof the Tament. He writes,
\recent results now leave little doubt that the noise is predominartly, if not ertirely, a surface
phenomenon."

Thus, the McWhorter number °uctuation (¢ n) theory statesthat °icker noiseis generatedby
°uctuations in the number of carriers due to chargetrapping in surfacestates. McWhorter obtained
the necessaryl=f spectrum by assumingthat the time constart ¢ of the surfacestates varied with
a 1=¢ distribution. Christenssonet al [10, 11] were the rst to apply the McWhorter theory to
MOSFETSs, using the assumptionthat the necessarntime constarts are causedby the tunneling of
carriers from the channel into traps located inside the oxide.

A number of other applications of the McWhorter theory to MOSFETSs have beendone. Dasand
Moore [12] reviewed and compareda number of thesetheoriesand found that the basicassumptions
behind any explanation a®ectsthe interpretation of experimental results. They said, \theoretical
calculations of the MOSFET drain noisecurrent have beenperformed by many investigators, which
have led to di®erert results, mainly due to the di®erencein the method of attack and nature of
assumptions."

Reimbold [13] developed the McWhorter model further, taking into accourt all the capacitive
componerts of the small-signal equivalent circuit, so as to accourt for all transistor operating
regimes. This developmert wasdoneto t Reimbold's measuremets in weak inversion. Ghibaudo
[14] showed a shortcut through Reimbold's work and came up with the sameresult, where the
spectral density of the drain current is

2 - Kedlg Nst .
M7 nZKTWLF (Cox+ Css + Cp + Ci)2’

where Ng7 is the surfacetrap density, Css is the interface state capacitance,Cp is the depletion
capacitance,and C, is the inversion layer capacitance. The bias dependenceof the °icker noiseis
folded into the e®ective mobility, * @, rewriting the above equation as

1
oM Ke g Nor
nfd 15 Nn2KTWLf (Cox+ Css + Cp + C;)2

where? g is the low- eld mobility and ! ¢ has a gate-wltage dependencede ned as

1o

1+ pu(Vesi Vr)

where [ is the mobility attenuation factor [15, page 146].

le@=



2.2 The Hooge Mo del (Mobilit y Fluctuations)

In his paper\1=f noiseis no surfacee®ect,"F. N. Hooge[16] proposedthat 1=f noiseis essetially
a bulk phenomenon. Working with metal Tms [17], he championed an empirical relation for 1=f
noisein terms of resistance’uctuations, where the spectral density of the resistanceis
R% = %R_Z
N f

whereN is the total number of free carriersin the bulk, and ®, is known as\Ho oge'sconstart” an
empirical parameter with value about 2£ 10 3. This equation t his data for metal Tms very well
(seehis plots in Figure[2). Basedon theseresults[18], he said\In vestigationsof noise... proved that
the °uctuations in the conductivity are due to °uctuations in mobility and not in the number of
charge carriers." Hoogesummarizedexperimental support for his mobility °uctuation (¢ 1) theory
in [19] and sometheoretical support (a developmert of a phonon scattering theory) was provided
by Jindal and van der Ziel [20].
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Figure 2: Flicker noisein ten metal Tms, from [17, Figure 1]. The solid lines correspond to a value
of ® = 2£ 10 2 for Hooge'sempirical parameter.

Vandamme|[21] developed Hooge'stheory for MOSFET devices,starting from the lattice scat-



tering theory preseried in [18], calculating

1
2 _ 0"’ qenl3 1
nfd e 1 WLCox(VGSi VT)f

where | is the mobility if only lattice scattering were presert. Again, signi cant bias dependences
can be explained by changesin the assortedmobility parameters.

2.3 Combined Mo dels

In an e®ortto 't as much published data as possible, some authors have combined the number
°uctuation and mobility °uctuation theoriesinto a single model. The main idea is that charges,
when trapp ed, causecorrelated surface mobility °uctuations (due to inversion layer carriers scat-
tering o®the trapp ed charges). Jayaraman and Sadini [22] were the rst to proposethis model2.
They also shaved that oxide band bending due to nonuniform oxide trap distributions give rise to
a gate voltage dependenceof the °icker noisecoexcient, and of the 1=f ® exponert. However, from
their data, they were unable to determine if the gate voltage dependencethey obsened was due to
correlated mobility °uctuations, or to nonuniform oxide trap distributions (with a corresponding
higher trap density), or both.

With an eye on improving the °icker noise model in circuit simulators such as SPICE, the
uni ed model ideawas deweloped further by Hung et al [23,24]. By examining the channel current
modulation dueto the trapping of a single electron (popcorn noisein a very small device), they were
able to quartify the contribution of the correlated surfacemobility °uctuations. This approad led
to

2
o = okaVIVDL Ni+ @2 )N+ (Efp):
where ° is the attenuation coetcient of the electron wave function into the oxide, ®° is their
scattering coezcient, and Nt (E¢ ) is the number of traps at the quasi-Fermi level. However, their
model is gearedtowards numerical simulation.

This recen literature supports number °uctuations as the primary source of °icker noise in
MOSFETs. Responding to this evidence,Hooge[25] hasrecertly suggestedhat \in semiconductors
there always is mobility 1=f noise with an ® value of about 10' " but that \other types of 1=f
noisemay be presert and may dominate the mobility noise."

Other authors, apparertly in a peacemakingrole, have suggestedthat 1=f noise in NMOS
devicesis caused by number °uctuations while in PMOS devicesthe noise is due to mobility
°uctuations [26, 27]. This dichotomy makes senseif the NMOS transistors are surface channel
devices (where the carriers interact more readily with Si-SiO, surface states), and the PMOS
transistors are buried channel devices (where the carriers interact only with the lattice). However,
di®erencesn the energytrap density betweenNMOS and PMOS transistors could alsoaccourt for
the di®erencesn obsened bias dependence[2§].

2Although | have seena similar theory attributed earlier to van der Ziel by Buckingham [8, page 137] but have
beenunable to locate the reference: A. van der Ziel. The oxide trap model of 1/f noisein MOSFETs. Proc. Symp.
on 1/f °uctuations, Orlando, Florida. 1980.

3In modern deep-submicron technologies (0.35 * m and below), both NMOS and PMOS transistors are surface
channel devices, so this dichotomy may no longer exist.



2.4 Simple Empirical Mo dels

Many of the empirical models given by textb ooks are much simpler than the theoretical and uni ed
models above. Unfortunately, someof them are also questionable.

Tsividis [15, page343]says that \in a common[bulk] CMOS fabrication process,"onemay nd
an input-referred voltage due to °icker noise of

V2 = KF E
g T CZWL f

with Kg equalto 5£ 10 ° fC?/1 m? for NMOS devicesand 2£ 101 1° fC?/1 m? for buried channel
PMOS devices. This equation is an empirical relation, and K¢ is not ertirely independert of
operating point (and is not the samein weak inversion and strong inversion). This model is
implemented by early versionsof SPICE, and is generally consideredto be oversimpli ed.



3 Thermal Noise

Thermal noiseis the voltage °uctuations causedby the random Brownian motion of electronsin
a resistive medium. It is broadband white noise,and it gets worse with increasingresistanceand
temperature. The spectral density of the thermal noiseacrossa resistor with resistanceR is given
by

V2 = 4&TR
A Tty ohm resistor has about 1 nV/ P Hz of thermal noise (modeled as a noise voltage sourcein
serieswith the resistor).

The thermal noisein the channel of a MOSFET in strong inversionis
H 1

29
| Gg = 4KT 3m

where gy, is the small-signal transconductanceat the bias point.

4 Shot Noise

Shot noiseis causedby the fact that current °owing acrossa junction isn't smooth, but is comprised
of individual electrons arriving at random times. This non-uniform °ow givesrise to broadband
white noisethat getsworsewith increasingaveragecurrent. The spectral density of the shot noise
assaiated with a junction current | is given by

12.= 2ql:

A one milliamp current has about 2 pA/ P Hz of shot noise (modeled as a noise current sourcein
parallel with the junction).

MOSFETSs in subthreshold exhibit shot noise (instead of thermal noise) due to the current
°owing in the channel. This noise sourcehasthe standard form

124= 2qlp:

sincewe are in subthreshold, the e®ectie noise voltage at the gate can be written as

12, _ 2q" kT2,

V2 = =2 =
g% b d
For low drain-to-source voltage (Vps < 5kT=q), the shot noisegrows in value [29], approaching

2 _
I'hsa = 40l sat

wherel ¢4 is the saturation current of the transistor in subthreshold, de ned wherethe drain current

is . M 1

0Vbs
Ip =1 1j i :
D sat Li €XP | KT

For complete equationsfor | ¢4 see[15, page 139].



5 Generation/Recom bination Noise

In addition to the °icker noise causedby traps in the oxide, trapping ceners in the bulk of the
device can causegeneration/recombination (G/R) noise. The trapping of carriers by these traps
causes’uctuations in the number of carriers, and thus °uctuation in the resistance. The spectral
density of the resistance®uctuation is [25]

, Y& 4R?

nTUN21+12:2
where ¢, is the trap relaxation time, and the variance ¥# is given by
., *r,1
¥ N No Ng
where N is the number of occupiedtraps and Ng is the number of empty traps. If there is more

than one kind of trap, the equations are signi cantly more complicated. Note that G/R noise
createsa Lorentzian noise spectrum.

6 Popcorn Noise

Popcorn noise, sometimescalled burst noise or random-telegraph-signal(RTS) noise, is a discrete
modulation of the channel current causedby the capture and emissionof a channel carrier. See
Figure[3.
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Figure 3: Typical popcorn noise, showving discrete levels of channel current modulation due to the
trapping and releaseof a single carrier, for three di®erert bias conditions, from [30, Figure 1].



7 kT=C Noise

kT=C nois@ really isn't a fundamental noise source,but is actually thermal noisein the presence
of a Ttering capacitor.

Considera passiwe low-pass Iter composedof a resistor and a capacitor, with the output voltage
measuredacrossthe capacitor. When the input is shorted to ground, the broadband thermal noise
of the resistor will be shaped by the low-pass Tter. The spectral density of the thermal noise of
the resistor is

V2 = 4kTR:

In orderto nd the total output noise,we must integrate the above spectral density over the noise
bandwidth, ¢f. Expressedin Hertz, this noise bandwidth is

141 dl 1 v 1

¢f = — = — =
2Ys o 1+ (IRC)2 2¥2RC 4RC

Thus, the total output noisevoltage that is measurableacrossthe capacitor, in volts, is simply
s

KT

c

q
Vo = VZe¢f =

This result is not a new noisesource,but a repadkaging of thermal noise. It is simply the result of
low-pass ltering the noisefrom aresistor. It doesn't matter if the Tter above is a discrete resistor
and capacitor, or the channel resistanceand drain capacitanceof a MOSFET. Note that to include
thermal noiseand KT=C noisein a single noise calculation would be double-courting.

4CCD designers[31], who count electrons instead of volts, talk instead about kTC noise (Q2 = kTC, usually
expressedin units of electrons-squaredper Hertz).
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