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ABSTRACT

The de and small S}Qnal ac theories for the Weimer
and bulk chargermodels of an n-channel enhancement MOS FET
‘are reviewed to form a basis for noisg‘cal;ulationé‘ét low
and moderately high frequencies. EA circuit anaiysis approach
}s utilized to évalu%te thermal noise characteristics for
both models. Results are presented explicitly in terms of
device parameters and bias conditions. The calculations of
gate noise for the buik charge model indicate an error in
recently published results.

Low frequency generation-recombination noise and
surface-state noise are analyzed using a unified approach to
obtain the bias dependence of the noise. A method of modi-
fying the gradual channel approximation to,account fo} the
saturated condition.is described, and the results are used
to prevént the noise calculations from diverging_gt pinch-off,.
The theory of nqise due to carrier trapping by bulk oxide
traps is improved and effects of the substrate on the noise
are analyzed in detail. The analysis is applicable to a
variety of situations.

A method of performing noise measurements using
statistical analysis is described. The method facilitates
the measurement of equivalent noise resistance quickly and
accurately over a wide range of frequencies. The dependence
of the shape and magnitude of the noise spectra on bias in
four commercially available M0OS FET's is studied using this

technique. It is found that existing theories cannot explain



- -
all the effects observed. In pérticulaf,Vthe'va]idity‘ofuthe

tunneling model appears questionable at this time.
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quasi-Fermi potential for holes

%I 2n(;?)

potential of the bulk with respect to the surface

with no external bias’
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¢BS = potential of the bulk with respect to the surface

with external bias

¢éSO = potential of the bulk with respect to the surface

“when Vgs = Vq
e, = pérmittivity of the semi;onductor substrate
€ox = permittivity of the oxide insulator
Mo =re1ettrqn mobility
By = bulk mobility

Hegf =-effective mobility at the surface.
w = radian frequency
w_ = lower corner frequency at which the noise spectra
leve]“off
v = number of degrees of freedom used for noise spectra
calculations |
« < 2\fen"y
n = factor that determines the shape of N(y), the trap
density profile in the oxide
Z = integral defined by (5.99)
T = integral defined by (C.AhkL)
£ % L-x, position in the channel referred to the drain
g = depletion width corresponding to the potential V

d

electron affinity, the energy required to remove an

basd
]

electron from the bottom of the conduction band to
a point just outside the material

¥ = electrostatic potential
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potential of the bulk with respect to the metal

incremental fluctuation in wbm

equilibrium contact potential
b,L
d

ox :
a function of voltage defined by (4.75)

a function of voltage defined by (4.78)
Qn/cox
Qnd/cox

normal electric field at the surface

electric field along the channel

elemental volume element in the oxide or in the

substrate

relaxation time constant determining the return in

carrier density from a small deviation
time constant for traps located in the
depletion region

time constant for traps located in the

time constant for traps located at the

to equilibrium

substrate

oxide

interface
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1. INTRODUCTION -.

- The basic metal-oxide-semiconductor FET structures

]

shown in Fig. 1.1 were first éroposed by D. Kahng ' and
M.M. Atalla2 in 1960. o
aluminum
source gate drain sourcé gate udrﬁin

T I _ ] )
LR 702 UL RN

T N
\ N
_ -, : \
*\\\\n+////' : LK? SN
sy s nt n-type n+
p-type silicon p-type silicon
subsfrate ‘ substrgté

" (a) Enhancement MOS FET. (b) Depletion MOS FET.

Fig. 1.1 Basic MOS FET structures.

The enhancement FET is constructed from a uniformly-
doped Qafer of p-t?pe silicon, known as the substrate. The
surface of’the wafer is polished and thermally oxidized to
form an insulating layer of silicon dioxide. The oxide is
etched to allow n-type impurities to be diffused into the p-

* source and drain

type suBstrate, forming heavily-doped n
regions as shown. A layer of aluminum is then deposited over
the oxide between the source and drain contacts to form the

gate, and ohmic contacts are made to the source, drain and

substrate to complete the device.
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" In the normal mode of operation the bias véltages are

connected as shown in Fig. 1.2.
[Vgs > Vo oVy4s

\\38 ANNNMEN
1 S , J |

LU 4

inversion depletion
layer region

T,

Fig. 1.2 The MOS FET with bias voltages applied.

bs

Wfth no bias between gate and source, drain current
cannot flow since the application of. a bias voltage between
drain and source results in either the source-substrate or
drain-substrate p-n junction becoming reverse biased. The
application of a negative voltage from gate to source causes
an accumulation of ho]e; at the oxide-semiconductor interface
and again no current can flow: However, if the gate voltage
is made:posifive, holes are depleted from the interface region
and eventuél]y an inversion layer of electrons will appear
as shown in Fig. 1.2. The gate voltage at which this occurs
is designated the threshold voltage. The inversion layer has
a shielding action so that any ‘further increase in gate volt-
age past threshold results in an increase in the inversion

charge density, and the depletion region width remains
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approximately constant at any point in the channel once inver-
sion occurs.

+

The inversion layer is in contact‘with.the n’ source

and drainvregions, allowing drain current t§ f!ow. éince B
there is noﬂgubstrate currgnt,ﬂthe substrate is an eqUﬁéotehtiai
region. The potential along‘the‘oxide-SemicoﬁQgétpf‘inter-
face ;aries from source to drain, and as 3 result the deple-‘
tion region width increases from source to drain, while the
inversion charée decreases. For:aqy particular gate voltage
above threshold, the drain voltage can be increased until

the inversion charge disappears at the drain, and‘the drain
current saturates. The drain voltage at whiéh this occurs

is known as the pinch-off voltage,‘and the FET is said to be
pinched off or saturated at this point. As‘the géte voltage
is increased, the pinch-off voltage increases, since the
gatejto-argin voltage required 'to sustain inversion is a con-
stant for any particular substrate bias. This results in a
family of curves which resemble those for the junction-gate

FET, as shown in Fig. 1.3.

:Vgs#
pinch-off
curve
v
gs3
Id Tvgs
increasing
Vgs2 ’
Vgsl
Vds 2

Fig. 1.3 DC characteristics of the MOS FET.
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A_p—channél enhancement MOS FET is consfructe& in an
identical manner to fhe n-channel device just described,
exceﬁt that an n-type silicon substrate and pt gource‘and
drain diffusions are used. R

The depletion FET shown in Fig. 1.1(b) is slightly
different in that an n-type region is diffused infp the sub-
strate before growing the insulating oxide layer. This-
allows drain current to flow with no gate bias. A positive
gate bias causes an accumulation of electrons, increasing
the drain current, while a negative gate bias depletes the
n-type region of electrons, decreasing the drain curren£.

A large negative gate bias will deplete ‘the channél completely,
and the device cuts off, in contrast to the enhancement MOS
FET, which is cut off until threshold is exceeded.

In recent years, semicondqctor surface technology
has advanced to the point where it is possible to grow very
clean oxides, and as a result the MOS FET Has‘become an
important device for use in integrated circuit design. It
is often used as a first stage in integrated circuit ampli-
fiers, so that the noise performance of the device is of
major concern.

The basic MOS FET concepts were first proposed in
detail by Kahng] and Atalla? in 1960. The operation of the
enhancement-type MOS FET was described in an unpublishéd
report by |hantola3 in 1961, and later published by lhantola
and Moll.u This analysis neglected interface states, fixed

charges in the insulator, and the metal-insulator~semiconductor



..5...
work function. However, the voltagé-depéhdent bulk charge
in the depletion regién was included explicitiy. A descrip-
tion of the thin-film insulated-gate transistér was given by
Weimer5 in 1962, and an analysis including the initial Fharge
in fhe semicohductor was publi;hed by Borken and Weimer6 in
1963. A year later, Sah7 published a theoretical desgr{ption
of the device, based on the mode of operation conceived in
Kahng's] patent, using the same approach as [hantbla and
Mol].q Thé familiar 'gradual channel' approximation of
SHockley8 was used. The theory was presented wfth thé assump-
tion of constant surface and bulk charge, and constant surface
mobility. An equivafent circuit was derived and basic para-
meters were related té the materials aﬁd geometry of the

device. Further work dealt with pést=pinch-off operation,9-]h

and high field effects,” '

15,17,36

as well as the effects of sub-
strate resistivity.
Small signal analyses valid at moderately high fre-
quencies were performed for the Weimer model by Sah7 and
Das.]6 More detailed calculations treating the t}ansistor
as a non-uniform active transmission line were subsequently

18,19,20,21

carried out for the Weimer model. The effects of

the fixed bulk charge on the dc and low frequency character-

17

istics were presented in detail by Sah and Pao. However,
the small-signal equivalent circuit for the bulk charge model
was left incomplete. Since the small-signal equivalent cir-

cuits for the pre-pinch-off case are essential to the calcu-

lation of the noise perfofmance of the device, a portion of
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this work is devoted to the review of tge equiQalent cjrcuit

for the Weimer model and the devé]opment of the equivélent

circuit for the bulk charée model inrthe pre-pipch-off mode.
The first qugpti;ative theory of npisg‘in MOS deyiégs

wés‘published By Jgrdan and Jordan22 in’l965; “Sdbsequept

work dealt with thermal noise calgu]ations utilizing aitrahs-

23

mission line model of the channel, excess noise calcula-

tions at very high fréquencies,52’53 and with the effects of
' | 24,25

substrate doping on‘the thermal noise. A numbef of
:author526-3]’37 have attempted to predict the low frequency
noise mechanisms which give rise to the 1/f type noise "
observed at audio frequencies. [n most cases the results are
only valid for moderate drain voltages, the equivalent noise
resistance approaching infinity as the pinch-off voltage is
reached. This work uses an equivalent circuit approach that
yields identical results with those obtained previously for
thermal noise for both the Weimer model and the bulk charge
model. The technique is used to extend the calculations to
include gate noise and correlation for the bulk chérge model .
The results are presented in a form convenient for combarison
with experimental measurements. Low-frequency generation-
recombingtion hoise and surface state noise are analyzed in
detail, and a method is presented for preventing the noise
resistance from diverging at pinch-off.

A fast method of measuring the spectral density of

the noise is described. The equipment used allows measure-

ments to be made from 2Hz to 10kHz, quickly .and accurately.



...7_
Measurements are performed on a number of enhancement type
MOS FET's with both p and n-type silicon substrates, in order

to observe variations in the noise spectra as gate and drain

bias conditions are altered.



2.1 THE WEIMER MODEL

-8~

2. DC THEORY

-

The simplest model of the MOS FET neglects the bulk

charge variation that was described by Ihantola.3' Thfs

assumption ylelds a 5|mple theory that predlcts the general

‘'shape of the experlmenta] characterlstlcs, although it does

not account for some of the fine structure observed

The

theory is reviewed briefly here to serve as a basis for the

small-signal -analysis to follow.

Utilizing the schematic representation shown in

Fig. 2.1,

gs T ds

L

Fig. 2.

it can be

where v

oXx

oX

-]
o]
x
o—t—2

e _1
channel /
] |

Z %

Schematic representation of the MOS structure.

shown6 that the drain current Id is given by

€ 2 '
| = -1 .._9..)_(__ Y, g.\i.
d n T dx.

ox

= gate-to;ehannel potential at any point x
channel

= electron mobility in the channel

= permittivity of the insulating layer

= oxide thickness

(2.

in the

1)



device breadth

N
It

disténce co-ordinate, defined in Fig. 2.1.

X
I

At the source,

v g e

and at the drain

Cvg = (VggmVp) - Vg (2.3)

where vgs,vds gate-source and drain-source bias voltages

respectively, and

<
]

T threshold voltage, positive for an n-channel
enhancement device.

Integration of (2.1) from x = 0 to x = L then yields

- |
_ HnZCox - _ Vds
o = = |VasVgs = V1) -~ (2.4)

O X

€

TOX

where Cox =

The transconductance g, and output conductance g, are easily
obtained from (2.4) by taking the appropriate partial deriva-

tives, so that

g HnzClox
g = = V (2'5)
m ,avgs L ds
and )
olg UnzCoyx
e i [(Vge-vr) - v (2.6)
s
Then at pinch-off, Vds = Vgs - VT,
: u_zC
_ "n““ox -
In = Ims T L (Vgs-V1), (2.7)



and ' g = 0. (2.8)

These equations lead to a zero frequency small signal equiva-

lent circuit of the form shown in Fig. 2.2,

' T‘ Y o.d
: InVgs l .

Fig. 2.2 Zero frequency small signal equivalent circuit
for the MOS FET. :

2.2 THE BULK CHARGE MODEL
The spatially and applied voltage dependent bulk

charge in the channel due to the depletion of majority

3

carriers was included explicitly by lhantola” in his original

analysis:of the M0OS FET. Sah and Pao'’

improved the analysis
by differentiating between the surface potential and the
quasi-Fermi potential along the channel, and by including

the effects of oxide charge and interface charges. The dc
theory is derived in the following section using a similar

approach in order to establish the notation and indicate the

approximations involved.

2.2.1 The MOS Capacitor at Equilibrium
For a p-type silicon bar with a 'perfect! surface,
the energy band diagram will appear as shown in Fig. 2.3(a).

A perfect surface is defined as one whose properties are
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identical to those in fhe bulk, SO thét no band bendihg

occurs, as shown.

perfect
surface

™

Fig. 2.3

Using the well-known quasi-Fermi or imref notation of

silicon

E
C
E. | :
|
el -
E
A"

(a)

silicon

P
Ve

" (b)

(a) Band configuration at a perfect surface
(b) Energy band variations near the surface
due to an externally applied field.

Shockley (1949), the hole and electron concentrations may be

expressed

where n

pon
il

vl
It

electron den

hole density

niexp[%T(Y-{ﬂ
n, exp‘:ﬁ?(kp—?ﬂ

sity

in terms of electrostatic potentials as

intrinsic-concentration per unit volume

magnitude of the electronic charge

Boltzmann's
absolute tem
-EF/q, the F

Fermi level

constant
perature
ermi potential

of energy

(2.9)

-(2.10)
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¥ = -E;/q, the electrostatic potential.

Now p > n in the bulk, so that ¥-¢ = -(E;~Ef)/q ﬁhst be nega-
tive which implie% that EF is below the midgép poéitiop as
indicated in Fig. 2.3. |

Wi?h an electric field directeq toward the surface,
holes are'depleted from the surface region so that‘(E;-Epj
decreases and may even become negative. This indicates ah:
increase in the electron céncentration near the sd(face, and
the bands are bent downward as shown in.Ffé; 2;3(5).’ 3
should be noted that the Fermi level remains constant as the
system is in equilibrium.

With the bééig band structure established, it is now
possible to analyze the metal-oxide-semiconductor capacitor

system shown in Fig. 2.k,

metal pf%Ygg“ Wox
silicon
oxide ‘ 1 __//’7+ 4 :
/// ox VYse
Y w* Ec
wm / B_S E.
— 9—4 4 vl ] E;_
Ev
metal silicon
(a) %

oxide

(b)

Fig. 2.4 (a) The basic MOS capacitor. .
(b) Detailed band structure at equilibrium.



_]3—
The principle of detailed balance requires.thét_thg
Ferm% leQe]s cofrespond to the saﬁé potentialé since an energy
transfer will occur without any work being done if this is
not the case. The Fermi level in the metal is well dgfinéd.
However, its position in the semiconductor depenés on tﬁe
doping level. Rather than tryingrto défine the positfon of

F

as the energy required to remove an electron from the bottom

E_ in the semiconductor, an ‘electron affinity', x, is defined

of the conduction band to a point just outside the semicon-
ductor. The electron affinity is independent of the electro-
;tatic potential. It takes the same amount of energy to
remove an electron'ffom the Fermi level to a pb{nt outside
the metal as it does to take the electron into the semicon-
ductor at constant energy, remove it fhrough the‘bOundary of
the semiconductor and move it along the boundary to the point

in question. This leads to

W+ W= x (EC-EF) + Wge , (2.11)
where WBS = energy corresponding to the potential difference
between the bulk and the surface
x + (EC-EF) = wsc’ the semiconductor work function.

In terms of potential, the metal-semiconductor potential

difference is written as

¢ .= = b = g = V.- (2.12)

oX

Equation (2.12) can be taken as the definition of ¢
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2.2.2 The MOS Capacitor With External Bias
With the application of an external bias, the energy

band diagram is modified as shown in Fig. 2.5.

EETa
i .
|

m [ i E F

Ems | v
{ ///’ silicon ‘

EF

Fig. 2.5 The energy band diagram for an MOS
capacitor with external bias.

The ohmic contact to the silicon is a region of high
recombination, so that ¢, = ¢p = ¢ at the contact. Since

there can be no current flow in the semiconductor,

dép  dép _ - - : = -
E;B =5 - 9 Thus ¢, = ¢p = ¢ is constant, and ¢ = EF/q

implies that Ep is also constant. The Ferml levels are merely

shifted by an amount Eps as shown. This leads immediately to

I -~

$ms = ®BS = Vase = VYox - (2.13)

where Vmcc = applied voltage, metal-to-semiconductor.

2.2.3 Effect of Charge in the Oxide
The oxide growth phase of the MOSVfabrication process
takes place at high temperatures, and as a result it is dif-~

ficult to prevent impurities from getting into the oxide.
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This results in-a distributjon'of“chafgés~throdghpht the

insulating layer as shown in Fig. 2.6.

‘space“charge density

metaf oxide silicon’
T ' 1
ox | p -
e ——
. dQ’
N dQ’ s
g

Fig. 2.6 Impurity charge distribution in the oxide.

If the metal and semiconductor are shorted together, taking

moments'about y = 0 yields
ypdy + T_dQ =0 : (2.14)
so that
. oX ‘
Q = -J - pdy. - . (2.15)
s T o
Taking moments about y = Tox’ it is easy to‘show that
Tox (T__-y) :
Q. = -J —2X __ ody. (2.16)
g T
o ox
An equivalent surface charge of Q;s = -Q; placed in the oxide

at the oxide-semiconductor interface will then induce charge
Q; in the semiconductor. If, in addition, charges Q;; are
present at the sijicon dioxide-silicon interface, then the

total equivalent charge QSs at the interface is given by
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SS

Q.. = Qgg + Qza. . : (2.17).

The charge distribution in an induced h%éhahne] MOS capacitor

‘may thus be }epregented as-shown in Fig. 2.7.

T
‘ o
Lo,
0

Fig. 2.7 Charge distribution for an inverted
MOS capacitor. :

It should be noted that Q. is the induced electron charge at
the oxide-semiconductor interface, and Qp is the charge
corresponding to the bared acceptor ion concentration in the

depletion region formed in the semiconductor.’

2.2.4 Depletion Width Calculations

The exact dependence of the depletion width on tﬁe
gate voltage under post-inversfon conditions is complicated.
HoweQer, for conditions of heavy inversion, the inversién
layer supplies any increase in charge necessary to absorb any
increase in surface field strength, and the width of the
depletién region becomes almost independent of the voltage..59
Using this approximation, a calculation‘of the depletion |
width may be performed directly.

The onset of inversion is somewhaf arbitrarily de-

L

fined as the point where n = N,. If the bulk to surface

potential ¢és is known prior to inversion, the depletion width



_]7_

can be computed using Poisson's equation in the form

2 1 Na 7 ' |
ViU = —5 |sinh U + 5 (2.18)
. n. .
L i ,
d ‘
where Vz = the Laplacian
Ld = Debye length
= 9_ -
Deep in the bulk V2U = 0, so that
o, = sinn}(=2) : (2.19)
B ' 2ni_ : , - :
At the surface,
u
n =N_=n.,e”> - (2.20)
s a i
so that
Na
U = an{—} . (2.21)
N
Then the surface potential when ng = Na is given by
- - kT (U,-U ) = = 2kT o Ei (2.22)
®Bso T g B s q ni) 4.

In addition, if the inversion charge is much smaller than the

depletion charge, then- the solution of

V‘{J::;_p...
€
S

where V¥ electrostatic potential

p = -gN

a
e, = semiconductor permittivity
. dy - - .
with ay = 0 at y = Yq @S boundary condition yields
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v )2
. "qNa(Yd)
tgso T T2y (2.23)

Equating (2.22) and (2.23) then gives

.
. he kT N 2 \
vy = [;S zn(ﬁa] : (2.28)
n. .
g Ny i

2.2.5 Surface Charge Calculations

The exact solution for the charge distribution in the
semiconductor would require a numerical integration. However,
using the above approximation for the depletion width, it is
possible to obtain a useful expression for the inversion
charge in terms of bias voltages and device parameters.

The total charge in the semiconductor to the right
of the surface, Q4, is made up of the channel charge Q, and

the depletion charge Qpg.
Q. = Q, + Qp (2-25)

The end of the inversion layer is again soméwhat arbitrarily

defined as the point where p = n, so that
nieU = nie_U ‘ (2.26)
or U = 0 at this point. The inversion charge may. then be

calculated immediately by integrating from the surface to

U= 0, so that

Qq = -0 1 n (3 av (2.27)
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- The gate charge Qé and oxide charge both a¢t to induce charge

Qs, so that

Q ¥ Qg Q=0 . (2.28)

where Qs ='Qn +‘QB'from (2.25).
‘ 59

It can be shown that once inversion occurs, the
depletion width does not increase significantly with increas-
ing gate voltage, and the bulk-to-surface potential remains

approximately at its value given by (2.22). The inversion

charge can be obtained from

Q = -0, - Q- Q (2.29)

=
oy
o
-
o®
o
w
]

_qNaYd

Q =

C
g . ox ox

and v is given by (2.13), so that Q, may be written as

. \ | e kT N | 2 ..
e, =-Q * qNa 2 Am\aT - Cox(vmsc+¢BS—¢ms)' (2.30)

a’N, N

where Vmsc is the applied voltage of the metal with respect

to the semiconductor.

2.2.6 Addition of a Source Contact
The addition of an n+ source region to the MOS

capacitor yields the three-terminal device shown in Fig. 2.8.
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.99

‘\—‘i\ inverted
depleted

V., A _J

Fig. 2.8 The MOS capacifor with a source contact.
Since there is no current_f]ow along the induced
channel, the quasi-Fermi level ¢, for electrons remains con—:
stant in that direction. As well, since there is negligib]e
current in the substrate, the quasi-Fermi level for holes

¢p remains approximately constant in the semiconductor. Then

¢p and ¢, are separated by the bulk-to-source bias Vb;,7’57
so that
q)p - ¢n = V:bs. - (2-3])
Utilizing
I_(¢p-¥)
p = npekT P : (2.32)
o (v-¢p) |
n = njekl , " (2.33)
it can be shown that
- - (57 Vsb)
w2y = — EinhU + a_ o 2kT 'sb (2.34)
(Ld 2 ni .

where
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and .
. kTES ;! : —2-'
Ly = ,2 exp[sz(“’n"”pﬂ :
‘ a n; ,
The condition VZUé = 0 yields
u. = l(cp +6 -V ) - KT san(EIE | ‘(2 35)
B 2'%p "n “sb q n. )
and again defining inversion as the point where ng =‘Na, it
can be shown that
b =W -y =y - 2KT zﬁ Y. (2.36)
BSO B s bs q n, ' :

Thus the depletion width and inversion charge are easily
modified to include the effects of. the source contact by

substituting (2.36) for (2.22) in (2.23) and (2.29).

2.2.7 The Four-Terminal MOS FET

The dc equations for the three términél'devite have
now been obtained, and it is a simple matter to extend the
calculations to include the four-terminal MOS FET shown in

Fig. 2.9.

| v [T,
L= \“‘-Zd - L*J: }
1 e
T,

Fig. 2.9 Bulk charge model of the MOS FET.
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In order to perform the analysis, the following

assumptions are made:

1. Non-degenerate subs;rate dOping.r

2. Carrier mobility in the inversion layer is field-
independent.

3. The substrate is thick.

4, The charge Q.. is independent of the‘surface field.

5. Diffusion current in the channel is negligible compared
to drift curreﬁt.

6. Electron-hole generation and recombination in the channel
is negligible.

7. The effects of source-substrate and drain-substrate
reQerse bias currents can be iénored.

The effect of the drain contact is easily included
by considering the separation of the quasi-Fermi levels ¢n
and ¢p along the channel. |f the surface potential along the
channel with respect to the origin of the co-ordinate system

7’58'that

of Fig. 2.9 is denoted as V, then it can be shown
the electron quasi-Fermi level is separated from the hole
quasi-Fermi level by an additional amount proportional to V

at any point x in the channel. The inversion charge, from

(2.30), is then written as

Q= "Qgg * aNgvg 7 C

n ss (Vgs-v+¢BS-Vbs-¢ms) (2.37)

oxX

where Vgs = VmSC + Vbs’ ¢BS is the bulk to surface potential

at the source, and the depletion region width Yq is found
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from (2.24) to be

2¢ N 2
. s _ 2kT a
g = v Voo ot ara zn<-——ni> . (2.38)

"The drain current 4 may be obtained by integrating
the electron current density J(x,y) over the cross-sectional
area of the channel, so that

Yi ‘
by = ZJ J(x,y)dy (2.39)
o
where z is the device breadth and the integration is performed
from the oxide-semiconductor interface to the edge of the

inversion layer. From the transport equation, neglecting

diffusion current in the channel,

J(x,y) = qunncc_x : (2.40)

ere
wher M

E

electron mobility

electric field along the channel.

X
Then combining (2.39) and (2.40),
dv Vi
by = "u,2 = Jo -qndy. (2.41)

Noting .that the integral in (2.41) is the inversion charge
density defined by (2.37), the drain current can be expressed
simply by

dv

Id = 'Qnunz Ix (2.1}52)

Integration from x = 0 to x = L yields



-24-

2
u_zC - v
= D__0oX - - - ds
by = L Vds(vgs Vbs+¢BS+Vss ¢ms)r 2
3 . 3
2gN_¢ = =
2 a’s 22 v, N2
ox
where Cox = gox/Tox as for the Weimer model, and
VSs = st/cok' The threshold voltage can be obtained either

by letting Vds become very small and examining the gate
voltage at which the drain current goes to zero, or by letting

the inversion charge go to zero. Both methods give
1
. 2qN s =

: 2
T bs ~ %8s T Vss t s T -—C——-- (- ¢BS) . (2.4b)

ox
The pinch-off voltage can be found either by calculating the
value of V = Vds at the drain required to reduce Qn to zero
for a specific gate voltage, or by finding the value of V

ds

at which Id reaches a maximum. Again both methods give

-~ -

+ ¢BS + v - ¢ms

qNaes 2Cox2 - % L
+ C 2 L L qNaes (Vgs-vbs+vss-¢msﬂ - (2.45)
oX

The gate transconductance 9. and substrate transconductance

Iop @7€ calculated from the expression for the drain current,

so that
ol n_zC
_ d _ "n"Jox '
Im = 3V - L Vas (2.46)
gs
1 -
al, . Mo zC 2qN ey ry : =
= d__ } " 32 L (Le )2
Smb = 3V, _ T [(Vds bgs) (~¢gg) J (2.47)
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As well, the output conductance is given by

ald | unzcox - -
9 ~ Bvds - L (Vgsfvbs+¢BS+Vss-¢ms) B Vds
2qNaes g %
- -:T—__— (Vds-¢BS) . (2.48)
oX

At pinch-off, Vds is replaced by Vp, and it is found that
(2.48) reduces to zero, as expected, since Q_ is also zero
at the drain. |

Thus, the basic equations for the bulk charge model -
are given by (2.37), (2.38), (2.43) and (2.44) through (2.48).
The equations can be put in a convenient form by noting that

¢BS is relatively independent of gate voltage for n >> Na at

the surface,”’59 so that from (2.36),
- 2kT Na
—¢BS ~ -VbS + ——'—q Q,n(?]-—i—) = "VbS + 24),__ (2-1{’9)

and ¢F represents the position of the hole quasi-Fermi level
in the bulk, with respect to the intrinsic level.
If an effective bulk charge voltage VB is defined as

]
bagN e ¢_12
_ a s’'F
VB = |5 (2.50)

¢
oXx

then the basic equations may be rewritten as follows:
l 1

Q. = oV (-5t bs, ) -V, vty (1 Vbs)z-v (2.51)
n © Yox 2¢F 2¢F gs T 2¢F ’ -2
1
c v 2
_ _OX . _ _bs v
Ya T 9N, Vg (1 26, 2¢F) ' (2.52)

— n ' ’
In = 7L Vis (2.53)



B 1 ' 1 ) .
HnZCox ’ Vbs  V4s. 2 - e R
9mp = 7LV l}] ST e - Uy (20
o ] : 1
_ unzlox v Vps 2 _'bs bs Vds : ey
90 T "—T_'—_Izlgs Vi-VgstVp (1 2¢F) Vg (1-3 s 2¢F) J 4 (2.55)
i ‘ '
- Vbs 7
Vi 2 2¢p - Voo + ¢pg + V(1 - 2¢‘F) | | (2.56)
' 1 1
Ypsy2, Vs Vbs, Vgs~Vr, Vg2 .8 Vs 2 IP)
V. o= V__=Vo+V : - 11225 1- o
P gs T B{( 2¢F) Lorp [ 2¢F 2¢ 16¢2 2¢F( 2¢F)
1' 9 (2.57)
WnzCoyx \ Vis Vds
tg = T Vs Vas VetV (T - 55) D - g

v v, 3
_ 4 _ _bs ds - _ bs
3 ¢FVB[(] 79, s 2¢F) ]} (2.58)
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3. :AC.THEORY
3.1, THE WEIMER MODEL
A small—éignal equivaleﬁt circu{t:for'the Weimer

model'that'is valid at moderately;hfgh,%fequencjés has been
described in the’literature.j’]6 Thngate—soqrcg and Qate{
drain capacitances are derived by ca]culating‘the'to@ai charge
stored on the gate and‘examining the charge variations with
fluctuating gate and drain voltages. This'ana]ysis-reSUIts

~in an equivalent circuit of the form shown in Fig. 3.1,

¢ .
T o
2 H -

C — g Vv L
gs m gs | ggo

7y

Fig. 3.1 Small-signal equivalent circuit for the MOS FET.

where the gate-source and gate~drain capacitances Cgs and

‘ ng respectively, are given by

chox(vgs-VT)[}(Vgs"VT)~2Vdé]

2
c =2 (3.1)
gs 2

3 E/ds - Z(Vgs'VTzl
o .2 LzCox (Vgs-VT-V4s) E’(Vgs"VT);VdJ (3.2)
gd 3 '

2
Eds - 2(Vgs"VT):_I
Equations (3.1) and (3.2) may be written more con-
veniently using (2.2) and (2.3) as

LzCoyu Ve (Vgt2vy)

c = 2
gs 3 (Vs+Vd)2
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2 LZ‘COXVd_(sz+Vd)V

and o -, L (3.h)

AL

gd 2
o (VS+vd)

The transconductance‘gm and output conductance go‘as‘giVen

by (2.5) and (2.6) may be written in the new notation as

u._zC - ‘
9y = 2 (vgmvg) 3.
u,zC | :
go = -———-————.—nL ox Vd’ . ‘ , (3'6)

and the drain current is given by

UnCoxz

I 70

(V 2-Vd2)" (3-7)

S

3.2 THE BULK CHARGE MODEL

The short-circuit gate capacitance for the bulk
cHarge model has been calculated by Sah and Pao.!7 The
analysis is extended here to differentiate between gate-
source, gate-drain and gate~bulk capacitances under non-
satgrated'cbnditions.

For an element-o% channel of length dx, the incre-

mental gate charge is given by

g ox“ ox ‘ (3.8)

where Vgx is the potential across the oxide, given by
Vox =V = Vyg = dms * 6BS -V . . (3.9)

From the expression for the drain current,

pzQp

| dv ' (3.10)
d

dx = -
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and .the  total gate charge is found by‘integraﬁing (3.8) from

source to drain. Then

‘ vV ,
o oMt fex [T,y
gt Id gs bs

4l HepetVIQdV. (311
o ‘ ‘

The short circuit gate capacitance‘cgg can be obtained
directly from (3.11), since

3Q

cgg cgs + cgd + cgb =7 (3.12)
. gS
where Cgs’ ng and Cgb are the gate-source,'gate-drain and

gate-bulk capacitances respectively.

Tt can be shown (Appendix A) that

3Q, ., ' o
Cog =~ 57— (3.13)
9 ds
and
9Q
t
C. = - == : (3.14)
gb BVbs :
so that .
‘ . 3Q aQ 9Q
gt gt gt
c = + + . (3.15)
gs BVgS BVdS avbs s

The integral in (3.11) is performed for constant Vgs’ so that
in evaluating (3.12), the partial derivative is allowed to

operate on the integrand, yielding

cgg = coxsz(ng,vds,vbs) . (3.16)
where ' 7 :

| ‘ Vgs Vds Vds

f(vgs’vds’vbs) = 1 - 35~ 32 J rvdyv (3.?7)
0] o
i, L
_ d

e = =T (3.18)
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I =Q./C, (3.19)

x’

and it is assumed thatr¢|;.S is practically independent of gate

voltage for Vgs > VT.]7’59 The gaté-drain capacitance can be
evaluated by noting that
Vds ; ] . _
‘J 5 dv = -1. : "~ (3.20)
o

Then (3.11) may be written as

. . Cosz ¢ ds ‘
Q ., = cosz(vgs-vbs-¢ms+¢Bs) + J rvdv (3.21)

gt 0.
0
and substitution of (3.21) into (3.13) yields

5 ds r o :
Cad = ~Cox2l EV;;'(J g vdv). (3.22)
. o ,

Utilizing Liebnitz's rufe, the differentiation can be per-

formed directly to yield

=C_ zLf, (v ,v Vbs) (3.23)

ng ox 1" gs’ ds?
whe}e
ry (ds VasTq J
f](vgs,vds,vbs) = - 37 J rvdv + 5 (3.24)
o
and Fd = Qnd/cox'

Similarly, C,gb is obtained from (3.11) and (3.14). In

integral form,

cgb = Coszfz(V v vV, ) . (3;25)

where



Vds Y
- PVdY}
o ]
Vbs
VB Vds [y “V_+V (I-EEF | i]dv
T [ T
o Vb s
. bs.. V 2
(1 = "% -2"—"")
¥ Zog

(3.26)

Finai]y, substitution of (3.16), (3.23) and (3.25) into (3.15)

gives ‘

Cos = CoxZLf 3V s Vygs V) (3.27)
where
f3(vgs’vd§’vbs) - f(Vgs’vds’vbs)-fj(vgs Vds’vbs)-fZ(Vgs’Vds’vbs)

and the integrals involved are listed in final form below.

V ——
ds v 3V )
16 .2 bs ds bs,
TVdV = == ¢ZV (1-—= ) - (1- ) (1- )‘]
Jo [ F'B [: 2¢F 2¢ ko 2¢F 2¢

‘ v2 oo
- - - _ds . 1,3 : '
[ygs vT+vB(1 2¢F).] 5 + 3 vds (3.28)
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Vds 3 o 3 :2
" Y TP A A
| orav e a0 gt e g ‘(‘4"7;’, |
(o]
1
—'v-v+v‘(1-—l’—2v 2 (3.29)
gs T '8 2 ds ds ‘ , ‘3' 2
., ! l
v, _ 2
v - bs |
ds E/ VoV (1= 2¢F) ]dv 7
J — T = hep Vg Vg (1- 2ch) E
° (1 - =25 4+ Y2
| be | Zég .
! !
Vs,
v 1
ds =
V. 2
vdv _ .16 .2 __bs
| v 1773 F‘:(] T u¢F)(' 2¢F 752 - . ]
o (-I_ bs v )2
20p 20

' (3.31)

The remaining capacitances are obtained by performing the
appropriate partial derivatives. However, the procedure is
lengthy, and will be omitted here as only Cgs and ng are of
interest as far as the noise calculations are concerned.

The form of the equivalent circuit for the bulk charge model

15,91

has been discussed by Das.
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L. THERMAL NOISE

The high frequency thermal noise of the;énhancement‘
MOS FET has been analyzed by Shoji;23 usfng a transmi§sion
line model of the channel for an %ntrinsic substrate. Other
authors have analyzed the éffects of the substrate on the
therﬁal noise using a physical approach.za’zs’sh; However,
the gate noise parameters for the simple model Have not been
presented explicitly in terms of bias conditions and geomet-~
rical parameters. In addition, the effects of the substrate
on the gate noise have not been analyzed correctiy. An
alternative analysis based on a lumped model approach74’75’32—34
is used in this work, andlthe results are obtained in a form
convenient for comparison with experimental measurements.
Both the Weimer model and the bulk charge model are treated

in detail in bBoth the pre-pinch-off and the pinch-off mode.

4.1 THE WEIMER MODEL
L.1.1 Thermal Channel Noise
The transistor can be split at a point x in the

channel as shown in Fig. 4.1.
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d:] dv, dv2
s 1+ - °2 d
7 (1] U/
N . — V
Rg' Rr'____ pramn
n+ n+ ) ::.".‘ ——
' -[ Co. Cr
‘Fg
e X e L= X ]
(a) (b)

Fig. 4.1 (a) Schematic representation of the MOS FET.
(b) Two-transistor representation of an FET
of channel length L.

Utilizing the equivalent circuit of Fig. 2.2, it can

be shown'that

1 .
R, = =—— L1
LTS (4.1)
and-,
1 .
R, = . (4.2)
r 902%9Im2 ,
whetre
p C 2z
gg; = 22— v (4.3)

is the output conductance for the transistor of channel
‘Iength X,
uncoxZ

902 = TLox — Vd RN CY

is the output conductance for the transistor of channel

length L-x, and
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MpCox? i | ‘
gmz = -I—:—)-(——_ (V-Vd) ' . (1'"5)

is the transconductance of the transistor of channel length
L-x. It should be noted that v is the{gate-channel potgnfial

at any point x in the channel, given by

ve=V = V_ -V, ' (4.6)

oL o |
Ry#R. = v - (4.7)
n ox

——

The thermal noise voltage dvi generated in a length of channg]

dx at x is given by

[URNEENSVE

dv? = BKTAFAR | (4.8)

where the incremental channel resistance dR is given by

_ dx . - ‘
n ox

From (2.1), the elemental channel length dx may be expressed
in terms of the drain current as
uncoxZ :
dx = - ~—T——~‘vdv. (4.10)
- d

Substituting (4.10) and (4.9) into (4.8) yields

2 LKTAf

dvi = - e dv.’ (BT

The contribution to the drain noise current from the element

dx is, neglecting capacitive coupling to the gate,



2
.2 dvn
dld = 5
(R£+R )
' u € =z 2
- QTTAf ( nLox > V2dv (4.12)

The spectral density of the noise current in the drain is
then obtained by substituting for Id from (3.7) and integrat-

ing from source to drain, This yields
.2 | : 2 2
iy 8 kTunCoxz (vs VoV tYy ) (4.13)
| Af 3 L (vs+vd)
The‘equivalent noise resistance Rn is obtained by writing
12 = hKTAFR g 2 (ho1h)
d n<m :
so that
2 2
2 L (v v vy+vy®)
R = % (4.15)
n 3 Hn2lox (v_-v )2(v +v )
s d s 'd
or , )
: 2 2
2 (Vs +Vsvd+vd )
R g = e . (l*.lé)
nTm 3 (V 2"V 2)
S d
At pinch-off,
2 _ 8
iq =3 kTafg o (4.17)
and
- 2
Rnsgms = 3 (4.18)

where Ins the transconductance at saturatiohi is given by
“nzcox ‘
g = —T V.- (4.}9X
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Graphs of the normallzed drain noise and the R n9m product
given by (4.16) are shown for various bias conditions in

Figs. 4.2 and 4.3,

L.1.2 Gate Noise

The noise current that fléws in the gaté aﬁe to
. capacitive coupling bethen the gate éhd chanﬁel can be cal-
~culated by considering the_capaci;ances Cz-andrcr in'Fig.
L.1(b).

Neglecting capacitive currents in calculatiné volt-

ages ‘at d] and s,, it is clear that

2

dv, = di R, (4.20)
and

dV2 = -dldRr | (4.21)
where dvn = dv]-dv2 , (4.22)

‘ dvn |
dig = 757 - (h.23)
2 r . -

Substituting for Rz and Rr in (4.20),.(4.2]5 and;(4.23),

dv, = f dv (4.24)
dv2 = :15151 dvn. : (4.25)

Then the differential current flowiﬁg into the gate is given

by

[« R
]

-dv, (juC,) + dv, (ch ) ' (4.26)

or

[o 8
il

ﬁwﬁz@o- ¢ (52 ﬂ '» (4.27)



\/ds;(VCﬂtS)

" Fig
. b2
. Norm
alize
d d
rain
noise
a
s a functto
n ef bt
tas fo
r the
Weim
er mod
el.

_85_



0 1 L | 1 R 1 |

0 | 2 3 4 5 6 7 8
| Vgs (volts) | |

Fig; L.3 The Rngm product as a function of bias for the Weimer model.
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For the transistor of channel length x, vy is replaced by

v in (3;4) to give

(4.28)

v (v _+2v) ,
Cz = % chox > 2 (%)
(v +v) ~
and (3.7) yields
‘ u C =z .
X _ _n_ox 2_ 2 .
[T (vg™=vi). ‘ .<“‘29)

For the transistor of channel length (L?x); Vg is replaced

by v in (3.3) to yiefd

v (v+2v ) -
c = % LzC B (4.30)
r oX (V+Vd)
and _
- nt z s
LLx = T (v2-vy®) : (4.31)

d
from (3.7). |
Substitution of (4.28) to (4.31) in (4.27) gives

‘-jw % ConLV' 2(v53-vd3)‘
dig = 5 5 5 7= - 3v dvn. (4.32)
(vs “Vd ) (vs -vd:)
The gate noise is obtained by integrating
2 'd * o
i = di _di_ . L,
Ig JV l9 lg . (4.33)
s ’ i

Substituting from (4.11) and (4.32) into (4.33)‘and integrat-

ing from source to drain yields

32 2 2
5 w kT(CoxLz) g(vs,vd) (4. 31)
2 2,2 '
g (v T=v T) T (v +vy)

[
-hEa N
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where
‘( ‘)'_‘4 (V53-vd3)3 - ( 2+ 2)(‘ 3. 3) . éik ‘5_ '5 .
g VS’Vd =3 G > 2)2 3 Ve tVy Ve VY T (v 7-vy )
=v
Ce o (h.35)
or simplifying,
3 , ,
-V L .9 )
g(vg.vy) ];:s d)) [ZVs +]OV53Vd+2]VS?Vd +10vsvd3+gydh §
i : vgtvy - . S : -
) (36)
At_pinch-off Vg = O:and
T2 '= 64 kaTAf(Cosz)2 ‘ (y ‘ \
d 135 Ims ; . .37
Substituting for gps from (4.19),
i 32
% = %% Rps (4.38)
kTAfmz(Cosz)2 k5 “ns

The normalized gate noise is plotted for pre-pinch-

off conditions 'in Fig. h.kh.

4.1.3 The Correlation Coefficient

The correlation coefficient c is defined by

c - =t (4.39)
ig2-ig? .
where
Vd .
1571y = j dighdig (4.40)
v A

<
is obtained by substituting (4.23) and (4.32) into (4.40).

The result may be written as
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Fig. 4.4 Normalized gate noise as a function of bias for the Weimer. model.
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= _ .16 kTAFC_ 2L (v - 4)
g d 193 2 2 AR (v 2-v
(vs vy ) ' ,

(h.41)

2
3

Substituting (4.41), (4.34) and (4.13) into (L4.39) yields

2
3 3
4) 2 (v "’d )

3 (v 2y 2)
c .. (4.42)

[:(v -V 3)g(v sV ):l

At pinch—off, v, = 0 and

=%V§= 0.395j. (4.43)

The magnitude of the correlation coefficient is shown in

E(V -v

Fig. 4.5 for the pre-pinch-off case.

4, 1.4 Noise Figure Calculations
The equivalent circuit for a simple MOS FET amplifier

with source bias resistance by-passed is shown in Fig. 4.6,

NCRRE -

Fig. 4.6 Equivalent circuit for a simple amplifier
at moderately high frequencies.
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where cgst = total gate-sourqe'capacitande, including strays
ngt = total gate-drain capacitance, including strays
igR = thermal noise current resulting from Johnson

noise of R
g ‘
i, = gate noise current due to capacitive coupling

with the channel

iq = thermal noise current from the conducting
channel
idt = total noise current in the drajn lead.

The output is shown ac short-circuited for convenience
since the load resistance does not enter into the expression

34

for the noise factor.

It has been shown3%:35 that it is possible to write
circuit equations for the model of Fig. 4.6 in the normal
manner, replace currents with Fourier spectra, take the pro-
duct with the complex conjugate, and perform a sﬁitab]e
averaging procedure to obtain the mean squared noise currents
directly.

A nodal analysis of the circuit yields

fde = 'd 1+JuRg(Cgg¢+Cqqe)

(h.4L)

Replacing currents with equivalent current spectra
in (4.44), taking the product with the complex conjugate

noting that .i, and iq are correlated, and averaging yields

9
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2, 2. 2 2
(gm +u ngt )

+ @Rg(cgst+cgdt)]2

1
= c
1,.2 2 . 2 radt
2| c| tge iy Ry [égm(cgst+cgdt) f R, ]
; 2
1+ Eng(Cgst+ngt)]

Similarly, the mean square contribution to the output current

— (12412 )R
2 ij + g” gR

. (4.45)

from the gate resistance only is given by

2 . 2,2, 2. 2 .
—_ +w”C
dtR 1+[R C .+C )]2 .
gst “gdt
The noise factor is then defined as
i2
F=-dt (4.47)
i2
dtR

[ ——

At pinch-off, substituting for jz from (4.37), ig from (4.13),

lc| from (4.43), and noting that

. 2 LkTa f (4.48)

yields the noise factor F, where

2 2 2
) 2 1+ (ngCt) 16 @ RgCo
F=1 = 35 7| " 135
Ims g wC dt Ims
1+ (=255
Ims
c
2 1+ g4t
g W R C,.C R C._g
-2 g'to g _t-ms (4.49)
? Ims C Z .
“rgdt
1+ (=255
ms
Ct - Cgst * ngt
and C =C__Lz.
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The first, second and third terms are due to channel noise,

gate noise and correlation respectively. At moderately high
: w gt | '
frequencies, the term 9
1 ms
and Ct > Co’ which is usually the case, it is found

is much smaller than unity. | f

R >>
g ms
that channel noise dominates and F becomes

2
. 2 £ |
F = 1 + 39mng [] + <f0> ] (4.50)

R B “
fo = ZT7RC. - : (h.51)
g-t ,

where

The minimum noise factor is found by differentiating
(4L.49) with respect to Rg and equating the result to zero.

This results in an optimum gate resistance

_ 1 :
Rgopt - wC (4.52)
and
Foin = 1+ 3R 4 (4.53)
: goptgms '

Since the optimum gate resistance depends on frequéncy, it
is not possible to minimize F over a wide frequency range

using a fixed value for Rg

L.2 THE BULK CHARGE MODEL

The effects of the substrate on the thermal noise

L

characteristics have been analyzed in detail by Sah et al,2

and Klaassen and Prins.25 An analysis of the gate noise and

54

correlation coefficient has been presented by Rao using

the bulk charge theory of van Nielen and Memelink,3
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Identical results can be obtained by utiiizing the lumped
model approach used to calculate the noise quantities for
the Weimer model. An error has been discovered in previous
work involving the gate noise. The correct expressions are

derived and discussed in detail.

L,2.1 Thermal Channel Noise

The two-transistor representation of the FET with

drain, gate and substrate ac short-circuited to the source

is shown in Fig. 4.7.

s di o~ 52 d
? Tl *RL\/Rr_. J—;‘E-[-_—‘
49

Fig. 4.7 Two-transistor representation of a MOS FET
of ,channel length L.

The resistances Ry and R, are found from the small-signal

equivalent circuit to be

] ) .
Ry = (4.54)
gmr+gmbr+gor

1
— (4.55)
902
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where 9or® Inbr 27€ the gate and substratée transconductances
respectively, and Ior is the output conductance for  the

transistor of channel length (L-x), given by

n_zC ’ -
Imr = E-xox (Vds-v) (4.56)
R 1.
p zC - Vv 2 277, .
._ _n_"ox ds _ ) 4
Smbr T TL-x YB[}I S r e 2¢F).] (4.57)

= —ﬂiﬁgﬁ (Vv -v_+v_ -V, ) - V. (1 + Xﬂi)i (4.58)
9r T TL-x gs 'T VB Vds B. 26, y

and 991 is the output conductance for the transistor of

channel length x, given by

-u zQ
_ n" "n
900 = Tx (4.59)

X

where Qn is the inversion charge density at any point in the

channel, described by (2.51).

Then substitution into (4.54) and (L.55) giQes

=X
R2 j “ann | _ (4.60)
R = :iﬁ:ﬁl . (4.61)

r uann
The channel conductance is given by -uann, so that the

thermal noise voltage generated in an element of channel of

length dx is

2 _ -hkTafdx
n HazQ,

(4.62)
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Neglectlng capacntlve currents flowing to the gate, the c0n-‘

tribution. to ‘the short- cnrcuuted drain noise is given by

Ty dV2
diy = —F——n8n - . (4.63)
(Ro+R ) ?

and sdbstitutién‘of (4.60), (4.61) and (A.éz) into (4.63)

yields
— 2 .
.2 _ LKTAF ,¥p2 2 e
dld = ¥ ( T ) Qn dv . | (4.64) :
The total short-circuited noise current in the drain;'Tg s

is obtained by integrating (4.6L4) from x = 0 to x = L,

where
v
2 ds
—— Un2zC Q
i§ = ATTAf ( n OX) J Cn (4.65)
d o ox
and
)
ds 2 j
Q, ] 2 Vs 3
I = ='§{%VB Vo (1 + E$—) + (Vgs—VT+VB)
o oXxX . F -
3
_(Vgs—VT+VB—Vds) '
Vds %
~8¢FVB(VgS‘vT+VB+2¢F){} ) 2¢F) -1
2 ,
L vB[u ]} (4.66)
: o

In (L.65), it has been assumed that Vps = 0, for convenience. )

Equation (4.65) yields results which are identical to those

presented by Sah et a].zq

The equivalent noise resistance is found by writing

St

2
i§ = LKkTAFR,g, (4.67)
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and comparisbn of . (4.67) with (4.65) yields

)
ds

J rlav.
= -2 ‘ (4.68)

OVys .

where @ and I' are given by (3.18) and (3.19) respectively.
Graphs of R g, are shown in Fig. 4.8 as a function of drain
bias for various values of the gate voltage. For values of
Vgs >> ¢p, (4.68) can be simplified considerably by consider-

ing the expression for the output conductance, (2.55), with

Vps = 0. . When gg = 0, V4o = V, and
v, o ' :
Vgs = Vg =V = Vg(l - Al + E%} )- (4.69)
1 f Vds = Vp >> ¢p, then
. , L -
Vgg = Vp =V, + VB(E%F)" _ (4.70)

Substitution of (4.70) into (4.68) and simplification give524

R .9 =£E+LJ.____.-"B ] C(h.71)
ns<ms 3 15 4 ¢
From (4.71), it is apparent that the noise is increased over

its value of 3 as indicated by the Weimer model. Figure 4.9

3

illustrates the increase in the R, g, product at saturation
as the substrate doping increases in value. The pinch-off

voltage V, decreases as the doping is increased, so that g,

p

decreases and Rn can become much larger than the value of

2. obtained for the Weimer model.
39m
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Fig. 4.8 The R g, product as a function of bias for the

bulk charge model.
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L,2.2 Gate Noise at Moderately HigH Frequencies
"As for the Weimer model, a straightforward calcula-
tion of the gate noise can be per%ormed‘by copsidering the
effects of Cz and Cr as shown in Fig. 4.7.- The. analysis
given in section L4.1.2 applies, and the capacitive current

flowing into the gate is given by
. Xy_~ (L=x _ ,
diy = JN[EQ(L) Cr(‘rfﬂ v, (4.72)

The capacitance Cz represents the gate-drain capacitance for
the transistor of channel length x, and is found by substi-

tuting V for V S and x for L in (3.23), so that

d
. - b3 o
c, = cosz(L)f3(v,vgs) (4.73)
where
)
_ v
FaV,v ) = < 5 J VAV + 3 ) (4.74)
@] 1
and 0, is found by replacing V,_ by V in {3.]8), viz.
3
2 2
- . AN VT
0y = VIV -Vrvg) - 4 - 3 vy El * 74 ﬂ : (4.75)

Similarly, Cr represents the gate-sourée capacitance fbr the
transistor of channel length L-x, and is found by substituting
V, -~V for V, , V_ =~V for V__, -V for V
ds ds gs gs

(3.26). Then

b ? and L-x for L in

_ L-x
cC. = ConL('t“)fh(Vgs’V’Vds) (4.76)
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ds2 ds
gs2 ' gs

and 0, is found by replacing Vds’ Vgs and Vbs bY VdsZ’ Vgsz

and -V respectively in (3.18), so that

N

0, = (Vg 52 -l - <1+Vds>7-(1+ ) |.(4.78)
2 = Vds2 de0ns) 752730 Vs Tor 75 |t

lt.should be noted that

V,. 2
Vdv 16 2 ds
= - 7 (143 5) (14592) = (1450—)
J v 3 %F [ h¢F A¢F 29, 2¢ . ]

(4.79)

Nojw

and
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ds2 '
dv
v, 1
o) bs, V (2

in addition, from (3.18) we have

IdL B
zC =90
Hn%tox
and it follows that
Idx _
zC B @l
Hn%box
Then
£=?_1_
L €]

Similarly, it is easy to show that
°2
e »

L-x
L

Substitution of (4.73), (4.76), (4.82) and (4.83) into

gives

jwC _zL

. oX 2 _ a2
dug = 5 [%]f3(v,vgs) OZFA(V,Vgs,VdS{]dvn.

C]

The gate noise is then obtained from

and utilizing (4.62) and (4.84) yields

N —

= B (Vg =V V=) |:(1+

7
)].

(k.

(3.

(4.

(4.

(4.

(L

(4.

80)

18)

.81)

82)

83) -

72)

.84)

85)
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ds
2 3 29
—_— 2kTAfw™C_  zL T“YFE
.2 oX 2 v
{g = ¢ . E [ Y d(EEF) (4.86)
NS 2 °
(26,)
where
2 .
m NURIREE ezfl*(v,vgs.,vds):l. (4.87)

The integral in (4.86) can be evaluated numerically. Graphs
of the normalized gate noise are shown in Fig. 4.10 as a
function of drain bias for various gate voltages in excess

of the threshold voltage V It should be noted that all

To

voltages are normalized to 2¢F for convenience.

4,2.3 The Correlation Coefficient

The correlation coefficient.c is obtained using (4.39)

oo
¥

as before. The term ig‘id is calculated using

i *id - I dig*did. (4.88)

Substitution of (4.84), and di, from (4.64) into (4.88) gives

Vds
— - jwhkTa fC sz J2¢

a [:2¢ ) ]

Then combining (4.89), (h:86) and (4.65), the éorrelation

d

r

v
75 V() (4.89)

26,

coefficient can be written in integral form as
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Fig. 4.10 Normalized gate noise as a function of bias for the bulk charge mode1..
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Vds
*e
r v
'JJ 5—Yd (5—)
o 29
¢ = o F F , (4.90)
Vs Vis 7
20g bF 2
2.,V r v
j va(——)] (1) d (L
2¢ 2¢ 2¢
. Fo F F

The integrals in (4.90) can again be evaluated using numeri-
cal techniques. The magnitude of the correlation coefficient
‘is shown in Fig. 4.11 for bias conditions corresponding to
those used in Fig. 4.10.

As the substrate doping becomes small, Na s hi,
op 0, and the expressions for the gate noise (4.86) and

‘the correlation coefficient (4.90) should reduce-to those

given by (4.34) and (4.42) for the Weimer model. At pinch-

off,.with ¢F =0, V ~-V_. =V_ and it can be shown that
gs T p
2 VZ .
®]f3(V,Vgs) =z (V'Vp)(V'3Vp) o (B.91)
2 ' N P
eth(v,ygs,vp) = g(vp V) (4.92)
so that (4.87) becomes
v 2 .
= - ~-3V). ' ' (L,
Y o= ——(V-v ) (v -3V) (4.93)
Substitution into (4.86) and (4.90) yields
' ' 2 2
""_"'.2 —' 6l* kTA fw (COXLZ)- .
i = , (h.9k)
go 135 Ims
G e - R kTAfjuc Lz (4.95)
go do 9 er ox = M
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Fig. 4.11 Magnitude of the correlation coefficient as a function of bias for the bulk

charge model.
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o N L (5.96)

in agreement with the results for the Weimer:model.

The effects of substrate doping on the gate noise,
cross correlation term, and correlation coefficient at pinch-
off are shown in Figs. h.lé, L.,13 and 4.14 respectively.

The gate noise and correlation term are normal}zed to (4.94)
and (4.95) so fﬁat the effects of the dOpiBg'can clearly be
seen. -

The results for the gate noise and cross correlation
agree in magnitude and form with those given by Rao,.but the
correlation coefficient does not. Rao's numerical resdl%s
indicate a-monotonically decreasing |c]| with‘incfeasing N_»
due to increasing Tg. Figure 4.15 illustrates that this is
not the case. While it is true that Rnsgms increases with
doping, the pinch-off voltage Vp and thus 9e decrease with

. . .2 2 .
increasing Na’ so that iy = l&kTAfRnsgmS doe§ not vary appreci

ably at pinch-off over a wide range of values for the doping.
The magnitude of c is seen to increase's]ightly over the
value of 0.395 for an intrinsic substrate, in agreement with

55

Halladay and van der Ziel's experimental results. The
dependence of |c| on Na was used to support their theory of
an "excess'" noise generator operating in the channel at high
frequencies. 1t has recently been shown60 that the excess
noise does nof exist, and that their measurements were not

performed at sufficiently high frequencies to ensure that the

1/f component of noise was negligible.
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Fig. 4.14 Magnitude of the correlation coefficient as a function of doping at pinch-off.



-G9- -

1.2+ .
Vg =Vgs Vs

bl -
_ . . ' '
|“8 10 3 : ' Vg.-4v
% | 4/,/7V?_|2 ;

. g=lev

oS

0 ] ‘ i | I 1 . - I

14 15 * 17 ‘
10 0 0% 0 10°

‘Ng (atoms/cm®)

Fig. 4.15 Normalized drain noise as a function of dopihg at pinch-off.
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5. LOW FREQUENCY NOISE MECHANISMS

In addition to thermal noise in the channel of the
MOS FET, there appear to be two major noise mechanisms which
dominate the noise performance of the device at lower
frequencies. The first of these is surface noise at the
oxide-semi;onductor interface,22’26’27’29;37'and the second

28,3],7];74'due to random

is generation-recombination noise
emission and capture of carriers at the trapping centres in
the depletion region of the semiconductor. |In this work,

both mechanisms will be analyzed in detail, using a straight~

" forward approach to evaluate the magnitude of the noise.

“5.1 SHOCKLEY-READ-HALL (SRH) STATISTICS
The statistics of the SRH generation-recombination
centres in a p-n junction depletion region have been well

38-4k4

known fof a number of years. A simple'two?level trap
will alternately emit a hole and an electron and simultane-
ously fluctuate between a charged and neutral state in the
process. The random fluctuation in charge states causes low-
frequency noise due to the long . time constants involved in

the captdre and emission processes. The energy band diagram

showing a sfmple trap is given in Fig. 5.1



] : [ |
enftp cppft
] = O = Et
In enft cnnftp
Ev
(a) (b) (c) (d)
Fig. 5.1 Energy band diagram showing a gjmple two-level

trap in the forbidden band.
(a) hole emission,(b) electron emission,
(c) electron capture, (d) hole capture.

It should be noted that '

ep = emission probability of a hole by SRH.centre

e, = emission probability of an electron by SRH centre
e = fractioﬁ-of SRH centres occupied by elect}ons

ftp =’fraction of empty SRH centres

c, = electron capture probability of SRH centre

Cp = hole capture probability of SRH centre

n,p = electron and hole concentrations, respectively.

For such a single level acceptor centre which is either nega-
‘tively charged when filled with an electron or neutral when
empty, it can be shown that the maximum decay time constant

for a regression in the trapped electron concentration ng is

1
T, = . (5.1)
- cp(Potpy)tey(ng+ny)

As well, the fraction of filled centres is given by

fo= 1-f LI

t tp T+exp((E=Ef)/kT) (5.2)
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where Ey = energy level of SRH centre

Fermi level of energy

m
-n
It

PorNg = steady-state hole and electron concentrations,

respectively

p] = ep/cp = niexp[(Ei"Et)/kﬂ (5'3)
ny = e /c_ = n,exp BEt-Ei)/kﬂ . . (5-4)
ftp = fraction of unfilled SRH centres.

The variance of the charge fluctuation qsnt'in an

elemental volume can be calculated using either a statistical

approachhz’h3’h4 or a thermodynamical approach.q5 Both methods
give (Appendix B)
Nefof
ony? = L LtR (5.5)

where Ng-is the SRH centre concentration per unit volume, and
AA is the elemental volume element.

The one-sidéd'power spectral densify of the noise
which results f}om a sing&e time constant process.of this
type can be obtained (Appendix B) by caICQIating the auto-
cbrrelétion function and utilizing the Wiener-Khintchine

Lé

theorem to give

2
46nt T,

6(f) = —5—5 ~ (5.6)

+
1+ T,

where T, is the relaxation time constant for a particular

trap tevel. Then for a system in which there are traps at

kg,76

many different lévels, it can be shown that the spectrum
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to some power of the frequency,

is
usually close to unity. This leads to the well~known 1/f

noise quoted

5.2 GENERATION-RECOMBINAT}ON NOISE

Since the Weimer model

in the

literature.

of the FET assumes the sub-

strate to be intrinsic, the channel-substrate depletion region

does not enter into the calculations, and it is not meaningful

to talk about noise from this mechanism. The'analysis which

follows applies only to the bulk charge model described in

Chapter 2.
The calculation of the effects of fluctuations in the

trap occupancy can be carried out by using the model shown in

T o ]

AXx
& X=X 9 ) AX
! T Yo fe— Ay L
sub g o—oI { e
\<§%, i T sub
y=0 Y=Y4
used for

Fig.

. 2

An incremental length of channel
calculating the noise voltage due to
generation-recombination in the depletion

region.
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The charge deﬁsjty profile for fhe‘element of channel

in Fig. 5.2 i's shown in Fig. 5.3.

QSS

‘T’f I

VAN 5
] JLr, qN4 —y

dv k]

Ay

1
y=-Tox- y=0 Y=Yg4

Fig. 5.3 Charge density profile of a Ax element of channel
showing a fluctuation 8ny in an elemental volume
AL in the depletion region.

‘The source, gate and substrate are ac short-circuited
while the drain is open circuited for ac signals, and the
channg] is divided.inﬁo three sections by the lines at x = X4
and x = x5. Fluctuations in n; are permitted in a small
elemental volume AA in the region between X3 and x5 but aré
assumed to be suppressed elsewheée in the.region X] € X< X,
as well as in the regions 0 < x < X1 and Xg < X & L. The
contribution to the total noise voltage at the drain due to
fluctuations in ny, in the volume element AA is calculated,
the volume element is reduced to a differential element dA,
and the total ﬁoise at the draip due to fluctuations in ng
in the entire depletion region is calculated by performing

a suitable integration.
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The noise voltage due to a fluctuation §n, in an

g]emental volume AL at y = Y, can be obtained by examining
the total potential from the metal to the bulk. The well-

known moment formula is written as
2
¥, = £ ydy (5.7)
21 € ’
1

so that a fluctuation ént in . in a small volume of width
Ay causes an incremental fluctuation A(Gwmb) in the potential

from metal to bulk, given by

= - 9. ’
A(awmb) ‘ : §n yAy. (5.8)

At the same time, the fluctuation 8n_ gives rise to an

t

incremental fluctuation in the bulk charge of magnitude
A(GQB) = qdén Ay. (5.9)

Under static conditions, the total potential of the bulk with
respect to the metal is determined by taking moments about

y = 0, so that

Y4
Qg aN :
Yo = Tt J o~ ydy. . (5.10)
oXx s
o]
in addition, if st is assumed to be smafl,
Q, + Q, + Q5 =0 (5.11)

where

Qg = -qNayd7 ' (5’]2)
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Substituting (5.11) and (5.12) into (5.10) yields
Q, qNayd "qNayd

y o= - - . . (5.13)
bm . cox Cox 2€s ' o : -

Fluctuations in'nt then cause incremental fluctuatfoné‘inrw;

Q_ and Yd’ so that

) B .
1 Q +A(sQ ) N o

= L n+c 2l - 2 > [yd+A(6yd{]
‘ oX o

Yo * A(awbm)
ox
.gén Ay gN .
t - a 2 q
_ + Cox 285 [}d+A(6Xd8 + € GntyAy.(S.lh)

Neglecting second order terms and separating static and

fluctuating components yields

A (8Q) gN qén. Ay gN_y,
; _ n’ _ a t - a’d
A(sy, ) = —% = A (8y ) + —¢ A (syy)

ox ox ‘ ox s

+ 3 sn_yAy. (5.15)
€ ti.

s :
Since the gate and bulk are ac short-circuited,'svbm'= 0, and

utilizing (2.52) to find §yy in terms of &V yields

€ S :
a(s) = [§(avZ]<7§ + Cox) - q6ntAy<1 + X >. (5.16)

s
If I, Q, and Vt represent the total drain current, inversion

charge and channel potential, respectivély, then

b=y +‘A(6]d) - (5.17)
Q= qQ +a(sQ) . (5.18)
V., =V + a(sv) ' (5.19)

where 'd’ Qn and V are the ave}age values of |, Q and V;
and A(Gld), A(SQn), A(8V) are incremental fluctuations in |,

Q and Vt at any point x in the channel. For ﬁhé regions

0 g x < X, and X, <" x ¢ L, the drain current is written as
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th :
| = _-unZQ I ' - (5.20)

Substitution of (5.17), (5.18) and (5.19) into (5.20) and

retention of only first order fluctuations y}elds
A(S1,) = -u_z4Q g_@_(_é_..\i_).'l-p [A(GQ ﬂ.‘iy_ (5.21)
d n n dx _ nd dx ’

For open circuit conditions at the drain Gld = 0 and (5.21)
may be written as

ala (sv)] .[A(SQn)] dv
213 + T a - O (5.22)

From the expreésion for the inversion charge Qn given by
(2.51) it is easy to show that _
dQ € . .
n _ v S
'a-.v—" —<C0X + yd>. . (5.23)

Substitution of (5.16) and (5.23) into (5.22) yields

‘ qsn Ay (1 + —%) :
Q_%éévﬂ + AéGV) = . 2 . (5.24)
n n S
Q (C_ + —
n' ox Yy

This is a linear first-order differential equation of the

form

Lov fa)b = rla) (5.25)

with solution _
-h h - .
b = e [Je r(a)da+{], h = Jf(a)da : (5.26)

where A is an arbitrary constant.
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‘Substitution of appropriate variables frém‘(5;24) gives

‘ . CLy
A(sV) = -g—-+ '](i“ qsn Ay (1 + ‘;x

n n

)V (5.27)

s
which is valid in the.region xf‘§ x £ xz;,
Iﬁ order to solve for A, the boundary conditions-are
determined as followé:
quctuations in n, are suppressed in the regioné-
0 € x < x{ and x, < x g L. OnIy'fluctuations in | aﬁd v arer
allowed. Substitution.of (5.17) to (5.19) into (5.205,

expansion in series and retention of only first order terms

yields, for Gld = 0,

dfoa(sv) = o | (5.28)
or
Q, A(8V) = a constant. (5.29)
This can be seen more directly if it is nbted that Q is an
explicit function of the channel voltage V, so that

dQ :
a(sQ) = -CW%A(SV). o (5.30)

Substitution of (5.30) into (5.21) for §1y =76 gives (5.28)

directly.

At the source, GVS 0 so that

Q A (sV,)) = q a(8V)) =0 (5.31) .

implies that the fluctuation A(GV]) at x = x, is zero as well,

i
since Qn] # 0. Then from (5.27),
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A(SV.,) = 0 = A, gén Ay (1 + EEﬁl)v (5 3#)
1 in' in t €s ]
and
K Coxy . . -
A = -qén Ay (1 + —=)V_, . (5.33)
t s ! .
Substituting (5.33) into (5.27) and examining 8V at x = Xy
gives , |
qdn Ay C .y
A(8V,) = ——E— (1 + 22Xy (v. -v.). (5.34)
2 Q € 2 1
n2 _ s
| f X is now allowed to approach Xg s then
V, - V, - dV. : (5.35)

2 1

For the region Xo < X % L, the condition (5.29) gives

QnZA(SVZ) = QndA(avd) =_Qnddvnd. | (5.36)
where dvnd is the contribution to the drain noise‘voltage

due to the fluctuation in the elemental volume AA. Substi-

tuting for anA(ﬁvz) from (5.34) gives

a%sn 2 Ly 2
2
avZ o= (s 22Xy @, . (5.37)
nd QZ €
nd
The power spectral density of the noise is then
obtained by utilizing (5.6) and noting that the fluctuations
dvnd are a result.of fluctuations in ﬁt whfch are character-

ized by a single time constant process. The incremental

voltage dV is found from (2.42) in terms of dx and byo and

substituting for Gntz from (5.5) with AAN = zdxdy yields



o,
y Coxy
o hqzldth' L 7d thtftp (1+ € )
G (f) T e ' dydx. (5.38)
Y 223Q 2 1+ 2 2 Q 2
L nd W Ty n

. The short-circuit noise current spectrum at the drain, G’(f),
can be obtainhed by multiplying Gv(f) by the square of. the

output conductance 9g7 where .

The equivalent noise resistance Rn can then be obtained by

noting that
2

G, (f) = bKkTR g_ (5.40)
where
unzcox
g = =X, . C(5.41)
The integration with respect to y in (5.38) can be
performed readily. If it is assumed that the electron and

hole densities in the depletion region are small so that the

t? t
using (5.38) to (5.41) and substituting for dx in terms of

trap fluctuation parameters T f, and ftp are constant, then

Id and dV gives

C oy [ C .y, 4 C y, 2
B
R = t't t tp s s s s :
n o 2. 2y ¢ 3 v2
kT (1+w T, 2C "o s T
(5.42)
where
1
C .y 8¢ 2

€ VB _2¢F
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Recently, Yau and Sah have shown that the assump-

tion of constant Ty ft and f is reasonable and only becomes

tp
invalid for small gate and drain voltages. If the spatial
dependences of ft"ftp aﬁd T, are to be taken into account,
the expressions (5.1) and (5.2) must be used and the results
become vefy complex for the bulk charge model.

Graphs of R, as a function of gate and drain biés
are shown in Figs. 5.% and 5.5. 1t should be noted that the
resistance diverges as saturation is approached. This is
expected, since the calculations have been performed using
the 'gradual channelf approximation. In order to obtain
meaningful values of R, in saturation, an attempt is made to
derive a simple pinch-off theory for the device which will

indicate the point at which the calculations should be

terminated.

5.2.1 A Method of P}eventing the- Noise Resistance From‘

Diverging at Pinch-0ff

A comprehens(ve treatment of the:operatlon of the
bulk FET in the pinch-off mode has been presented by
Trofimenkoff and Nor_dquist.l*7 The calculations were carried
out by obtaining the potential distribution along the centre
line of the 'capacitor box' model for the pinched-off region
near the drain, and then matching the potential and electric
field as well as requiring that the‘charge density in the

channel be continuous at the matching point near the drain.
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Fig. 5.4 Normalized Rn due to generation-recombination noise, as a function of bias.
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Silicon S
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A similar'proceduré may be used to obtain an approxi-
mate description of the operation of the MOS FET in saturation.

Consider the drain end of- the channel as shown in Fig. 5.6.

- . ~
inversion ~ \\ ///
layer NN /1y
NONND /
substrate > \:_////

Fig. 5.6 Expanded view of the drain area showing
equipotential lines. ' .

The &ep]etion'region that exists around the nt drain
diffusion is a result of the applied bias Vds» ff the sub-
strate is at source potential. Thus the voltage throughout
the region is spatially depeﬁdent._ Under‘post pinch—off
conditions, the channel is neariy depleted near the drain,
aﬁd the électric field is high in this re@ﬁon, so that the
equipotential lines will appear as shown. It is reasonable
to assume that at some point x = L, in the channel depletion
region near the drain there will exist a potential Ve such
that conditions to the left and right of thezpoint wifl'be
similar. If this is the case, potential calculations can
be carried out using conventional p-n junction theory and a
procedure similar to that used by Trofimenkoff and NordquistL'7
can be utilized to match conditions with those from the

‘gradual approximation' which are valid for the inverted

portion of the channel.
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As a first order approximation it is assumed that the

equipotential lines near the drain can be extended up to the

oxide-semiconductor interface as shown in Fig. 5.7:

- E=0
Tvgs Vds,l. 'gqgmax,

NANRANRNN A A AN

. '
v . \Vd]\ n /] // /
\ A\ N ' i
\ y; zero potential
\ \\\,_,// //— line ;
~ _— pd
~ ~

Fig. 5.7 Approximate form of the equfpotential']ines
at the drain, used to calculate Ve and Le;

Clearly the zero potential line cannot be extended, as this
would.reqﬁire that the potentiaT near the drain bé zero at
some point. Instead, it is assumed that there will exist some
voltage '\ld'<'Vds to which there will be a corresponding’
depletion width £ 5..- Then the péipt x = Lo will be some-
where in the region between & = 0 and & = € max and this point
Qil] é]ways occur such that L-Lg <-gmax and Vg + Vd] = Vds;
where Vd] < Vyq. It should be noted that the éource nt diffu-
sion is in_contact with the invers.ion ]ayer, SO tha; it is
assumed that there is no potential drop from source to channel
at x = 0. |

The potential variation from § = 0 to § = Emax can

be obtained from the one dimensional Poisson's equation,



2 qN. .

d”y o a
——— 22 g n . 5-1*1*
dgz - Eg Eg ( )

The solution of (5.44) is obtained using ¥ = 0 at & = 0 and

dv

9T " 0 at E.=

as boundary conditions. This gives

g g
¥ = -V T2 - b
dt gmax[ gmax:l (5.45)

where Vgr = Va4 - ¥

gmax

Yo

equilibrium contact potential

L-x

and %2e v “
_ s dt : -
Emax = KT (5.46)

The potential V (with respect to the source) at any point in

the region between & = 0 and & = is then given by

gmax
V- (v-v) = Vg, : (5.47)

Substituting (5.45) into (5.47) and téking.first and second

derivatives with respect to x yields

3 _ & _ '
' Ve gmax[} E;maxj:‘ " Vdse (5-48)
2V
dv dt|L-x
S = - o= - ] (5.49)
dx gmaxl:—?max .J
2 N._ -
d-v aN4
= ' (5.50
dx2 €s )

where Vdst = Vds - Wo.

From the prepinch~-off or gradual theory, (2.42) and

(2.51) yield

(5.51)
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d-V d¥ox B dv
y = ZQ2]+ _]_E-;' (5052)
* Hn%En hop (1450 )2
RANET
It is required that V, %l and d g be continuous at x = Les
S X dx T
so that (5.48) to (5.52) give
| Vge(L-Lg) (L-L,) |
VdSt - Ve = —gé————g— 2 - —E——E— h . (5-53)
' max max .
‘Emax | ®max HnZQne e
r~ ' ' B
2
qN v 14°C
a _ B + 1 d2 oX : (5.55)
s (upz) 2 (-Qpe)

| v, &
where

. ’ 3
2 =.
_ Mpzlgy Ve g < Ve 2
lg = —— {le(vgs—vaB)— 5 --3-¢FVB[(1+2¢F) -1 (5.56)

e

v
e

7 .
Qe = COXIEB(l + 7$;) - (Vgs"VT+VBfVe{} (5-57)

Eqﬁations (5.53) to (5.57) are then sufficient to describe
the operation of the FET in the:pinch-off mode.

If the matchiné procedure is correct, the output
conductance for post pinch-off conditions should match with
that for the pre-pinch off case. Utilizing (5.53) to (5:57),
the output conductance for.post-saturated conditions is
found from

. ald _ 3|d BLe . 3|d 3Ve (s 58)
o 3Vds aLe BVdS BVe BVdS e

and straightforward manipulation leads to
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R_= = + — (L-L ). ' (5.59)
° a2 es by - e B

At‘first glance it appears that (5.59) Qéula match Q}th‘Ro
for the pré-pihch-off.case when F = Le‘ahd‘ve = vds’ How-
ever, the model hés been chosen Such that Le w{ll never equal
L, and Ve can never equal Vds’ as it could fqr the bulk FET;
‘Thus it is difficult to match the outputccénﬂuctance for the
pre-pinch-off case with the value calcﬁlated using (5.59).

The noige calculations can now be terminated at Ve’
rather than Vp. "Although it is difficultftorobtainzexplicit
expressions for Ve and Le’ results can be obtained numerically

as follows.

Substituting for £ from (5.46) into (5.54) yields

2gN_V gN | '
= dt —2 (L-L) - —-;%—— . (5.60)
s s Yh%%ne
Noting that (5.53) may be written as
1
2gN V. 2 gN
- (1- _tadtyt Lo - a
Vdst Ve = (L Le) [( e ) (L Le) 285] (5.61)

it is apparent that th may be eliminated by substituting
from (5.60) to yield
gqN ' |

' _ a ~ 2 _ __d
Vast Ve = 7% (L Le) n_zQ
s n““ne

(L-L.) (5.62)

and solving the quadratic for (L—Le) gives
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; - eslyg | + 2qN, 1,20, 2 | - 2\ “

s

where the negative root is retained since Qg is negative,

the term inside the raﬁ?cal is always greater than unity and'
Le must be less than L. Values for Vg can be obtained using,
an iterative procedure by starting with Le = L in (5.55) and
(5.56), substituting the value of V, obtained iﬁto (5.63),
using the new vg]ue of L, obtained to reﬁalculaté Ve and
continuing the proceduré to obtain the desired tolerance.
Curves obtained using this procedure for a typical-devfée are
shown in Figs. 5.8, 5.9,5.10 and 5.11. The effects of channel

shortening'are only appreciable at low values of substrate

doping, as expected.

5.2.2 Application of the Pinch-0ff Theory
The noise calculations can now be terminated at the

‘point V and if it is assumed that R, remains constant past

e’
pinch-off, the normalized generation noise appears as shown
in Fig. 5.12 for various values ofagate'voltage. Figure 5.13

represents the generation.noise as a function of substrate

doping at pinch-off."

5.2.3 Suggestioﬁs for Reducing the Noise

From F}g. 5.13, it is observed that for a constant
trap density N, the noise may be decreased significantly
if the substrate doping is increased. This may be due to
‘the decrease in the depletion width which results in less

effective trapping sites in the substrate. Unfortunately,
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higher substrate dopfng has undesirable effects on the elec-
trical chgracteristics of the device, so that a compromige
must be reached in trying to reduce noise in this manner.
An alternative approach would be to incfease the gate area,
but again, a compromise mu;t be reached when using this tech-
nique since the electrical characteristics of device; with

large gate areas are usually undesirable.

5.3 SURFACE STATE NOISE

The effects of surface states on the energy band
configuration in the semiconductor were discusséd in section
2.2.3. Trapped charges within the oxide as well as charges
at the oxide-semiconductor interface cause band 5endingéto
occur at the surface of the semiconductoﬁ. Fluctuations in
the occupancy of tHe.surface states appear to contribute ;
largely to the low-frequency noise in MOS FiET's.22’26’27’29’48’[‘9
For a single time constant.fluctuation in the surface state |
occupancy, it Aas been shown that the noise spectrum is in-
variant with frequency at low fréquencies, and varies with
]/f2 at higher frequencies. However, experinental results
indicate that the noise actually varies in?erse]y with fre-
quency over a large range of frequencies. |t can be shown
quantitatively that a large dispersion in time constants will

k9

produce this type of a result. A number of different mech-

anisms have been proposed that will result in the interface

state time constant dispersion necessary to produce the 1/f

type nature of the noise spectrum.29’48’49’50’5] It is
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generaliy accepted that the dispersion in t}me constants
originates from capturg and emission of bulk minority‘carriers,
since fluctuations in bulk majority carriers only give a 1/f
spectrum over a narrow range of frequencies.sl Leventhal37.
pospulates carrier motion in a surface band, assuming that

the surface states form a cpntinuous band of conducting
states. Nicollian and Me]choirl*8 assume that the distribution
of trapping times can be explained by a random distribution

of surface potential caused by a randém diétribution over

the plane of the interface of fixed charges located in the
oxide. Jéntschsl postulates modulation of surface recombina-
tion by.d?ssociatibn-of the chgmisorbed molecules from their

50,56

active centres. Bess also assumes a Brownian motion of
impurity atoms at the surface. Recentl&, an analysis of
surface state noise in MOS FET's has been presented using the
Weimer model of the device and utilizing the concept of
minority carrier tunneling to traps located inside the

29,49,72 The analysis is oversimplified and does not

oxide.
consider the effects of the substrate on the noise. Rather
than tryéng to postulate a new mechanism for the 1/f noise,
this model is considered in detail in this work. The effects
of the 'substrate and of different trap distributions on the

spectrum are analyzed in detail to improVe the previous theory

and. test its validity.

5.3.1 The Tunneling Model

The theory of carrier tunneling to traps located on
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the surface of the oxide layer on germanium fllaments was

first |ntroduced by M<:Whorter.’+9

Heiman and Warf|e1d7 latér
used the same approach to analyze the effects of oxide traps
on ‘the MOS capaciténce. Recently, Christensson et a]29
applied the thgory to p-channel MOS tranSiétors. This 'simple'
theory is revieQed in Appendix C for an n-channel device. It.

is shown that the equivalent noise resistance Rn due te sur-

face state noise can be written, in general, as

Vds Ec
2 N(E)ff
R = e J —ELP dEdv,  (5.64)
N 2kTLzCZ awV
ox ds o Ev
or for tréps at a single energy level,
v,
g2 me o 4% FLF,
R, = 5 5 { ""F‘E dv (5.65)
2kTLzCT ocwV
oXx ds o

where Nt(E) trap density per.unft‘volume per electron volt
in the oxide
N = vo]ume denstty of traps when ‘the distribution

is unlform over distance into the oxude at a

single energy level
and o is a constént. The ftftp product is obtéined from
(5.2), and, in general,

PiPg T Mg * Y(n?-i_nsps)

f_f = (5.66)
totp. [ns oy oF Y(PS"‘P])]z

where vy cp/cn, assumed to be unity in all cases

hole capture probability of a surface state

(¢]
]
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¢, = electron capture probabilify ofra surféce state

Py = hole concentration per'uﬁit volume at the inter-
face

n, = electron concentration per.unit volume at the

interface

Pysny = hole and electrpn concenﬁrations per unit volume
in the valence and conduction bands, respectively,
when the Fermi level coincides.with the trap
energy, Et' “ '

In order to evaluate the integrals in (5;64) and (5.65), it

is necessary to know the variations in ng and Pe with distance

along the channel, and also to know the dependence of hg on

gate voltage at the source. The theo?y.pfésented by

Christensson et a129'assumes that n, may be described by
nog (V -V) .
=23 _P .
ng I : , (5.67)

where Nos electron concentration per unit volume at the

"interface at the source

Vo=V -
p gs

model

v the pinch-off voltage for the Weimer

T

and V is the channel potential at any point x in the channel,

with respect to the-source. Equation (5.67) indicates that

the electron concentration disappears at the drain when

Vd- =V _. If it is further assumed that n_n, > n? everywhere
s p s 1 i

when applying (5.66), the integrals in (5.64) and (5.65) are

convergent for all values of Vds' The magnitude of the noise

can then be evaluated using a typical value for hos'. Traps
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at four different energy locations have been considered, as
described in Appéndfx C. The results can be summarized

briefly as follows.

Case (a). Traps at the conduction band edge at the interface.

| For traps at this single energy‘lével, the use of
(5.66) and (5.67) in (5.65) yiélds the voltége dependent por-
tionh of Rn’ given by

n 2V -V
( p

)
. _0OS ds . (5.68)

F(Vdé) n 2V
1 p

This indicates that the noise decreases with increasing drain
voltage prior to pinch-off, and increases with increasing

gate voltage for a given drain voltage.

Case (b). Traps at the electron quasi-Fermi level at the
source.

in this case, it is found that
1
and the noise is independent of bias.

Case (c). Traps at midgap at the interface.
With traps at the intrinsic Fermi level the voltage

dependent portion of Rn becomes

) i ds)
ds 2nos 2ni
(V =Vgg) + F;——S-(.zvp—vds)

n. (2V -V '
P (5.70)




-98-
the energy band diagram at a point x in the channel will

appear as shoWn in Fig. 5.1h,

N

\

i.B
oxide////// Ep
/////// E
. / n
E. — E

\

: Y,
s _ ) . -
////’ silicon

Fig. 5.14 Energy band diagram at a point'x.}n the channel.

N

From (2.9) and (2.10), the electron and hole concen-

tration can be written as

p = niexp [ale ~¥)/kT] | (5.72)
n = n. exp [a (- )/kT] (5.73)
where ¥ = -E./q ‘ | (5.74)
and $ = -E/q. (5.75)

Poisson's equation is given by

2, _ -9 N_ _ ' |
vTY = - (p n+N Na)- (5.76)

S
Substituting for p and n, notiﬁg_that‘¢p and ¢n are approxi-

mately constant in the substrate yields
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2. .- _ 1 . - Na qV
veu~ = — |sinh U" + 5— exp(ET) (5.77)
(Ly) i
where
. -1
U, KT [% 2(¢p+¢nﬂ ' '(5.78)
and )
: o .h kTe qV : '
L” o= 2 exp (&) - (5.79)
q°n,
In addition, in the bulk
. Na qV .
UB = =4&n (HT) . yve S (5.80)

i
Equation (5.77) cannot be integrated directly with
respect to x. However, if it is noted that

-2 - 20
) U - _ 20U U
&0 - B, (5.81)

-then the square of the normal field at the surface, é;, giveﬁ

au”, 2
by (————3x

with respect to U, Using Gauss' law to find the equivalent

,-can be obtained by direct integrétion of (5.77)

surface cHarge per unit area, Qs’ yields

= - = - - -q¥ a -
Q. esé§ 2qn. L, exp(sz)-(Z[;osh U, cosh Uy

1
N ————
TR a qV 2 -
* (US UB) EFT exp (ZkTﬂ) . (5.82)
The surface electron concentration is obtained from

n_ = niexp[kws-¢n)%7] = niexp[EEn-Eis)/kf[. (5.83)

S

From Fig. 5.14, EP—En = qV, and U_, Uy can be written as
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a_——L— _ ‘— . . ‘ ) - :
Us = 2%F (Ep EistEn Eis) (5.84)
= (- -
Vg = 77 (EpmEip*EnEyp) (5.85)
so that '
0T - Ul = an(eals) 4 9Y (5.86)
s ~ Vs T Al kT 5

Substituting for Ué from (5.80) yields

2 .
n. N
o g al _ qV - - _qV
ng. v exp[US +‘zn(ﬁﬂ 'fifl - niexp(Us —ET)' (5.87)

N

Using the depletion width concept, the surface charge can be

related to the threshold voltage by using
LQ = Q * Qy - (5.88)
where Qn is given by (2.51) and
Qg = -aN_v4y e (5.89)

where y, is given by (2.52), assuming ng'é 0.
The procedure for calculating Ng for a particular Na
and V is to calculate U; from (5.80), calculate Q from (5.88)

for a given value of Vgs-V and then requfre that the value

T’
given by (5.88) agree with that given by (5.82), iterating
U; until the desired tolerance is obtained. Substitution of
the final value of U; into (5.87) yields ng directly. A
graph of n as a function of V_ -V. for various values of

os gs T
N, may be obtained using. the above procedure with V = 0. The

results are given in Fig. 5.15.

It is possible to approximate ng by writing
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"os I:_Qn]
Cox(V

(5.90)

n =

s -V

gs T)
using the same type of an approximation as (5.67). This
approximate solution is compared with the imprﬁved solution
in Fig. 5.16, for a typical device. It can be seen that {n
mid-channel, the error is of the order of a factor of two,
while at the drain, wﬁére Vds = Vp’ the improved solution
yields ng = Na while the approximation says n, = 0. It will
be shown in the following calculations that the approximate
solution can be very misleading if the proéedure adopted by

9

Christgnsson et a12 is used.

5.4.2 The Improved Theory

The.theory of trapping by surface states can now‘be
examined, since the electron concentration at the interface
is known. It is important to note that‘ﬁérriers in the inve}-
sion layer near the interface may be trapped; as well as
carriers directly at the interface. The present theor9
assumes that the density of carriers to be trapped is given
by ns.- This is a reasonable assumption, since the largest
portion of mobile carriers is very near the interface. (The
channel thickness concept has recént]y been discussed by

Gnadinger and Talley IOQ)

The necessary data required for
the calculation of the surface state noise is then available.

The four cases mentioned previously will be considered.
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Case (a). Traps at the conduction band edge.
When E = E_, it can. be shown (Appendix C) that

nyo> g >> pg, and (5.66) is almost exéctly given by

nyng . ‘ '
Fof, F ——— (5.91)
t tp (n]+ns)2
where
n, = niexp(Eg/ZkT) _ T (5.92)

and'Eg/Z = 0.555 ev for silicon.
Equation (5.65) may be evaluated using (5.91). The procedure
is complicated, since at each interval of thg integration the
jterative procedure must be employed to cg]cu]éte ng- This
can be readily achieved using numerical techniques, and
results are shown in Figs. 5.17, 5.18 and 5.19. The differ-
ence betweeﬁ the approximate and the improved theory is not
apprec{abfe iﬁ this case. However, it should be noted that
at low ;alues of Na’ the value of-nos'is:étrongly dependent
on the gate voltage, so that the overall yevel of the noise
will increase by an orde; of magnitude as Vgs increases from
just above threshold to'séme larger value. This must be kept
in mind when comparing noise from this trap level with others
in the gap.

The calculations have been performedrdsing'the pinch-
off theory of section 5.2.1 with Vds = Vp. The nojse should
theoretically increase past pinch-off due to the effects of

channel shortening, particularly at low values of Na’ This

dependence can be obtained using the results of section 5.2.1.



Silicon

2
0.07 Cox =255000 pf/em_
Ng=10 "atoms/cm™
_ L'=4x|0-3crn
. 0.06- z=0.lcm
Pz Vgs =Vt =4
Ng gs~ VT =9V
£
3 0.05 Simple
(@]
N
-

. =901~

~ X'0.04
L;D
=
x .
o 0.03
oJ
0.02} |
O';i: 1 | | ] | | e 1 i
o 05 10 15

2.0 25 30 '35  -40 45
Vds(volfs) | S

Fig. 5.17 Normalized R, for traps at A. Comparison of simple and improved theory
for a typical device. ’



Silicon »
C°x=25000pf/cm 3
Nq = IO_ atoms/cm

: L=4x102cm
0.151 z=0.lem
Vg =V, =V

g - g v'gs VT
(\]Z Vg-sv .

O

B

~

3 0.10

3

N

R
o X

2R kTCq
O
(o]
(§7]

Violvolts)

Fig. 5.18 Normalized R, as a function of bias using the impfoved theory for traps at A.

..90[..



1.0
Silicon 0
Cox =25000pf /cm
L =4x10%m
z =0.lcm
H
— Vg = Vgs~Vr
2
o
k
~
3
T 0.1
N
N_I :
) .
S 3
I-_.. .
X
o
o
ol
0.0l ! | L |
I0h4 lols IOIG 17 18

- 3. 10 10

Ng(atom/cm™) -
Fig. 5.19 Normalized R, as a function of doping at pinch-off using the improved theory
for traps at A. w



-108-
However, for normal values of the doping the effect is not
pronounced, except at very large drain voltages where other

effects may become important.

Case (b). Traps at the electron quasi-Fermi level at the
source.
When the trap energy corresponds with the Fermi energy

at the source, it can be shown that

. I”'SnOS .
f _f = m . (593)
S os

The procedure for calculating RB is similar to that
for case (a). Results are presented in Figs. 5.20; 5.21 and
5.22 for a typical device. In this case, the simple theory
predicts the noise ts be independent of bias, while the
improved theory predicts a decrease with increasing gate
voltage at saturatién, and a decrease wi?h increasing drain

voltage below saturation, for constant gafé voltage.
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Case (c). Traps at midgap at the interface.
For traps located at energy Ei’ the ftftp product

becomes
n_n, n.

s i . i
—_— = — ‘ (5.94)
(ns+2ni)2 Ns i -

-h
-+
HES

.t tp

The dependence of the noise on doping and bias is
illustrated in Figs. 5.23, 5.24 and 5.25. In this case,
there is- a serious discrepancy between the simple and improved
theory. The reason for this is apparent from (5.94). In
reélity, ng is always much greater than nis while the simple
theory predicts that'ns << n, right at the drain. As Vds
approaches Vp, equation (5.70) indicates that F(Vds) tends

?

rapidly to a value of 0.25, independent of the value of Nos

while the improved theory indicates a much smaller increase
with drain voltage, and a decrease in the noise at saturation
with increasing gate‘voltage. A closer approximation would
be to say that

n h
ds) = 7 (5.95)

S

F(v

although this still indicates too large an increase in the
noise near the drain. It must also be noted that the overall
level of the noise is strongly dependent on Nyg» @S for the

case of traps at (a)..

Case (d). Traps at the electron quasi-Fermi level along the
whole channel.
For the simple theory, the term n%z/nS could not be

neglected when evaluating the noise for this situation. in
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reality, the electron concentration at the interface, Ng» is

always orders of magnitude above Nes even‘at pinch-off, and

1
t tp In

-+
-+
lla

(5.96)

at all points in the channel. The expression for Rn reduces

to
vV,
_quTﬂe ds 1
Ro = 73 J T dv (5.97)
SawkTLzCT V '
oXx ds o

‘where N. is.the l.‘ef\“ecti've' volume density of traps in the
oxide, as defined in Appendix C.

Results are 'shown in Figs. 5.26, 5.27 and 5.28 for a typical
device. The improved theory again in&idates signfficant
differences over the simple theory as indicated in Figs. 5.26
and'5.27. For a constant gate voltage, the increase in noise
with drain voltage is not as pronounced as the simple theqry
predicts. In addition, the simple theory indicates an
increasing noise voltage at pinch-off with increasing gate
voltage, while the imbroved theory shows thgt the noise is

almost constant for this condition.

5.5 EFFECT OF NON-UNIFORM TRAP DISTRIBUTIONS ON THE SHAPE
OF THE SPECTRUM '
In the preceding calculatfohs,rthe trap distribution
was assumed to be uniform over distance into the oxide. In
;eality, the density of surface states is expected to be

large at the interface, decreasing with distance into the
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. The, effect of an exponentially decfgésihg density

with distance from the interface was inyestigatéd by

Christensson et alz9 for a single bias cqnditioﬁ. ~However,

the distribution, chosen‘fbr mathematical convenience, was.

physically unrealistic because the density changed orders of

magnitude in less than an atomic disténcg at the interface.

A more reasonable distribution is givén by"

where

Then

1

N‘.
S

» n =

at the

. o S
LNGy) = N - (N-NO) (D) - (5.98)

trap concentration per unit volume in-tﬁe oxide
at- the interface |
trap concentration per unit volume at y = d
ﬁaximum depth in the oxide at wﬂich surface ‘state
traps are. located:

factor thatldetermfnes the shape of N(y).

interface, y'= 0 and N(y) = Ns while at'y = d,

N(y) = N, independent of n. The form of the distribution is

shown in Fig. 5.29.

Y -

Fig. 5.29 A realistic distribution of traps in the oxide.
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Using (5.98), it is possible to examine the effects of the
ratio Ns/No’ the distance d, and the trap tfme coﬁstant oﬁr
the shape of the spectrum. It can be shown (Appendix C) that

the factqf which determines the shape of -the spectrum is giQen

by

"
. J [N(yﬂ T exp (ay) dy © (5.99)

l+w2T§exp(2ay):

"It is then poséible to show that the low-frequency

limit of the 1/f regioﬁ is approximatelx determihed,by'

- 1 - i o :
w, = T exp (-ad) . (5.100)
where
' _ 1 .
TS—W (5.101)

and o is apéroximately 2x108cm-]. Thus, w, fg a function of
ng. If éraés are located only to a distanee of 108 in;tead
of ZOR, the value of W, will be altered by many or@ers of
‘magnitude, since a is {arge. Thus, dependfng'on-the depth
of the traps and the gate voltage, the lower end of the spec-
trum may flatten at much higher frequéncies.than first
éxpected. The results obtained by substituting (5.98) into
(5.99).a;e shown in Figs. 5.30, 5.31 ‘and 5.32_for_a number of
different situations. '

| The efﬁect of the exponential distriBytion is .to’
raise the level of the spectrum at higher frequenbies.: How=
ever, for distributions such as those shown in Fig. 5.30 for

n > 1/8, the effect is only to raise the overall level of the
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,spectrum.. It is also apparent that as tHe Aepth of traps,

d, varies the low frequency break point, 0 (Fig. 5.32) A
varies over a wide range, but is always asymptotic to a level
determined:by the valﬁe of No at moderate frequen;ies. For
traps tha; are effective at distances greater thah 102, it
éppears that the lpw-frequency plateau would not be: observ-
aple using gonventional measurement tecﬁniques.' If it were
possible to observe this plateau, it would prbvide a useful
check on the theory, since"rs decreases ané thus 0 should

increase as the gate voltage increases above threshold.

5.6 SOME COMMENTS ON THE VALIDITY OF THE-MODEL

The tunneling model appears to be a Very attractive
one for explaining surface state noise iﬁiMbS FET's,.since
it gives_cdrfect results for reasonable values of the para-
meters involved. The model has béen inveét}gated extensively

through the usé df germanium filamentsBo.and MOS diodes.72’79
‘ 78)
95

(This is discussed in detail by Many et al. There is some

controvérsy as to the validity of the theory, and some
authors say hysteresis should be obseyvéble in the capacitance-

72 if traps

. voltage chéracteristips of the MOS capacitance,
with very long time constants exist.” The hysteresis that is
observed is usually not as large as théory predicts. However,-

29

as pointed out by Christensson et al, noise measurements
are usually carried out at frequencies -greater than 10Hz,
while hysteresis is sensitive to states corresponding to much

lower frequencies. In addition, the results of the preceding
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.section show that the level of the spectrum seems to be very
dependeﬁt on the trap distribution in the oxide near the
interface, and the Iow-frequenéy break point'may:vary con-
siderably with bias and depth of traps. The break point
.could occur anywhere below the measurement frequency, and it .
would- be difficult to estimate the hysteresié‘;hat should be
obéerved. Apparently, a paper concerning hysteresis measure-

ments will be published in the near future.BL

Finally, as pointed out by van Vliét,ao

the model'is
attractive because of its temperature indepeﬁdence. The
maénitude of the spectrum is relatively in&ependent of the
magnitude of_TSexp(ad) as long as the factor is }arge. There
are, of course, situations where fhe noise in MOS FET's may
be temperature dependent, if traps aré located at_certain
levels Tn‘the gap. Since carrier concentration, mobility,
etc. are dépendent on temperature, a gompleté analysis would
be difficult to make. -

At this point, it is,imbortaht'to note that the
results of 'the preceding sections do not need to be associ-
ated directly with the tunneling model. The bias depeﬁdénce-
of the noise has been calculated using-the fact that the
fintegral of the- time cons;anf over distance is a cénstant
and ma& be reﬁoved from the integration. It is conceivable
that ofher types of frapping mechanisms could result in the
same type of situation. Provided the jntegfal with respectv
to channel voltage does not involve ény_additiona] terms,

the analysis will still apply. This may be useful for
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'evaIUating:the noise from mechanisms'whichzwilj‘no doubt,be

postulated in the future.

5.7 'SUGGESTIQNS“FOB REDUCING'THE'NOISE

Since the noise is»associateé“with,gpnditfgps étvthe
interface in this case; no signifiqgnt rédu¢ttqn pan_be
oStained'by’altering the substréfe déping‘gs‘wasrthe case fof
generation-recombination noise. The‘USual technique-of in-
cregg{né‘the gafe %rea applies, but), é; Ee?orerthe electrical
characterist}cs of the device deteriorate as the area
increases. A decrease in the oxide thicknéss would increase
the ox}de capacitance as well,.but there.afe practical
IimitapTons to the thickness of oxide that can be used. Much
iattgntion in recent years has been focu;éd on‘gréwing clean
oxides §nd oxide-seﬁiconductor juhction; with low interface

78

state density. This appears to be the mose useful method

of improving the.noise performance to date.
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6. EXPERIMENTAL RESULTS

At‘fhis point, in view of the theory derived in the
preceding chapters, the value of performing conventional
noise measufements on commércial]y=avai]able devices seems
questionable. In order to verify thé’theory for each separate
noisé mechanism that haé been discussed, it would be necessary
to manufacture MOS FET's with different imﬁurtty concéntra;
tions under mahy different conditions. Fortunately, devices
have been fabricated by others in an attempt to determine the
effects of different factors on the overall noise performance.
Yau and Sah3!:7] have constructed gold doped devices in order
to observe the dependence of the generation‘recombiﬁation
noise on,doping; geometry, and operating point. They have
also copstfucted devices wi;h lqw surface state density:iﬁ
order to»éxémine the thermal noise characteristics at high
frequencie§.6o However, mosf measureméntg have‘been carried
ouf only at a few discrete f}equencies'in the range of
interest.28-31,53,55 |, ;4 desirabi; to ca}ry out,meégure_
ments over a range of frequencies, since the‘l/f dependence
of the noisé can exis% over many decades of frequencyl6]-67
This has not been done for a wide rangé of opgrating points
due to the tedious nature of conventional mea;uring teéhniques.
In order to reduce the tedious nature of the experimental
work, as well as to obtain high resolution and
accuracy over a wide range of fréquencies, a different method

of noise measurement has been used in this work. The method
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is based on stajistigal anaﬁysis of sampled da%a; and is des~-
cribed in detail in Appendix D. The techniqde allows speétral
measurements to be made from 2Hz to 10kHz at almost ahy |
desired resolution and stétistica] accuracy, with a animum 
of effort. A total of 33 noise'spectra have been measured
to observe the frequency debehdence of the noise under many

different bias conditions.

6.1 .bESCRIPTION OF THE MOS FET'S UNDER TEST:

The theory presented in the previous chapters should
apply equally to p-and n-channel enhanceméntjtype FET's
Accordigg]y, measurements have been cafrfed out on four
commercxally available enhancement MOS FET's of both channel
polarities. Two complementary p-and n- channel devices are
tested to eliminate differences in geometry, thus ailowing
a dlrect comparlson of noise performance using the two types

of materwal.

6.1.1 Determination of the Device Paramete%é

| In order to calculate the noise characteristics of
the devices under test, it;wa; necessary to obtain a reason-
able estimate of geometric factors and substrate properties.
These were determined as follows. ‘

_ The 'substrate doping was obtained by performiﬁg
breakdown measurements on the drain-bulk and source-bulk
~junctions. The method provides an estimate of Na since the
breakdown.voltage is related to impurity density. The results

are accurate provided the source and drain are much more



-130-
heavily doped than the substrate, and provided the”b—n junc-
tions are abrupt.68’69 An.alteéﬁate method, apparentiy used
with considerable success,]7 is to consider the ratio of fhe .
transconductance in séturation torthe_ouﬁputAconductance when
Vgs = 0, with gate voltages slightly above threshold so that

Vp < 2¢F‘: It can be shown!7 that

' v
[%ms/go(vds=oﬂ ; i = (1 + E%F)ivp < 2¢p (6.1)
= . o

which gives a value of Ng directly from the ratio Va/hop.
A more accurate value may be obtainea from hfgﬁ-frequency
C-V data for the MOS capacita-nce,70 but fhis technique re-
quires a-knowledge of the test pads incotpérated into the
,device ggqmetry, and is a difficult measurement to maké.

Channel length and width measurements were made by
removing the can from the header of each'fransistor, and
photographing the chip with a known magnificatfonu . The geom-
etry of the chip was easily obtained with the aid of é
compass and scale. |

Oxide thickness measurements were_made by etching
Fhe.gate metallization and observihg the oxide under a.
microscope. The co]o} of the oxide is a very good indicatiqﬂ
o%‘ifs thickness, and charts are available fér comparison
with observations. Thé order of the thickness was obtained
by comparing measurements of |4 and 9m witﬁ theory. Since
thg mobility u, is not known, this method may not be particu-
larly accurate, but should give a rough idea of the thickness

under the gate metallization.
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Threshold voltages were obtaine@ from piots of Id/gm.
as a function of gaté-séurce voltage, and were compared with
approximate‘values f}om static 14-Vyq curveS'fof eaéh
transistor.

The parameters obtained for the four fran;istors are

shown in Table 6.1.

6.2. MEASUREMENT OF THE NOISE

Thé measurements in ?his work have beén performed
keepiﬁg in mind that the bias depéndence of the noise appears
to be the best indication of the mechanisms'invﬁlved. Accord-
ingl?, noise spectra'weré obtainéd for a vartety of bias
condi;ions) The‘parameter chosen for measurement was tﬁe
equivalent noise resistance referred to the iﬁﬁut;-the reasons
for this choice are given in Appendix D. |

The results for the four FET's described in Table 6.1
‘are shown in Figs. 6.1 to 6.9. Table 6.2 is includea to give-
an overall Qiew of the quantities. being measured. The sharp
peaks in‘the'spectra are due to 60Hz and ité harmonics. The
problem can be avoided by using higher resolution, as des-
cribed in Appendix D, but brocessing time is significantly
increased. All measurements were made'at case temperatures '

of 25° = 2.



Table 6.1

Experimental

Device Parameters

AN

FET Make Channel Substrate Threshold Channel Channel Oxide
o o Voltage - Length Width Thickness
and Number Polarity Doping (qm'3) (volts) (cm) (cm) (Angstroms)

Northern. p-chénnel, . :

Electric | zener gate. 3.5x10!° -4.65 0.0012 0.112 1800

#58 protection : .

Motord]a n~channel, 16 )
2N4351 no gate 2.5x10! 2. 40 0.0014 0.106 1600
#61 protect.ion ,

Motorola p-channel _ ! o
24352 no gate 5.3x101° -4.05 0.0014 0:.106 1700
- #126 protection : : X

Siliconix p-channel, L - , '
M511 zener gate 7.0x10 - =5.50 0.0016 0.180 1500

#55

protection
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’ ’ MOS FET FIGURE

PARAMETER OF INTEREST NO. ] NO.
Equivalent mean square noise voltage = . 58 6.1
referred to thé input, as a function 55 - 6.4
of gate voltage with the drain in ) 61 6.7
saturation, ' d _ 126 n 6.9
Equivalent mean square noise voltage 58 6.2
referred to the input, as a function . 55 . 6.5
of drain voltage below pinch-off for : 61 6.8
constant gate voltage.
Equivalent mean square noise voltage . 58 6.3
referred to the input, 'as a function ‘. 55 6.6

of drain voltage past saturation for

constant gate voltage.

6.3 ANALYSIS OF RESULTS

The surface stafe noise ca]culati06; indicaté that
without a detailed knowledge of the distributiong of the
traps over energy and distance in the MOS FE+, it is difficult
to predi;% the noise perférmance of the device. However, the
model‘for the generatioﬁ-recombinafion noi§e appears to be
a good one, so that the variations of noise.frqm this source
with bias can be readily calculated using the experimental
parameters.in Table 6.1. The resu]ts,‘éhown-in Figsl 6.10 to

6.13, indicate that in all cases the noise increases by a
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ﬁéctor‘of Zﬂto 5 for increasing drain voltage prior to'pinch~'
qff, éqd also increases'wiéh!g;té vol#age at éaturation. This
same type of dependenée waslpfedicted fqr the simp}e theory
of surface s£§te noise due to traps at'the.elggtron dqaéi—
Fermi level all along the channel. However,#the impro&ed
theory shows that this type of bias dependence is nof expected
ét all for surface state noise from the tunnglfng model.
With these factofs in mind the résults'can'bé investigated
more closely. |

A ﬁumber éf prominent featurésrcgh be readily observed
from the‘dfagrams. |

(1) The'oveéall'level for the noise from transistor
nos. 58 énd.SS increaseg significantly with increasing gate
voltage at'satdration, while no noticeable increase is
observed'qu nos. 61 and 126.
| (2) No increase in the noise levglfis observed with
drain voltage increas}ng from well'below.p}ﬁch-off to well
past pin;h~off for any of the four devices. For nos. 58 and
55, the ﬁoise decreases slightly. |

(3) The shape of £he spectrum below 10Hz varies.con-
siderabiy-with bias changes for nos. 55, 58:and 126. .

(4)'For frequencies above 10Hz, the. spectrum follows
a 1/f dependence in a]f cases except for FET no. 126, wherer
the spectrum is flat to 200Hz, and exhibifs a.near l/f2
dependenqg at higher frequencies. |
Separate consideration can now be given. to the resu]tﬁlfor

each transistor as follows.
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(a) FET #58 - |

From Figs. 6.1 and 6.2, it can be séen that the noise
increases with gate bias at pinch-off, and decreases slightly
with drain bias increasing prior to pinch-off. This type of
dependence .indicates that the noise‘mayube due to a high con-
centration of traps near the valence‘band edgel(it is a p-
channel device). ‘Traps at this location are not unrea§onable
and, in fact, measurements performed by Sah, Pao andfr |
quelscher]7’26 have indicated that it is common to have high
surface state densities at botH the conduction and valence
band edge;. "Since the device parémeters are known; it is
possible to calculéte

e 2 LKTR,, | :
NAF = N 3 - (6.2)

o
using (5.65) wheré ftftp is given by (5.91) ‘and No is the
trap density per unit volume in the oxide, assumed to be uni-
formly distributed to a depth of 208 . At 1kHz, with Vgs =
9v, zzf/Af is approximately 10-13volt2/Hz from Fig. 6.2. The
calculated value for ;:?/NoAf is 6.05x10"35volt2cm3fﬁz which
indicates an N, of approximately 1.6x162'/cm3: This value

is slightly larger than would be eXpected.]7;26’29’48 How-
‘ever, it should be noted that the overall levelaéf the
spectrum is'directly proportionai to n; from (5.91). The
temperature would thus have to be known exactly to get an
accurate value of ny. Finally, traps at ér:near the electron

quasi-Fermi level give larger theoretical noise contributions

than traps near the band edges. It is probable that traps
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are distributed over the energy gap, thus giving a larger
magnitude of the noise for a smaller volume distribution of

traps in the oxide.

(b) FET #55

The overall level of the spectrum for this transistor
véries in much the same fashion with bjas as:FE+ #58, indi-
cating that a large contribution to the noise may be Aué.to
traps near the valeﬁce band edge. However; in this case the
shape of the spectrum varies considerably at low freqﬁenc{eé
under conditions 6f high inversion prior to pinch-off. lFrom.
Fig. 6.5;‘it can be seen that below 10Hz, the spectrum follows
a near 1/f2 dependence with V4g = 1 volt, decreasing to some-
fhing less than a 1/f depeﬁdence as Vygq Fn;reases. None of
the theo}ies presented in this work would indicate this type
of dependenﬁe with bias. It is possibfe.that mobility varia-
tions at the interface could cause the shape of the spectrum
to change. The study of carrier mobility in inversion layers '
on silicpn.is very complicated, and will not be reviewed in

this work.

(c) FET #'s 61 and 126

These two devices are complementary p and n-channel
enhancement type low-power swifching transistors. They were
chosen to eiiminate geometrical dependence of the noise and-
allow a direct comparison of the two types of'transistors‘
From Figs. 6.7, 6.8 and 6.97it hé§ become clear that the noise

characteristics of the two devices are quite different. The
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n~channel device (no. 61) shows veryrlittle change in the
noise with all variations in bias, and follows a near 1/f
spectrum over the entire measurement range. The p-channel
deVice (no. 126) exhibits a flat spectrum from 10Hz to 200Hz,
and then foliows a near 1/f2 dependence at higher frequencies.
Below 10Hz, the shape of the spectrum again varies. However,
in this case the shape varies with gate bfas with the drain
pinched-off, whereas for FET #55, the shape was seen to vaéy
with drain bias prior to pinch-off under heavy inversion
conditions.

The distinct corner frequency in fhe spectrum fis
indicative of a single time constént trapping process. From
Fig. 6.13, it is apparent that generation-recombination noise
can be ruled out as the possible cause since the experimental
spectrum decreases slightly with incréasing-gate voltage at
saturatioen, while the theory for generatipn-recombination
noise indicates that the noise should nearly double as Vg4q
goes from 6 to 9 volts. On the other hand, if the plateau
is the result of shallow traps in the oxide, then the corner

depends

frequency should be a function of bias, since Tg

inversely on the electron concentration at the interface.
From Fig. 6.9, no such dependence is observed. This indicates
that either traps with a single time constant independent of
bias exist in the oxide, which is unltikely, or that the pre-
dominant noise mechanism is of some other type.

As a matter of interest, a qualitative test of the

temperature dependence of the spectrum was made using a real
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Atime,Foﬁrier'Analyzér. The‘AnaLyzér uées an- ensemble averag-~
ing technique, and 50 ensembles were used for the tests.. Two
devices of the same make weré tested‘tb ensufre that the spec-
trum was not characteristic of a single device. dThé’resy]ts
are shown in Figs. 6.14 to 6.16.

The shape of the spectrum for both trans?stprsrpf
this type is thus found to be very sensitfve to temperature,
the lower corner frequency decreasing with a—decrgase in
temperature. From Figs. 6.14 and76.15, the break frequency
decreases‘from 200Hz at room temperaturé to less than ZOH;
simply by wetting the heat sink with a small amount ofrcontacf
cleaner. This high sensitivity to_tempgrature seems to indi-
cate the presence of generation-recombination noise, since
the time constant has beeﬁ shown to be higﬁiy temperature’
sensitive,.3]"83 and theoretically varies in the direction
observéd,in this case. This is contrary to the conclusion
that generation-recomb}nafion noise was not present, as was
mentioned.earlier. The effect.of temperatﬁre on.thé spectrum
for surface state noise in MOS FET's is not quite as b]e;r, A
and‘to date, to the author's knowledge; no detailed analysis
has been performed for the model‘being used.‘ In fact, the
type of spectrum exhibited by FET-#126 is not common to all.
The requhse is, indeed, peculiar and warrants fﬁrtherA

investigation.
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Fig. 6.14 FET #126

(a) Power spectrum with log magnitude vs. linear
frequency scale, 0-1 kHz, Vgs = -6V, Vgs = -10V, transistor
at room temperature.

(b) Same data as in (a) displayed with log-log
axes.
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Fig. 6.15 FET #126

Effect of a slight decrease in temperature on the
shape of the spectrum. (a) Log-linear axes. (b) Log-log
axes.
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Fig. 6.16 FET #126.
Effect of an increase in temperature on the shape
of the spectrum. (a) Log-linear axes. (b) Log-log axes.
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7. CONCLUSIONS AND SUGGESTIONS FOR

FUTURE RESEARCH

A ﬁnified approach has been used to analyze nolse in
silicon enhancemeﬁt-type MOS field-effect transistors at low
and moderately high frequencies. Low-frequency .generation-
recombination noise has been analyzed for a‘single_trapping

17

process using the bulk charge'model éf Sah, and a theory
is derived that prevents the results from.diQergthg.at ptnch~
off. The analysis is'found éo be iﬁ close'agregmeﬁt with
recently published resulps.3]’71 The éffects ‘of the sub~-
strate on low frequency surface state noise due to carrier
tunnelingito traps in the oxfde are analyzed in'detail. A
techniqué-for caléulating the carrier concenfration per.ﬁnit
volume atrthe interface‘along.the channel is presegted to
show that. previous theory is oversimpiif{ed gnd ﬁisleading
in someicases. The effects of different trap d}stributions
in the oxidé'on the shape an@ magnitude:of the spectrum are
examined. The major contribution to the noise comes from
traps at energies neaF or above the quasi-Fermi level for
electrons along the chahnel. The bias dependenqe of the
spectrum is complicated by the energy distribuéibn of traps
over the bandgap of the silicon éubsFrate._

The thermal noise characteristics of the Weimer model
at moderately high frequencies are presented explicit]y in

terms of device parameters and bias cohditions.33 The.bulk

charge theory is reviewed with the inclusion of an external
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substrate‘bias,'and tﬁe results are used to'examine’the
effects of the substrate on the gate noise éf moderately;high
frequencieé.84 The resulfs_fo} gate noise.and correlation.
between gate and drain noise are found to be in agreement
with those presented recently by Raqsh using,a different
approach. An error has been discovered in his results for
the correlation coefficient ¢, and it is found that c'in-
creases slightly over the value for an_intftnsic substrafe.
The gate noise expressions are shown to redﬁbé analytically
"to the re;ults for the Weimer model %or the case of an
intrinsic substrgte at pinch-off.

Noise measurements are performed using a statistical
analysis approach to obtain high resolqtron:and accuracy over
‘a wide frequency range. Experimentaf variatfons with bia;
are compared with theoretical calculations based on the
theories derived in previous chapters. The dominant mech-~
anisms aré speculated and an estimate of the trap- density
per unit volume in the oxide is obtained. . The model appears
to give an approximate order of magnjitude for the noise, as
well as a I'/f dependence over many décades'of frequency.
However, one of the transistorsitested does not behave as
the theor? predicts. Thus, even though theimodeliappears to
give correct résulés in many cases, it cannof be used to
explain all the variations observed. While it was originally
hoped that the bias dependence of thernoise might be a good
indication of the mechanism involved, it has become apparent

that no conclusive results can be obtained using this
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technidué; |

| Thgré is still a large améunﬁ of work to be aone on .
low-frequency noise in semiconductor devieés; Vlt has béen
égﬁeraily_accepted that noise in MOS aevices ts a surface
bhenomena; but, as mentioned earlier, theré'ig a wide variety
of Qpinion gs'to the actual mechanism involved. The’theory
of the tunngling'modei has been investigated thorodghly fn
this work, and it has been found that the hpdel cannot explain
all the results observed. lt.wou]d be vgr? useful to perform
a detailed analy;ié of the‘effects of temperature oﬂ the_'
noise chéracteristfcs. However, at ;his stage it abpeérs
that ;hé'approach would be Véry complicatea,‘due to the num-
ber of variables involved. | |

7 Until very recently, it was thoughé thaf an excess

noise genéra;or was operating in'thé,chanher at high
freqﬁenc{¢$.53’55{85’?7 .A mode 1 assﬁming mqbility fluctua-
tions in ‘the channel.was utilized to explain the experimental

5k

data. Rao's results for the correlation coefficient were

used to support this theory. Howe&er? it has now beeh 
shown60 that the measurements were not performed at suffici-
ently hfgh frequencies, and that the results obtained were
due to a 1/f component in the noise. This work has shown
thét the correlation coefficient calculations were also in
error, so.that it appears that the excess noise generator
does not exist.

Additional work has been done on very hiéh frequency.

52,88,89

noise by Klassen and Prins. However, many aspects
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of“hjéh frequenéy nqise can still be inveétigated.' A start-
ing point WOuld be the calculatioﬁ pf thermal ﬁéfse using a
.]umped model approach as has'béen uﬁed in this work Qt moder-
ate frequencieg. The'aﬁthor has derived a small-signal Bigh-
frequency equivalent circuit for the Weiﬁer model that could

90

be used for this calculation. Furthef work would'theh“deal

with the éffedts of the substrate on the noise at high-
: o1

frequencies. Das has recent]y puElished é detailed descrip-
‘tibn of High-frequency properties qf MOS FET's jn;lﬁdiﬁg the
effects of substrate resistiVity)'which dguld'be used as a
basis for the noise calculations. o '

In geﬁeral, it appears that until 1/f noise mechanisms
are more fully understood for MOS‘capacifors, no significaht

results W§ll‘be obtained for the more complicated MOS

transistor. Further work should proceed with this in mind.
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APPENDIX A
INTERELECTRODE CAPACITANCE CALCULATIONS FOR

THE MOS FET

A difficulty arises in the'calcalatfcn of small-signal
capacitances for the'MOS FET, due to the non-reciprocal nature
of.the gate-te~bulk characteristics. A smali-signal variation
in Vgg with the substraté ac short cnrculted to the source
will result in d}fferent variations in Q -QB and Qn than a
émall-sfgha} variation in Vyg with the gate ac short-circuited.
to the source. lt is therefore difficult to represent the
. gate bulk branch of the equivalent circuit with a capacitance.
The method of representation that is normally adopted is to
calculate the compbnents‘of small-sighal gate and bulk cur-
rents aeﬁociated with the mutuai'coupling between the-gate
and substrate and then represent these components by current
generators connected to the gate-and-substrate terminals.ls’82
In this work, we are only concerned with cabacitances associ-
ated with,the éate-source'and gate-drain terminals, as the
noise calculations using the split transistor technlque are
performed aesumlng gate, source and bulk are ac short-
-cnrcuuted for the transistor of channel length x, and the
gate, drain and bulk are ac short-circuited -for the’tranststor

of channel length (L-x). The 'small signal gate and bulk

currents can be written as

1 ' (AL
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dQg,- e
th ‘ ) ‘ ) . (Ac

iy

Where’Qgé and QBt are the total .gate -arid bulk charges,
réspective]y.‘;Usfng.the chain rule, thesé .can be ekpanded

in the form

_dQgy _ 3Qgy dVgy » 3%t dVps  30Qg¢ dVys

i o= = (A.
g dt BVgs dt oV dt - Vg, dt

T dQBt _ aQBttdvgs + aQBt dvbs +laQBt dvds (A
b dt avgs qt avbs gt ‘ avds dt - :

If the capaéitances associated with the gate terminal are
denoted as Cgs’ ng and Cgb’ then the gate current may be

written in the form

2)

3)

k)

v 4 dv dv g |
i =c =29, 8. gb. . (A.5)
g gd dt gs dt gb dt
which canrbe rewritteﬁ as
dv dv , - - - dv
T . gs _ - ds _ bs .
.l!::J — (Cgs’i'cgd.'i'cg'b) —--——--dt ng a1 .Cgb at (A.G)
The total gate capacitance, ng, is represented Ey.
= +C 4 ¢C :
Cgg = Cgs gd (A

gb
and is usually agsociafed with the variation in Qg with'Vg

from (A.}). This yields

- aQ )
t .
c + C + C = il .
’gs gd gb BVgS S (A
Similarly, the gate*drain capaciténce is represented by
P T: (a.
gd - BVdS ‘ *

7)

S

8)

9)
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"This means fhat the component of géte currént'dpgjﬁd muﬁual
'capacitancé‘.between gate and bulk is cpnﬁeCted,wfgh an;/z
dVpg, and the-gate-éource and gate;drain éapaciténces caﬁ be

- written as

. 3Q . 3, Q. :

gs T VT BV TRV (A.10)
5Q .

Cqg = -~ w9 - Al

for the calculations performed in this work. Other elements "
of the equivalent circuit can be dérived in a similar fashion,
but are not of interest as far as the noise calculations are

concerned in Chapter k4.
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APPENDIX B
STATISTICS OF A FLUCTUATION. PROCESS INVOLVING |

A SINGLE TIME CONSTANT

The statistics of charge carrier density fluctuations
" in semiconductors has been analyied in detail by

42,43, 44

Burgess THe statlstlcs for an electron trapping
process involving a snngle time constant are derived here in
order to justify'the use of equations.(5.5)‘and (5.6) in'tﬂe
.noise analysié of Chapter 5. | | '
Conside} a situation in which there are n élect}ons
in the céﬁduction band. If the probébilit9 that an electroh-
enters the band in time dt is g(n)dt and the probablllty that
~an e]ectron leaves in time dt is r(n)dt, where;g(n) and r(n)
are the generatioﬁ and recombination ratésufOr eTectrdns;_
then the.brobability of a transition out of the state n
(i.e. into some other state) in time dt i;'
E(n)P(n)+§(n)P(HZ]dt,where;P(n).is the probability distri-
bution fuﬁétion of n. Similarly, the‘probgbility of- a tran-
sitfon into thé state n in time dt ig. | | |
E(n+])P(n+lj+g(n-l)P(n-lﬂ dt. The change.in the:probabili£y

of the state (n) with time is then

Fin) {_r(n+])P(n+])+g(n l)P(n-l] [(n)P(n)+g(n)P(n] (5.1)

wheré chn) = 0 if P(n) is stationary.

ja R
ot

From (B.1) it can be shown™2 that
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n-1 .
P(0) @ g(v)
v=0

r(v)
1

P(n) = (B.2)

=3

v

"is found at the

The most probable value of n, denoted as Ng»

extremum of P(n), that is at the point where
P(n) -~ P(n+l1) =.0. _(B.3)
Substituting into (B.2) yields r(n+l) = d(h)'and if -

n=on > 1,

r(ng) = glng). - (B.4)

Equation (B.4) can also be-pbtained by examining 2nE(n].

Increasiné,n by 1 yields a change in an(hﬂ of

ln(l}';rs_:%')]= 0 . ' (B.5)

and substituting from (B.2) gives

w0 (5.6)

or r(n,) = g(ny) as before.

Thus for large values of n

%ﬁ{b"l?ﬂ}i = 0 | (B.7)
n=no L .

and it is easy to show that

cdZenP () g7(n) r/(");, . (8.8)

dn?2 ~ g(n) r(n)

Where!thé.primes denote differentiation_wjth respect to n.
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A Taylor series expansion of z#f(h] about ng retaining only
second order terms yields ‘ i | ;

R,'nE(ni‘= e (ng )+ (n- no) zn[(n] L ("2?°)_ zn[(n]|

Mo , =No’

(B 9)

and substituting from (B. 7) and (B. 8) gives

. u S
P(n) E’(n ]exp{- —(n Ng) l::(r(‘::‘)’) -'2,(5]:;’) } _(B.IO)

which is a Gaussian distribution of n abcut'no with variance

N Y BPLITINy }
e st - ] e

and the primes denote differentiation with respect to n.

"Now the variance‘of n is ‘also the variance of n,, the puﬁber

of occupied traps. In of&er to apply (B.11) it is hecessary

to obtafh;ekpreésipﬁs for the rate of gene(ating pésiti?ely

| charged érap levels “in a given volﬁme AA‘anﬁ'for,the rate of
generating neutral levels. The total number of fraps in the
élemental! volume AA is N, AA. The rate of generating positively

charged trap 1eve]s is then given by
r(nt,AA) = (en+cpp)ftNtAA . - (B.12)

since e, is the emission probability of an electron, cp is
the capture probabnllty of a hole, and f N¢ AN s the fraction
of occupied traps in the volume AA. Simitarly, the rate of

generating neutral levels is

g(ng,B) = (epten)fepN Al ] (B.13)
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where‘ep, cn‘are the emission probability of a hole and cap-
ture probability of an.electron, respectively, and"
Substitutihg (B.12) and (B.13) into (B.]1)3 and performing’

the differentiations with respect-to ne gives

" - 1.
—_— : - : '
(GntAA)z_ = [—,;-t- + Nt‘n't] AA (B.15)

1t is then easy to show that the variance of the fluctuation

in the occupied trap density is given by

—5 Ny ff "
s = LI LR . (B.16)

The relaxation time constant determining the return from a
small deviation.to equilfbrium_is obtainedrby coqsidering
that if at anyrmomenp n'# ng, the rate of cﬁange of n towards
ng is | |

& (n-ng) = g(n) - r(n) (B.17)

where for small deviations

Catn) = glng) ¢ (e (ng)] (sa18)
r(n) = r(ng) + (n=n )" ()] (B.19)
so that (‘ ) : | 7
n-n_)J) .. .
.-g—t (n-ny) = - -—-—-—-—TO° (B.20)
where ‘

]
o= ¥ ng) =g (ng)

(B.Zl)
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So]ving‘(B.ZO)“using (n-ny,) = 6n and §n = Ghd at t

boundary condition yields

n = Gnoexp(-t/To).

0 as .a

:(B.22)

The autocofrelation function for the aperiodic function of

time (B.22) is found from the definition,h6'

R(x) = [ F(6)F(ten)de .
o

Substituting 6n = f(t) from (B.22) gives

T

R(t) = (sng)% 52 exp(-it/1o) .

Thé‘square of the mean value p is given by

and the mean square value is found from

L
w2 0
¥2 = R(0) = (sn,)% 52,

The variance Gn? is given: by

T

sn? = lim % J (Gn-u)zdt
T o ) -
- w2 o2
— T
2 _ 2 o
or‘ §nc = (8ng) E

so that (8.24) becomes

(B.23)

(B.24)
(B.25)
(B.26)
'(§~27)

(B.28)
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R(t) = Snzexplﬂﬂltof - ‘V(B.29)
and the physically realizeable one-sided spectral density is

‘gfven by

G(f) = & I R("r)co.s'27rf"rd.'r 0'< f <w, o (B.30)

- 0
where (B.30) is known as the Wiener=-Khinchine Thedrem.h

Substituting from (B.29) and integrating yieids

hénzr

6(F) = —2 (B.31)

1+w™ 1T
. o

the one-sided spectral density for a relaxation process

involving a single time ‘constant.
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APPENDIX c

A REVIEW OF THE TUNNELING THEORY

A simple model for the potential variation between
semiconductor. and oxide has been utilized to explain the
dispersion in time constants which gives rise to the 1/f

29,72 ‘Traps are assumed to be located

spectruh for the noise.
‘randomly in the oxide near the oxide-semiconductor interface,
so that eléctrons will tunnel to the traps, remain for a time
that depends 6n the distance of the traprf;em the interface
and the surface density of free carrners, and. then return to
the conduction band and the inversion layer at the interface.
The theory and its application to MOS tr?nsistors as preSented

Yby Christensson et a|23 is reviewed in deteiT in the following

sections.

C.1 The Tuhneling Model
A sfmple step in energy is assumed between the'oxfde

and silicon as shown in Fig. C.1.

A energy

silicon WrvTTTTTvToTrTT™

Q\
incident i 2 k2
wave \ T § KO = 2m (W Wo)/‘ﬁ
packet .
52,2 1 2/~ \ oxide
W = - W \
o * o
2m 0

=Y

Fig. C.1 Simple potential barrier used for calculating tfap

time constants.
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72

It can then be shown that for.an electron at fhek
surface, fhé"capfure probability' for a trap located at a

distance y from the iﬁterface into' the oxide ‘is given by
e ly) = c exp(-2K y) (c.l)

where <, = capture probability for an eieqtron.near a trap

in the oxide, assumed to be the same. for all traps
: I ‘ '

Ky o= [2n” (u-w) /6] 2

W = height of the potential barrie;
W = energy of the impinging electfﬂp
4 = Plank's constant divided by 21

*

m. effective electron mass.

Then using (5.]), assuming that p, and p, are small,

the relaxation time constant is given by-

(c.2)

_ 1 o o
f T @n(y)](ns+nl) ) TseXP(@Y)
where

u=%— 2m W S (c.3)

fs ey e

and it is assumed that W >>.wo'foren3ure that the decay con-
stant Ko is the same for all electrons. The capture cross

section ¢, is of the order of 10-8cm3/sec,?3 while ne varies
16

from 10 to ]019/cm3. For traps located a few angstroms

into the oxide, the time constant can vary over many orders -
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of magnitude, thus giving the required disperéion‘necessaryl

'to produce the 1/f noise.

C.lll Applicationfof the Moqel

In order to perform the no%se calculations fér thé'-
MOS FET, it;is neceséat? to consider that t;aps may be dis-
tributed.in energy.over the forbiddep'gap, as.wel! as spétir
a1l§'disfribqtgd in the oxide. The two typgs‘of distributioné

are showr in Fig. C.2.

e E
N(E) Y
cn “ev

Fig. C.2 Two different types of trap distributions: over
energy, N(E), and in the oxide, Nt(E).

I traps'are located at a distance y‘from the 1n§erﬁ
face, thé surface state noise must be evaluated by considering
" a fluctugtiqn in the trapped charge in a volume.element zAxAy
located in the oxide. It is assumed that there-is a uniform
distributign of traps N; per unit Volﬁme over a distance d.
from the interface into the oxide, whére fhe:traps'may'be

distributed over the energy bandgap of the substrate, and the
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distance -d is much less than the cxide thickness Tox; The
situation is then similar to that in section 5. 2, where the
bu]k charge |s assumed unlform over a dlstance yd in the
bulk. In thlS case a fluctuatlon.snts in the“trapped charge
n., located in a volume zAxty causes an incremental fluctua-

tion in the potential from bulk to metal given by the moment

formula,

A(wam)-= - Eﬁ; §n. YAy "(C.5)

and at the same time the charge in the oxide fluctuates by

an amount gén_ Ay. Straightforward analysis then leads to

ts

A(aQ ) [:A(av)] (c ox F E—) + qén .sAy(l + -T-Y—) (c.6)

ox
and repeating the procedure for calculating'Rn assuming traps

to be located at a single energy level gives

' 2
. Vv '
_q?No . ds d T(]+Tf;) ftft : |
R, = = 5 5 73 T B dydv. (c.7)
kTLzC v L lT+w" T
X ds o o)
Iyt . o _ .
where 0 = H-;E—_ and T = Q /C ox" The factors © and .I' may be

ox
evaluated for either the Weimer or bulk charge models of the

device.- The integral with respect to y is performed from

zero-to-d, so that the term (1 + Tl—) is at most (1 -+ Ti— .
ox ox

Normally q fs only a feh‘angstroms, compared to a typical
oxide thickness of 2000 angstroms, so that d/T0x << 1 and to
a very good approximation the term can be neglected in the
integral. Then noting that ft’ ftp and T are“?ndependent“of
y, and that
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97:= ot ." ' T (c.8)

from (C.2), it can be shown that

2
d T(]+T¥—) B ‘ : :
____Egg—— dy = &E tan-ll}rsexp(adﬂ L. tan—kwré}h (c.9)
1+w T . ' :
The faétor T varies between 10-8 and IO-]] secondg. If'dA

is 20 R,'éﬁd W=154,0 eV, TseXp(ad) is greater than ]06 under
hormal cbndifioné; and tan-][ﬁrsekp(ad)].ﬁs nearly %rdown to

very low frequencies. The spectrum is of the form

2 - .
d. 1 (1+=) :
—jex = L2 tan M (ur )] (c.10)
2. 2 Y = Su L2 tan Wy )
MoTT . N

which exh}bits a 1/f dependeﬁce down to vefy low frequencies
and hp to .frequencies where thermal noise becomes fmportant.
(A more geﬁefal analysis which resuits in.éfdependenqe other
than l/fihas recently been published by Berz.99) Thén‘in the
frequency range of interest, (C.7).betomes |

2 Vds : -
' ma N ) t ot -
R, = 5 > ——£ dv. (c.11)
2kTLzCT aw V
ox ds o

24

lt has been shown that the assumption of constant
ftftp is reasonable for the case of generation-recombination
noise, since the electron and hole conpentrafions,in the

depletion region are small. However, at the sdrface, the

electron ‘concentration is large and varies from source to
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‘drain, so that the dependence of ft and ftp on drain volﬁage
must be ‘taken into account for the case of Sufféée state
noise.
I fhe trappiﬁg processes are governed by Fermi-Dirac‘

statistics, it can be shown that, inrgenera],

' 2
p]ps+n]ns+y(ni +nsps)

Ff, = ’ (c.12)
t tp 2
) [hs+n]+y(ps+p184
where Pes» Pys Ny and n, are given by
P, = Nn;exp (Eipr)/kT | e ' (C.l;)
. . y=0
p; = n;exp (E,-E )/kT | - S (C.14)
né = n.,exp (En—Ei)/kT-l . (c.15)
y=0
ny = niexp (E -E.)/kT | . (C.16)
b . t ! c, Y=0 N .

In order to evaluate (C.12), it is necessary to know the
energy location of the traps. [t is possible to have traps

at many energy levels in'fhe gap, as shown in Fig. C.3;
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Fig. C.3 Energy band diégram at (a) the source

(b) a point x in the channe].

The letters correspond to

A. Traps at the conduction band édge

'B. Traps at the Fermi level at the,source

'C. Traps at midgap |

b.‘Traps at thé electron Fermi.Tével along the
whole channel. & |

Traps at the valence band edge are not 6F‘pérticular interest.

This can be seen aé follows. . With Et = Ev’ it can be shown
‘that . X
Py = niexp(Eg/ZkT) (C.17)
n, = niexp(-Eg/ZkT) (c.18)

so that Py >>n There are two cases to consider, namely

1

light and heavy inversion.
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If the surface is lightly inverted, then

(E,mE)f < (Ej-E)) , (c.19)

y=0 y=0
and _ )
. 2 ‘ . . . ‘
PyPg = N, expl}Ei~Ep+Ei-Ev)/kf]| > nfg - (c.20)
. y=0
so that
Py > ng >> p. > n, (light inversion) (c.21)
and '
Py R
ftftp = TFT?F;T C . (c.22)
For conditions of heavy inversion, it is possible to
have _ .
(E_-E.)| > (E.-E )| . (c.23)
Then
' . 2" ' :
PPy < N, ‘ (c.24)
. 2 o o
nepg < N, : (C.25)
and .
Noe > Py >> Ny > p (heévy inversion) ‘C.26)

so thatrftftp is given by

2
n.

FfF e " (c.27)
t tp (p]+ns)2 .

In both cases Py and ng are so much larger than n; and p;’that

ftftp is very small and the noise contribution from traps at

this level is negligible. Even the case of traps at midgap
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at the interface gives a noise coptribution which fs small
compared to. traps lacated at energies above tﬁe quasi-Fermi
. level for electrons in the channel, as Qill bgrshOWn in the
analysis té follow. . |
I o}der'to evaluate the.integrél in (C{ll),lit:is

necéssary to know thg vériations in ng énd Pg with distance
along the channel, and also to know the deperndence of Nyg ON
gate voltage. _The théory presented by Christensson et 5129'

assumed that the concentration varied as

. n_ (v -Vv) . .
ns = .—O_S\_I__E_____ . (C'28)
. P ’ ‘

where Vp,; Vgs-VT’ the pinch-off voltage for the Weimer,
model.
It was further as;uméd that nny > niz.evefywherg, which made

the integral in (C.11) convergent for all values of-V The

ds”
magnitude éf the noise 'was then evaluated using a typicél
vaiue.for hos of 10]6/cm3 for normal inversipn coﬁditionsp“
‘The simple‘theorf using (C.28) is'reQiewedﬂbriefly here to
serve as a basis for the analy§i§ in Chapter 5.

At the surface, the electron concentration n; is

much larger than P> and

p

2 - 2
g =1, egp[:(En-Ep)/kT] <on ;c.29)

so that with y = 1, (€C.12) 'is given by
nyn

fFf = S . o . (c.30)
o (ps+n]+pl)2
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Using this approximation, the noise calculations can be per-
formed analytically for the four trap situations shown in

Fig. C.3.

Case (a). Traps at the conduction band edge at the interface.
‘ ln'thls case,-Et‘= Ec’ and both:Ep and En ?re larger
than E. so that

n;, >n
1

e 7> Py . S (es)

Using (C.31) to evaluate (C.30), the voltage .dependent portion

of Rﬁ becomes

W) (v *vy) J ds f;ft | ( |
F V = ——-—E' dV C'. 32
ds | Zlvs-vd5 \'4 ' .

where vs;”vd and v. are defined by (2.2), (2.3) and ﬁh}6):
respectively. .

Equation (C.32) cah be integrated to yield . '

n_ . (2v -v, )
. _os ‘p_ds -
F'(Vds) - n 2V ' ‘(F‘BB)
P }
When VdS = Vp’
1 nos‘ . A
F(Yds) ”'7 FT— . (Cg34)
and
Nos ' '
F(o) = Fya . . (c.35)
. 1 !

Thus the noise decreases with ih;reasing.drain voltage prior
to pinch-off, and in¢reases with incféasing gate voltage at

any given drain bias.
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Case (b). Traps at the electron quasi-Fermi level at the

source.

1 En = Ep = Etf it is easy Fo show that
M % Mos > P1 T Pos- (c.36)
Substitution into (C.32) yields
4 1 o
'F(Vds) = T _(C-37)

and the noise is independent of bias.

Case (c). Traps at midgap at the interface.
For this situation-Et = Ei and Eh, Ep are both greater
than Ei so that .

Py = n, =n, <<n . - (C.38)

Substitution and integration gives

n, (2Vp-Vds) .
F(Vds)..g 2n 2n, . ) (€.39)
(vp-vd.s)+--—-n (2vp—v.ds)
os
When Vds = Vp,
. ] '
F(Vp) il y _ (c.40)
and when Vd = 0,
5 . n,
F(0) = —— . ©(C.b1)
: os ~ , '

The noise apparently increases many orders of magnitude as -
the drain voltage increases prior to pinch-off for traps in

this location.
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Case (d). Traps at the eiecpron quasi-Fermi level é]ong the;
iwhoie channel.x | |

.In.th{s case it is-assuméd thatAtraps a}e‘distriﬁuted'
over energy in the région'of the electron quasi-Ferm? Igvél,
and that traps at the Fermi level at eacH point along the
‘channel are effective in the capture .process. ‘Since fhe trap
density, fraction of occupied traps,‘and trap tjme constant
a;e"functiqns of energy as we]] as voltégeland'spatial~loca-
t}on,:the.direct integration of (C.7) is not valid for thfs.
case. Thé expression for Rn in ﬁodified form }s given by

Vas Ee dt(55 o (E)(l+4l—’2
t T

2
R = -q 0 J . ' oX N
" TLze? v2 14?2

ox ds -0 E o
v :

F (VL ENF L (V,E)

= dydEdV (C.42)

where ff(V,E) fraction of occupied tréps at’ energy E

ftp(V,E) = ] -:ft(V{E) |
: dt(E) = distance into the oxide over which traps of
energy E are distributed
and *Nt(E) = trap distribution ‘over energy and over dis-

‘tance into the oxide (see Fig. C.2).
|f-the trap density is uniform ove#.distance, and

- assuming dt(E) = d for all trap energies, (C.42) becomes

V. E '
. ds "¢ . .
R = -q%r0 J [Nt(Ei]ft(v’E)ftp(v’E)
2 . T
0w

L dEdV (C.43)
2kTLzCZ Vv . |
oxX

ds o E
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in the frequency range of interest.

It.is necessary to evaluate

T = J [Nt(‘EZ] fV,E)F (V,E)dE (C.Lh)
. E. ~
v
since ‘
ny = n;exp BE-Ei)/kil - ' (c.45)
and o | o h'
~ Py = n.exp [(Ei-E)/kT]..l (C.46)
For a uniform distrfbutioﬁ of traps over ehergy, given By NsS(E),

29

i't can be shown that

- n. .b': (E.-E )l
T s E\ISS(E_)_Jk‘E-Z(;-;— g ;,—?—) ——-":—17—’1—:' (c.47)

. N__(EXkT, n_ >> n,. ,h 3 (C.48)
[ss } S

HoWeVe}, for the simple theory, when ng > 0 at the drain,
(c.47) diQerées‘to infinity,:and the depénéepce of ftftp'on
ng is h&t properly reflected. In order to integrate with
respect to channel voltage, Christenssonreé alz9 have shown
that a good approximatién is

Ec 7 ‘ _ '
J | [Nt(Eﬂ‘lf:t(v.,E)ftp(V:,E)dE = [N (B )] BRTE (VL E ) F (VL)

E
v

(c.49)
since the integrand is sharply peaked about E = Et with a
value of 1/h at the peak.  From (C.49), the result is that

the 'effective trap density!’ N+ is given by
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Ny = hkT@t(Enﬂ.‘ | (C.50)

Then ft(V,En)ftp(V,En) can be found by examining the quanti-

Fles Rgs> Nys Pg and Py» given by

ng = niexp[(En-Ei)/ijl : ' (C.51)
y=0
n, = nsexplet-En)/kill (c.52)
- n. .
P = HL— exp[}En-Et)/Kﬂ | (c.53)
) s y=0
Py = nexp BEi-Et)/Kﬂl. - (C.54)
y=0
| f E, = E_ at all points along the channel, (C.12) becomes
' : 2
. - s ‘
F(VLE D (V,E) = 7 - (c.55)
n,
(20 onl
s n_
S .

The term ni2/ns cannot be neglected in the simple theory,
since nsj%.O at the drain at pinch-off. Substituting (C.49)
_into (C.43), and using n. $<‘nos after integrating gives

. (2v -V, ) ' o
) = —gv,_ 40 |~ 77| - (€.56)
| 2(-25—42) + (1)
p " 0s

M '
F(V ) = %’2n <n054~> (c.57)

p

and

F(O) = f . o (c.58) |

. This indicates that the noise increases with gate voltage at |

pinch-off and with drain voltage prior to pinch-off.



-194-
The theory described in the previous sections forms

a basis for the improved analysis of Chapter 5.
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APPENDIX D

THE NOISE MEASUREMENT SYSTEM

It is possible to measure a number gf parameters when
comparing device noise performance with theoretical calcula-
tions. For junction transistors, the minimumrparameters
required to describe the noise performance are two equivalent
noise generators and a cross~correlation coefficiept. With
field-effect transistors, the main origin of noise is the
fluctuation of the drain current, so that it is possible to
represent the noise performance of the device by é éing]e
current generator at the output. If the input is ac short
circuited, the noise can also be represented by a single
voltage generator in series with the input, which can then
be associated with the thermal noise of an equivalent noise

30,93,94,95

resistance Rn‘ ‘"In this work, the eduivalent noisé
voltage referred to the input is measured exclusively. Flinn
et 3130 have mentioned that it is not practical to refer the
noise to the input at low drain vdltages, since 9 decreases
and the gaiﬁ decreases proportionately. However, méasuring
the noise current at the output is also a problem since at
low drain voltages, part of the noise current flows through
the output impedance‘and the current fhrough‘the load resist-
ance must be corrected accordingly. The decrease in drain
voltage will only cause a problem if the gain of the first

stage decreases to the point where amplifier noise becomes

important. The measurements in this work were performed
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under conditions where this was not a problem. If it is
desired to obtain the mean square current at the odtput from

the experimental results, the relationship

2 e 2 T 2
by /Af = llkTRngm =e “g_ /Af | (D.1)

can be used with the results shown in Figs. D.1 and D.2. In
Fig. D.2, the carrier mobility Hofs has been reduced from
the-bulk value B, to bring the theoretical curves into close
proximity with the experimenta] results. When using (D.1)
for the measured values of the noise, the experimental values

of I should be chosen throughout.

D.1 THE STATISTICAL ANALYSIS APPROACH
The digital processing approach to nbise measurements
is not a cohplete]y new idea. Firle and Winston6'2 used stand-
ard IBMimethods to measure noise at frequencies .below
]O-ZHZ }n 1955. In this wqu, it was‘deéiréd to have a
fast method of measuring complete noise spectra as a function
of bias, rather than to measure the noise at one or two
discrete frequencies. A generalized commercially qvailable
spectral analysis program writteﬁ for use on‘ther[BM 360/50
system prsvided the speed and accuracy desired. No attempt
will be made to describe the operation of the program, as it
: 96

is discussed in detail by Enochson and Otens.

- The basic noise measurement system is shown in Fig.

D.3.
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Fig. D.1 Transconductances as a function of drain voltage below pinch-off.
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Fig. D.2 Transconductances as a function of gate voltage at pinch-off.
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“To prepare the random ana]og noise signal for digftal
analysis,'apﬁropriate amplif}cafipn, Iow-pasg filtering,
analog-to-digital conversion, magﬁetic tape 'storage, and tape
format.conyersioﬁ are required. Details’of the analog-to-
digital coBversion éystem are shown in Figf D.h; The
appropriate sfng[e-channel sampling program is read by thé
paper tape reader and stored in the small digitél computer.
The required sampling frequency and .number of 'samples is
specified on the teletype-unit and the:corresponaing raté’js
set on the puisé generator. The computer collécté samples
in blocks_éf 2000 'words'; and then dumps them onto digital
.magnetic tape. The telétypeﬁprinté od£ a permahént record
of tape file numbers and relevant information fgquired for
digita] pfocessing. The réw data tape obtaiﬁgd isrcompéiible
‘with IBM tape readers, but is not in ghe correct format for
the spectral anaiysis program. A conversionlto the standar&
intermedfate data tape format is performed Qs}hg a separate
program.. Spectral analysis then yiéldé pr}nted and pjotted
output of the"power spectral density of the input noise.

The input data is scaled by the gain factor before processing
so that the output plot is a direct measure of the noise
power referred to the input of the system:

The method ofﬁéhoosing the sampiing frequency; nuhber
of sémples, reso]uti6n banéwidth, and statistical accuracy
desired is és follows.97’98A
(1) The maximum frequency of interesf, fm,ris choseén. Low-

pass filtering of the analog data at the maximum frequency
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of interest is required to prevent 'ajiasing'; Aliasing
refers to the effect of frequency'foldingrabdut thé |
Nyquist frequency (one half the sampling frequency, fs).

The power épectral,density evaluated after sampling can

. be distorted if frequency components beyond the Nyquist
frequency are allowed to alias or add to the true

.spectrum. Filtering assures that the high-frequency

components are removed and the resulting power sbectra}
density is a true representation.

The.sampling frequenﬁy fg must be at least twice fm

and is -normally chosen as

(p.2)

~The cdt-off‘frequency of the anti-aliasing.filter is then

set.at f_.

The minimum resolvable frequency bandwfdth Be‘fdr the
spectral calculations is hext specified.' This parameter
represents thé narrowest frequency band which can be
djscrfmihated in the calculation of the.pqwer spectral
densit*. It is analogous to Af used in the precéding
chapters, As Be increases, the powef spect?é] dens}ty
curves become artificially smoothed, covering up promi-'
nent frequency components in the dagah -Ca}é must bg‘

taken to choose B, small enough to detect any significant

periodicity in the noise.
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The.statistical accuracy is selected to ensure that the
resulting spectré afe statistically reliable and smooth.

4

The number of statistiba] degrees of freedom, v, can be

-used as a measure of statistical accuracy,'with v = 100

assuring that the calculated spectrum will lie within
£1 db of the true spectrum 90% of the time. The ¢hoice.
of v with a fixed value of Be then defermines the minimum

record length T, required, since

v = 2B.T,. . )

_(4) The number of samples, N, required to achieve the speci-

fied n and B, at the sampjing freduency'fs, is given by

s S :
N = 55 . (D.4)

If the data record length Tr is limited or if there is:
a limitation in the number of samples which can be’
economically processed, a trade-off between n and B is

required, as shown in equation .(D.3) where
T, = N/f,. - (D.5)

Finally, it can be shown that the values of the .power

_spectral density sﬁould be calcu}ated at ‘the following

discrete frequencies:

%8B, i ' o
f=T’ 2,=0,],2, e e e fs/Be’ ' (0‘6)

97,98

to provide independent spectral estimates.
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The s?stem is set uplio provide spectfal estimates
‘doWn to vény‘]ow f?equencies. "In this work, the preamplifiers
used were ac coupled to_preQent drift,problems whiéh arose .
due to the iafge'gain néeded to pr&vide-]argé enough signals
for the A/D conversion system. THe'frequency_response of
the system was approximately flat féom 2Hz to 10kHz. Schematic .
diagrams of the éreampl{fiers and typical gain characteristics
are shown in Figs..ﬁ.S,.D.6, D.7 and D.8. -The‘upper iimit of
10kHz was imposed by the A/D systém, and the amp]ifier rés-

ponse was adjusted accordingly.
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Fig. D.5 THe‘preamp]ifier incorporating the MOS FET as a first stage;
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Fig.Db.b Amplifier used in con_function with the preamplifier in Fig. D.5.
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' FET punched off.
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To obtain esfimates of the power spgétral density
over the fraquency range from 2Hz to 10kHz uéiné a reasonable"
number of dataipoints while retaining high resblﬁtion, the
data for ea&h frequency decade was processed separately. The
number éf sampleé and the-statistical accuracy were held
approximately constant while thé'resolution bandwidth Be
increased for eagh'succeeding decade. -Typical oufput speétra
are given in Figs. D.9, D.10 and D.11 for the same data pro-
cessed in three different fashions. Detéils pertaining to
the data acquisition are given in Table D.i,r

A comparison of Figs. D.10 and D.11 %Ilustrates the
'smeariﬁé' that can take p}ace if a periqdic!componentuis
présent and .the bandwidth Be is large. Thenperiodic compo-
nents show up in the data whgﬁ brocessed with high resolution
.and accuraéy; but the procéssing.time incrgéses fbrmidably
‘as shown .in Table D.1. As a result, the data .in Fig. p.10
was accebted as a compromise between record length, and
resolution bandwidth. The usefdlnéSs of the measurement sys-
tem is apparent from Table D.1. The total p;ocessing tiﬁe
for- a spectral measurement from 2Hz t6 10kHz is under seven
minutes,rwhile ﬁhe same measurements using conventional
filter téchniques would have been much Idnger. In.aadifion,
the data is stored permanent]y on magnetie tape and may be
reprocessed at any time to obtain spectra with different
resolution, axis size and range for phé séme'data. The
entire statistical analysis program is compiled under 180K

of core, to decrease turnaround time on the 360 system, and



Table P.l

Data Acquisition Parameters

Frequency L of Data |Sampling . .i\Data Acquisi- }|Total Process-
B - |Pe ; : : ;
Range (Hz)Points (N)|Frequency Hz v e(Hz) tion Time(sec)|ing Time (mln)
2-10 | 6000 ko 30 | 0. 150 -
5-100 6000 300 40 1 20 -
, 16.68
50-103 6000 3000 | 40 10 L2
500-10" 6000 24000 50 | 100 0.25
2-10 6000 . ko | 300 O 150
5-100 6000 300 200 | 5 _ 20
‘ — - 6.77
50-103 | 6000 - 3000 - | 200 50 2.
500-10" 6000 - | - . 24000 . 250 | 500 0.25
2-10 34000 " 40 170 | 0.1 850
5-100 34000 300 c o227 |01 113.3 93.1
50-103 | 34000 3000 227 10 11.33
500-10" 34000 24000 284 | 100 1.42

-0t¢-
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the technique is thus very useful for perforhiﬁg measurements
of noise spectra on many devices in a shoft time. x
A second method of processing the Aata is available
dsjng'the Fast Fourier Transform Algorithm. This reduces
processing time significantly, but does not allow the freedom
in choosipg v, Be’ N and axis parameters that is obtained b9

98

the standard Blackman-Tukey procedure, and as a result it

was not used in this work.

D.2 THE ACCURACY OF THE MEASUREMENTS

It is always ihpo}tant to consider possiible sources
of error which may arise in néise measurement.systems, since
these errors are not always noticeable in the regults.

The accuracy of the statistical analysis is dete}mined
by v, which varied betwéen 200 and 300 in this.work. This
means that the spectrum obtained will lie within 10% of.the
true speéfrum more than 90% of the time, which is more than
sufficient for observing overall level changes in the spectra
with bias variations. '

For. low drain voltages and thus low first stage gain,
a high noise contribution from the preamplifiers could arti-
ficially enhance the noise. To make sure that this was not
the case,‘fwo different preamplifiers were built and tested.
The noise cdntribution‘from the amplifiers at the output,

measured with the input terminated 'in R ‘was found to be

L’
negligible in comparison with the noise from the MOS FET.

Noise measurements using both amplifiers were found to be-in
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‘exééllent-agreement and were very repeatab1e, so that this
soufce'of noise was assumed to be negligible,

The final amplifiers used are sHown in Figs. D.5 and -
D.6. It should be pointed out that atrlow drain véltages,r
the drain of the FET was coupled with back-to-back coupling
capacitor; and also direct coupled to the foilowingrsfage.
Again the'fésults were in good agreement, Whicﬁ inéicates
that noise from the second stage is negligible. Ifrtbjs were
not the cése, the noise should have been smé1ler in the case
of dfreﬁt coupling, since the second stage current is de-
creased wheﬁ the base voltage is low,rana the noise is pro-
portional. to the collector current.

%he final source of noise suspected of contributing
at small drain Voltages was thermal noise of the MOS FET.
An examination'of Fig. 4.8 indicates that the thermal noise
increases significantly at small drain voPtéges. However,
the levei is orders of ﬁagnitude below the 1/f noise at audio
frequenc}es. Iin addition, the thermal hoise spectrum is flat
so if the level was signiffcant the overall spectrum would
be expected to 'tilt' as the thermal noise contribufioq be-
‘came more dominant. This was not observed.

it is concluded that the accuracy of the measurements

is more than sufficient for the fequirements of this work.
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