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CHAPTER 1

Introduction

1.1 Introduction to the MOS FET

The Metal-Oxide-Semicondutor Field-Effect Transistor
(MOS FET, also called Insulated Gate FET or Surface FET) is a new
device working on an old ficld-effect Concept. In it an electric
field is applied perpendicularly through an oxide to the semi;onductor
surface to modulate the conductance of the surface channel, Extremely

15 ohms) and pentode like

high input impedance (of the oxder of 10
characteristics make it a potentially valuable small-signal device in
the solid-state field.

The concept of the MOS Field-Effect-Transistor pre-dates
the bipolar transistor. J. E. Lilienfeld(l) first observed the field-
effect phenomenon in semiconductor materials in 1926, and attempted to
‘invent an MOS FET, finally obtaining his patent in 1930, Unfortunately,
due to the limited knowledge of solid-state and thin-film physics, little
progress was made to turn it into a useful device. In 1948, Shockley
and Pearson(z) re-examined the modulation of the surface charge in thin
semiconductor films at Bell Telephone Laboratories. Their experiment

failed to yield the predicted modulation results because of surface states

problems, It was their study of the surface problems that led Bardeen and



Brattam to the discovery of bipolar transistors. In 1952, Shockley(s)
by-passed the surface states problem and suggested the junction-gate
field-effect transistor, in which the cbnducting channel was inside the
semiconductor. However, the junction gate FET, using a reverse biased
p-n junction as a control gate can only deplete the channel charge.
If operated with the p-n junction forward biased to enhance the channel
charge, a heavy current will result in the control gate circuit, which
is undesirable. Thus the research work leading to the MOS FET continued.
Then in 1960, Kahng and Atalla(d) proposed a Metal-Silicon Dioxide-silicon
(MOS) structure in which the insulated metal gate was used to induce the
conduction between two normally back-biased diodes, In 1961, Weimer(s)
developed a cadmium sulphide (CdS) insuiated gate thin film transistor
using the evaporation method. In 1962 Hofstein and Heiman(G) described
the insulated-gate construction for the MOS FETs, Since then, the increased
understanding of semiconductor physics and the related advance of semi-
conductor technology has enabled the fabrication of MOS FETs with predictable
performance.

Unlike the junction gate FET, the MOS FET has an insulated

gate which allows the channel charge to be enhanced as well as depleted.

1.2 Summary of Contents

In this thesis, the MOS FET is first analyzed from an active
R-C transmission line view-point. The small-signal circuit model and the
noise model of the device are then derived, and experimental results

presented,



The thesis is divided into four ma2in parts. In Chapter
II, the derivation of the theoretical device parameters together with
the experimentally observed results are presented. In Chapter III,
an analysis based on an active R-C transmission line approach yields
a small-signal circuit model from which the Y parameters are derived,
and measurements are found to agree with the theoretical model, In
Chapter IV, noise-generating mechanisms, noise characterization and
noise specification are first discussed, followed by a description of
the various noise sources in MOS devices. A noise model of the MOS
FET device is derived, then experimental results #re compared with
theoretically predicted values. In Chapter V, results of the thesis

are summarized and discussed, and further studies are suggested.



CHAPTER 11

Physical Theory of MOS Device

2.1 Basic Structure of the MOS FET

The schematic diagram of the experimental MOS FET
structure is illustrated in Fig, 2.1 with biasing circuitry included.
This is the so-called induced p-channel, enhancement - mode MOS FET.

Two heavily-doped p regions are diffused into a high
resistivity n-typed substrate and a thin insulating layer of silicon
dioxide (Sioz) is thermally grown on the surface, the oxide thickness
being of the order of 1000 R generally., The metal gate electrode,
and the source and drain electrodes which form the ohmic contacts,
are made by evaporation and photoengraving techniques(7). Generally,
the substrate is passively connected to the source and just acts as
a support. The conduction in the MOS FET takes place in an induced »
layer on the substrate,

Fig, 2.2 is the IEEE circuit symbol for the device.

The source and drain regions are both of opposite semi-
conductor type from the substrate, and thus channel current is normally
zero vhen the gate bias is zero. The gate is negatively biased so the
electrons will be first depleted from the surface of the substrate, A
further increase in gate bias will induce a p-type layer at the surface

which produces an ohmic conduction path from source (p’) through channel
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{induced p-type) to the drain. The gate bias voltage thus controls

the conductivity of the device from source to drain.

2,2 Drain Characteristics of the MOS FET

2.2.1 Assumptions

The following theoretical analysis is based on two
important assumptions, namely: |
a) Gradual - channel assumption, proposed by Shockley(s):
The influence of the gradient of the field along the
channel on channel charge is neglected, i.e., the potential at X is
determined by the charge at X and not by charges lying to either side
of X, where X is a point along the channel. |
b) The shallow-channel approximation:
The channel depth is much less than the oxide thickness,

and thus the voltage drop across the channel is much less than that across

the oxide, and may be neglected.

2.2.2 Drain Current Id

Before deriving the voltage-current-characteristics, a
special term needs to be defined, viz. the pinch-off voltage (or thres-
hold voltage, gate-onset voltage). The pinch-off voltage is defined(g)

as the minimum gate voltage required to induce a surface channel and

turn on the drain current.



Let the width of the device be ¥ = 1, and

o{x) = surface channel conductance at point X, It is a function
of V.,V and V(x
g 'p (x)
V(x) = channel voltage at point X referred to the source

-Vg = gate voltage
VP = pinch-off voltage
Toz = oxide thickness, then
o(x) > 0 when Vg - V(x) > Vp
c(x) = O when Vg - V(x)‘: Vp
utilizing the gradual -channel assumption, the channel current I at

point X, will be

I(x) = o(x}) E(x) where
E(x) = avix)

dx
Therefore, I(x) = o(x) dvx‘ (2-1)

Since the silicon dioxide layer is an insulator, the leakage current
through the oxide is assumed negligible (if not, the device is considered
as defective), and the channel current from the source to the drain is

therefore a constant, thus

d >

= Vg 9(x) dV(x)
I £ d T for Vg -V

v (2-2)

where L = channel length
Vy= d.c. drain voltage

I ar- drain current



Let Coz = gate capacitance per unit channel iength (for device of
unit width)
p(x) = surface channel charge density at X

b, = carrier mobility

then P(x) = Gy, [V, - V() - V] (2-3)
o(x) = up(x) = uCo [V - V(x) - V] (2-4)

substituting (2-4) into (2-2) gives

uécoz de
Iy==— [(Vg - Vp)Vd - =] (2-5)
o uC (Vv -V )2 - (V =V -Vd)2

. ?his drain characteristic is not va}id for (Vg-Vp)< Vd’ since under this
condition the pinch off at drain electrode occurs, aﬁd the gradual-channel
assumption is invalid,

When (vg'Yp)< Vd' the drain current will be saturated and

_he limited to the value of

2
C V -V
u (gp)

Lis = =1 — (2-7)
or
u \J 2
I . 00z ds (2-8)
ds T y)

where Vds = (Vg-vp) is the drain saturation voltage.



The explanation is as follows: As (Vg-vp) approaches Vd, the channel
conductance is reduced, the & field gradient along the channel becomes
appreciable compared with that of the gate. The gradual-channel
assumption is no longer valid, and space-charge dominated currents(lo)
are generated in the drain region of the channel. The drain current
appears to saturate because the length of the space-charge region is
generally much smaller than the overall channel length, The source
region from the source to the point where space-charge begins is predomi-
nant in determining the drain current. Since this source region length
is fairly constant and the voltage drop across it is fixed at (Vg-vp),
the current flow is essentially fixed. Further increase in drain
vbltage above (Vg-vp) is absorbed across this drain region with only
slight modification of the source region length.

In this analysis, Eq. (2-7) or (2-8) will be taken as the

drain current beyond saturation.

2.2.3 Drain Conductance g4

The drain conductance below saturation can be obtained

from Eq. (2-5). By definition

aId nocoz

g

4° and will increase as Vd decreases. Theoreti-

cally, g4 will be zero at Vd = Vg-‘Jp (i.e. at saturation). Actually g4 is

It is a linear function of V

finite in the saturation region due to invalidity of the gradual-channel

assumption,
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2.2.4 Transfer Conductance gm

The transfer conductance is obtained by differentiating

Eq. (2-5) with respect to Vg, thus

aId uoCoz
e | o Y (2-10)
g VY,

The maximum g, occurs at saturation

uOCO 2z

Bms © gm(saturation) =71 vds

uC
s—llr‘-’i (Vg = V) (2-11)

2,2.5 Voltage Amplification Factor u

The voltage amplification factor un is defined by

A
av, I W g
u 2 - " ———
”g I d 84
d W
d
Va
A A (2-12)
g p d

‘_Theoretically, u will approach infinity as saturation is reached, i.e.
when Vg - Vp = Vd, gq * 0. This does not occur since, as just pointed
out, the drain conductance g4 is actually finite, Thus the voltage

amplification factor at saturation is also finite.
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2,3 D. C. Measurements

The experimental results of Id vs Vd with Vg as parameter,

and Id Vs Vg with Vd as parameter are shown in Fig., 2.3 and 2.4.

The calculated /T;;'versus (vé - Vp) from experimental
curves is shown as Fig. 2.5, The linear dependance of /T;;' on the
gate voltage Vg over a wide range of Vg is observed, which shows that
the MOS FET has a square-law characteristic and is just as Eq. 2-7)
predicted.

The departure from linearity at large gate voltage is due
to the fact that when the pgate voltage gets larger, the holes become
more concentrated near the 8102 interface, and thus the channel holes
suffer more surface scattering and the hole mobility decreases. In

addition, an increase in temperature in the drain pinch off region reduces

the mobility of holes, thus lowering des for higher Vg values,
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CHAPTER 111

The Circuit Model of M0OS FET

This chapter begins wifh a transmission line approach
to the derivation of the circuit model of MOS FET. A lumped approxi-
mation is then made to the distributed line and the Y parameters for
the circuit model are derived. The experimental results are shown

to agree with this circuit model.

3.1 The Transmission Line Approach

3.1.1 Physical Structure Consideration

To derive a realistic small-signal equivalent circuit is
a necessity for thorough understanding of an electron device. Not only
does it help for device small-signal aprlications, it also aids in the
;tudy of the noise of the device.

An ideal equivalent circuit should meet the following three
requirements, it should: |

1) associate itself directly with the physical

structure of the device
2) match all the device parameter measurements

3) be reasonably simple and easy to use.

- 14 -
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The device investigated'in this thesis is physically a
distributed one, and the distributed R-C transmission line model may
be represented as in Fig. 3.1. The MOS FET is also an active deviée,
its channel resistance being modulated by the gate voltage., For a
small variation in gate signal, the channel resistance will be modulated
by a corresponding amount. Thus the current flow in this channel will
be modulated, and therefore a current generator is put in parallel with
each of the small distributed sections to take the channel resistance
modulation effect into account.

As far as the channel resistance modulation effect is
concerned, the whole channel can be divided into three major regions.
Region 1 extends from the source end up to the point where the channel
voltage is Va (Val<'Vg - Vp , See Fig, 3.2). This is the full-enhanced
region where the channel resistance modulation effect is verv small.
This can also be seen from Fig. 3.2 where the Id vs Vd characteristics in
this section is nearly a straight line. Region 2 extends from the Va
point up to the point where the channel voltage equals (Vg - Vp). This
is a less-enhanced region where the channel resistance modulation has the
most effect, The current flows in region 1 and region 2 are essentially
ohmic., Region 3 extends from the (Vg - Vp) point up to the drain, and
is pinched off completely.

Region 1 represents the larger part of the channel but it
only contributes a minor part of the whole channel resistance, since,

as mentioned before, the modulation effect is very small and is therefore

negligible, Region 2 contributes the major part to the modulated resistance.
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Region 3 is only a small portion of the high resistance region near the
drain end. Thus the distributed model may he simplified as shown in
Fig. 3,3. The various elements in this circuit will be specified after

the mathematical treatment which follows,

3.1.2 Hathemétical Analysis

As discussed in section 2.2, the channel current I(x) at
point X (assume the device width W = 1) is given by the following

relationship:

~

10 = o) B(x) = o(x) Sk (3-1)

To study the small-signal effects,.let o(x) be modulated by the signal
and thus it can be expanded into a Taylor series’ about a d.c. potential

v_at X, If
o

I=3i +1i (3-2)
where

v

» 1 = d.c. components of voltage and current in surface channel
o’ "o

v, i = small a.c., components of voltage and current in surface

channel
Since o (V) is a function of V, and V= v_ + v
do(v_§ 1 d? a(v)
ox(V) = ox(vo +v) = c(vo) + v(x) + v '—TT-__' Vi(x) ¢+ ...

(3-3)

* Extension of Bechtel's series expansion approach, Tech Rep. No.
1612-1, Stanford Electronics Lab., April, 1963
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where the subscript x of o on the right-hand side is dropped out.
From Eq, (2-4), it can be seen that o(x) is a first
order function of V(x), therefore, the first two terms will be

sufficient to specify cx(V). Then from Eq. (3-1),

\ do(vo) dv
I(x) = [o(v)) + —y— V()] ¢ (3-4)
let I(x) = Io <t ix
L do (v )
-~ then I(x) = Id <t ix = [O(VO) + -3——-v(x)] dx
d(v + v) do(v ) d(v + V)
= o(v,) + e V(X)) e (3-6)

Separating the d.c. and a.c. terms, one obtains

1) d.c. part:
dv

Iy = 90V, 21‘;29' | (3-7)

which has the same form as Eq. (3-1)

2) a,c, part:
da(v ) dv du(v )

dv
io=olv) -—(N—" r—v(x) + -‘-gv-—v(x) -a- (3-8)
Eq. (3-8) can be simplified somewhat by neglecting the second
‘order term and recognizing that

do(vo) dvo do(vo) .
av ax = dx (3-9)

Then the a.c. part of the surface channcl current is
1 .0 (v ) dv . dax(vo) v
o’ dx dx

] . .g.; [vo, tv,)] (3-10)
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This is the small-signal mathematical relationship for
the channel current ix, channel voltage v and the channel conductance
o, for a small channel element dx at point X along the channel in the

MOS FET,

3.2 The Circuit Model

From the mathematical analysis above, it can be seen
from Eq. (3-10) that the current in one section Ax of the channel is

combined of two portions:

1) -‘LAV, which is proportional to the voltage drop s v across the

ax
section 4 x,
2) -é-:’-(- v, which is proportional to the voltage at the end of the section.

Thus, from the mathematical analysis, the distributed circuit
/
model of Fig, (3.2) can be thought of as a combination of two such
sections as shown in Fig. 3.4.
As discussed in section 3.1, the channel resistance modula-
tion effect in the section near the source end is very small and is assumed
negligible., Thus, Fig, 3.4 can be simplified as shown in Fig. 3.5 for a

common-source configuration, where

g, = 1o (3-12)
Rl = (.—.—)“ (3-13)

Ry = (7o) | (3-14)
2
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3.2,1 The Srmall-Signal Y-parameter Derivation

Since the MOS FET is a 4-terminal (2-port) device,

its Y-parameters can be found from the following equations for

common-source configuration,

o= YV * YoV (3-15)
Tg = Yo1Vy * YooYy (3-16)
From Fig. 3.5, it can be calculated that
91
TS ol
g Vd=0 R
1
1+ =
. R 2
= j w(Cl-u-CS) + chz [ 5 » ] (3-17)
e ﬁi" Ri8p)* JuRCy
ol ‘
Y = ﬁ
12 9% V=0
RICZ
= -juCy [1+ 203 ] (3-18)
R
1
{1+ E-z-+ ngz) + jmklcz
Y . 8Id !
21 FY),
g Vd-O
T -
¢ R,
=g [ T ] - juC, (3-19)

1 .
(1= "ﬁ'z" + ngz)‘ J("Rlcz
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d
Yoo = o |
d s
g=0 >
1+ juwRk C
= 12 1+ juC (3-20)
R2 Rl 3
(1« ﬁ;” ngz) + Jlecz
At very low frequencies, Yzz = 2 (from Eq. 2-9 and 3-20),

Y21 = 8By (from Eq. 2-10 and 3-19)., One also sees that the gate charging
~ and discharging time constants (essentially Rlcz from Fig. 3.5) determine
the high frequency cut-off of the device. This cut-off frequency may

be approximated as = —§7r——- (mc will be defined later). Therﬁfore,

+Rg
at very low frequencies, i.e.w << -—E—- accordingly o << Ry 172
o
and Eq. (3-17) through Eq. (3-20)} can be reduced to
R
Lot
. . 2
Y1 3l ¢ Cp ¢ 5, (- ] (3-21)
1 4+ ==+ pR
Rz 271
D
"1C2
X R,C
JuCy [1+ 2 3~13 ] (3-22)
14’ -R-—z-+ ngl
Y21 = Rl = By (3-23)
10-{2—7- Qngz
1 1
Y,, = w——" R = g (3-24)
22 R 1 d
2 Lk
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The following relationships are found for simplifying

the Y-parameters. Let

B, = 8, * &, (3-25)

Then, from Eq. (2-9) and (2-10),

By = 8y * By=—— (Vg - V) (3-2¢6)

1
82*]'{2'
8 = a7 (3-27)
1+-§-1-+R1g,,
2 .
i.e.
R
1 1 1 1
B, (1 +g-*+Rg) =g, ¢+getpme - g~
0 Tz"z‘ 152 2 TR TR Ry
R R

1 . 1 1
ngO (1 + EZ" ngz) = RI(gZ + ‘E; + 'ﬁ"l")'l (1 + 'E;* ngz) -1

R
1 1
PrE RN T TR (3-28)
Since the circuit model of Fig. 3.4 is assumed to be composed
of two sections, and if L is the overall channel length from source to
drain, then one may assumc that the section near the souce end has a
'length KL, where K lies between O and 1, thus one may relate the channel

section length KL to its channel resistance R1 as:

KL . KL
R * T 15T+ 70T FO) | (3-29)
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From Eq. (2-3)

o(0) = uC (Vg - vp) (3-30)
. g{o "ocoz
i.e. -%-l-- T (Vg - V)

=g * gy = 8, (by 3-26) (3-31)

Combining Eq. (3-29) and (3-31) yields

R, = = (3-32)

and Eq. (3-28) may be put in terms of K, i.e.

R

1+ 'R‘l' * Ry "'1'1-1!" (3-33)
2

From the Y-parameter equations (Eq. 3-17, through 3-20), it is found

convenient to define a cut-off frequency we as
Ry
14§-2-+ ngZ ‘
0. B (3-34)
¢ R,C
172

which is justified later* and thus Eq. (3-17) through (3-20) may be

simplified as follows:

Yll = jm[Cl + C3 + — (1 ¢ o 'I-:K-)] (3-35)

Y, = - JulCy + 2 — ] (3-36)

: * from Eq. (3-41), one finds that g, will drop to 1/2 gm whenw reaches 6o
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g
) . W 1 .
Y21a-——-—-1’j£— (I-J-‘-.: T——T——I_K - )-JmCS {3=37)
wC
Y. = —d [1+35 % ot ]+ juC (3-38)
277, B Ve, T s
()
c

As mentioned in section 2.2, the maximum transconductance,

g __, occurs at saturation and the theoretical voltage amplification factor

ms
p will approach infinity, i.e. g4 * 0, and u >> 1, Then, under saturation

conditions, the Y-parameters given by Eq. (3-35) through (3-38) may be

further simplified and separated into real and imaginary parts as follows:

From Eq. (3-35)

CZ(I-K)
Y., % JefC ¢ Cp 4 = ]
11 1 3 1+ w
@ c
“CZ(";::")(I‘K) j [ Cz(l-K) ]
= + Jw[C. ¢ C_. + wmecwmc——
W (2 1 3 w 2
1+ () 1+ (3
c c
n 2
T ®_ (c ; C, (1-K) : (539)
X et aap—— L jw + + m -39
1e &7 P e &y?
c c
 From Eq. (3-37)
Y., * - juC (3-40)
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- From Eq. (3-37)

g )
Y, s — - JO[C, + —— ] (3-41)
Ty M T
wC wc
. From Eq. (3-38)
vy, m et [1 ok #97)
22 1+ ¢iq - ™)
(ﬂc ¢
: g
* ulcy + — ‘:9__)2 (-,,‘;;-) (1] (3-42)
[
C

3.2.2 The Circuit Model
From the Y-parameters derived, Fig., 3.5 can be transformed

(11)

:into a m-model. From Lo, et al , @ one-gemerator ¥ equivalent circuit
. for small-signal, linear, active four-terminal (2-port) device can be

'"‘fOrmed as shown in Fig. 3.6, Various elements can be found as shown in

. Fig. 3.7 for relatively high frequencies (i.e. w < w,) and in Fig, 3.8
br_fbr low freqﬁencies (i.e. w << w.).
To operate at high frequencies (but w < mc) and at saturation,

the following Y- parameters are obtained from Eq. (3-39) to (3-42):

Y1 * fé"'k(%jz + JulC) + (1-K) €, + Cz.v]k
= ;.“; (%.)2 + Ju(Cog + ng) (3-43)
[+

- juC, = - j 3-44)
Y, = = juCg ]ngd ( )
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Y n
o1 - juC (3-45)
21 1 e gd
L]
c
Yoo 5 Bg * JuCpy (3-46)
‘where Cgs = C1 + (1-K) C2
ng = C3
For low frequency operation, o << w, then
Yy ¥ JulChg + € (3-47)
Y, ’-Jngd (3-48)
Yy "8y - JuChy (3-49)
Y22 =gd + Jngd (3-50)

The low-frequency circuit model obtained for the MOS FET
which is shown in Fig. 3.2 agrees with the device equivalent circuit
suggested by Sahcg). This is the circuit model of the‘intrinsic device,
if the lumped capacitances between the external electrode leads are

“added, it also agrecs with the circuit model given by the manufacturerclz).
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3.3 Experimental Results

3.3.1 Methods of Measurement

Y-parameter measurcments were made on the Wayne Kerr

" bridge B601 (a transformer ratio-arm bridge, having a heasuring
frequency range of 15 KH, to 5 MH_) which can measure transfer admit-
tance as well as driving-point admittance, The principles used

are as follows:

a) The driving-point admittance (Y11 or Yzz). The schematic diagram
for this admittance measurement is shown in Fig. 3.9.

Since the input transformer T, is closely coupled to

1
the secondary windings, there will develop equal and opposite voltages
between the neutral point N and the secondary terminals., When Ys
(standard admittance) is adjusted to give a null indication in the

detector output, the bridge is at balance, and the value of unknown Yx

is equal to Ys.

ij) The transfer admittance (Y12 or YZI)

The most important property of this transformer ratio-arm
bridge is that its leakage impedance across coils is sufficiently low
~and thus an unbalanced load a§ross the secondary does not significantly
'alter the equality of voltages across the two halves of secondary coil.
| This quality makes the transfer admittance measurements possible. The
schematic diagram for ihe transfer admittance measurement is shown in

Fig. 3.10.
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(i} Y,.,: The Y-parameter equations are

12°
I1 = Y111'1 + Ylivz (S-Sla)
L =Y V1 * Y)Y, (3-51b)

where ‘1 and\Rz are the voltages across the input and output terminals
of the device respectively.
When the bridge is balanced by adjusting the standard

admittance YS,‘VI = (), and therefore I, = I ., It is then obvious

1 Ys
from Fig. 3.10 that
IYs ==V, (Gs + JBS) (3-52)
From: Eq. (3-51a) since V1 = Q
Iy =Y ¥y = YoV (3-53)
combining Eq. (3-52) and (3-53) will give
le(unknown) = - (Gs + JBS) (3-54)

(ii) Y21: To measure Y21' the principles involved are the same
except that the input terminals l-N and the output terwinals 2-N connections

are exchanged.

3.3.2 Comparison of the Measurcd and the Calculated Y-parameters.

To justify the circuit model derived in Fig. 3.8, the ideal

method is to find the theoretical values of various elements such as
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Cgs' ng, & and gd (Fig 3.8), which requires a knowledge of C,, C

1* 2
C3, gys R1 and R2 (Fig. 3.5). These latter values are associated with
the device physical materials and geometry which are ﬁnfortumately

not available. Thus an alternate approach to check the validity of
the circuit model can be adopted as follows:

From the low frequency Y-parameters equations (Eq. 3-47

through 3-50)
Yyy = Je(Cee + Coy)

Yyp =-jeC

L (3-55)
Y1 = 8y - J9Cgq

Yo = 8y

where

(3-56)

where subscripts i and y stand for imaginary and real parts respectively.
Thus all these elements can be determined by a set of four measurements
at a certain frequency (say 1 MHz)' If the theoretically-derived circuit
model can represent the real device, then the Y-parameters calculated at
different frequencies using this set of measured quantities, should fit

with the actual measurements.
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The calculated curves of the low frequency Y-parameters
are plotted as solid lines in Fig. 3.11 to 3.14 with dots as the
measured values. There is good agrecment between the calculated and
the measured Y-parameters at least from lSKHz to SMHz (B601 range).
Thus we may conclude that the theoretically derived circuit model
matches fairly well with the real device and can be used to represent
the real device at least in the test frequency range.

Since these Y-parameters should be measured under the
actual operating bias condition, four adaptors were designed and built

for these needs. The detailed adapter circuits are given in Appendix A,
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CHAPTER 1V

The Noise Model of MOS FET

4.1 Introduction

Although many published papers have been devoted to
the study of noise in junction-gate FETs, there is at present very
little information available on the noise in MOS devices, theoretical
or experimental.

A. G, Jordan and N. A. Jordan(ls) have presented a
theoretical investigation of the noise-generating mechanisms in MOS
diodes and triodes, which does not include any experimental evidence.
Using the single-level Shockley-Read-Hall state assumptions they first
discuss the impedance of an MOS diode, and analyze the gate noise in
an wnbiased-drain MOS triode. Then following along van der Ziel's
line in treating the thermal noise of junction-gate FETs, they analyze
the thermal noise in the surface channel of the MOS devices., C. T,
Sah(14) has published an abstract* of a report on %-surfhce noise, in
yhich he developed, using the gradual channel approximation, a low
frequency %—noise theory which accounts for noise associated with the
random emission and capture of charge carriers in bulk states in the

surface channel and in the surface states. Referring to measurements

* This paper is still not published

- 39 -
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made from SHZ to 15 MHZ, he concludes the %- noise is negligible above
100 KHZ. D. N. Nicol(ls), also following van der Ziel, gives without
detail a thermal noise formula, but his accompanying experimental
results do not fit his theoretical prediction well, It seems that a
study of noise in MOS FETs might be a very tricky one. Viewing this
situation, it is interesting to make an effort to investigate the
MOS device noise properties both theoretically and experimentally,
Since none of these published works gave a combined
study (both theoretical and experimental) of noise in this device this
chapter is intended to derive a noise model from the experimentally-
tested circuit model given in chapter III. An equivalent noise resis-

tance is also derived and then the calculated results are compared with

those measured.

4.1.1 Noise-generating Mechanisms in Semiconductors

Noise may be defined as the spontaneous fluctuations in
the number and energy of the charge carriers in any elecfron device.
Since these fluctuations giving rise to the noise occur at random, they
are therefore governed by the laws of statistical thermodynamics.

Noise in semiconductors arises from several different
physical mechanisms.

a) Thermal noise (also called Johnson noise) having a uniform power
spectrum, is associated with the thermal agitation of carriers in the
ohmic sections of the semiconductors., According to Nyquist, any solids
having resistance and not a. absolute zero degree temperature, will

exhibit this noise. A quantitative theory relating to the thermal noise
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power generated in any resistor (having resistance R, at temperature T,
in a frequency bandwidth of Af) was furnished in 1928 by Nyquist(16)
as follows:

enz = 4KTRAF (4-1)

' 2 . .
where e,” = mean-square open circuit noise voltage

k = Boltzmann's constant = 1.38 x 10723 joules/°K
T = temperature in Kelvin °K
R = resistance in ohms

Af = bandwidth of observation in Hertz per second

An equivalent expression for the mean~square short-circuit noise current

between the resistor terminals is

————.

i 7 = 4KkTGAf (4-2)

where G = conductance of the resistor, in mhos

b} Shot noise, also a white noise, is due to the randommess of carrier

diffusion and generation-recombination processes of electrons and holes
in semiconductors. The diffusion process gives rise to shot noise because
of the flow of carriers by diffusion is made up of transferals of charge
in a set of random independent events. The shot noise arising from
generation-recorbination process is caused by the spontaneous fluctuations
in the generation rates and the recombination rates of the carrier, thus
causing fluctuations in the free carrier densities,

In 1918 Schottky(17) gave a formula pertaining to the shot
noise power generated by a temperature-limited thermionic diode which is

widely used as a laboratory noise standard. The formula is
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2., . ' -
i = Lelchf (4 3)

-19
where e = electron charge = 1.6 x 10 1 Coulombs
I, = anode d.c. current in Ampere

dec

c¢) Low-frequency noise (also called flicker noise, %-noise or surface

noise). The power spectrum of the low-frequency noise varies inversely
with frequency, and is of the form L-, where a¢ = 1, In semiconductors,
it is normally observed at the lower audio frequencies but can manifest
itself into the MHz or even higher frequency regions. For germanium

- (1%)
devices, it has been observed at frequencies as low as 10 > Hz .

(12)

It has been known for many years that the traps in surface
states are possibly tﬂe main generating mechanisms for this low frequency
noise., By suggesting that if the energy levels of the traps are distri-
buted over a considerable energy range, then the frequency spectrum
characterizing their charge and discharge by capturing and emitting electrons

will be of the %type.

Using a mathematical approach, van der Ziel(zo), and Du Pre(ZI)
T
(1 +wth)

in a'% law if a distribution of time constants g(1) = %. is introduced.

found that a superposition of shot noise spectra can result

Thus the problem in this case is transformed to finding a physical mechanism

which can interpret this peculiar distribution of time constants.
HcWhorter(zz) suggested that the low.frequency noise iS due

to the random fluctuation in the surface potential barrier, therefore the

number of majority carriers trapped in the surface states is modulated and
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so is the surface recombination velocity. The range of relaxation time
distribution is assumed to arise by suggesting that the surface may be
thought of as divided into a number of areas, each with a trap relaxation
time . But Watkins ) found that this theory is at variance with
experimental facts. It seems that although that the low-frequency noise
is associated with the fluctions of surface recombination velocity, these
fluctuations are not related to the surface potential barrier fluctuations.
Although many theories have been set forth to explain the
low-frequency noise phenomena, it has not proved possihle to give a precise

low-frequency noise model for even a carbon resistor.

4,1.2 Noise Characterization and Specification of Four-Terminal (Two-port)

Networks

a) Noise Characterization:

’From circuit analysis, any linear, noisy, 4-terminal (2-port)
device can always be represented by a noiseless device equivalent circuit
plus two noise generators, each of which can be either a small-signal noise
voltage generator or a noise current generator. This gives a total of
six possible configurations, of which only two are of comparative importance
in device noise study (Fig. 4.1 and 4.2).

In general, these two noise sources are partially correlated,
Each generator is assumed to represent the random noise over a frequency

interval df, for example, a noise fluctuation e(t) is represented in a
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frequency range df at f by

Y

e(f) = V7 e eJut (2-4)

where €, is a complex random number of such value that

e e * = |Z;7}‘ S, () df (4-5)

where Se(f) is the veltage spectral density and can be observed experimentally,

e.g.

en5 = S (f) df = 4KTRdf

————— vot——

. . 2 .
generally, {enztxs written as e “ for convenience

In Fig. 4.1, 1 and inzz may also he represented by

nl

- equivalent noise diode currents according to Schottky's formula Eq. (4-3)

. 2
1

nl = 2el

dcldf

. 2
1n2 = Zeldczdf

where Idcl and Idcz can be easily measured.

In this thesis, the noise representation method of Fig. 4,1

is adopted.

b) Noise Specification
(i) Noise resistance, Rn

A useful noise specification for a noisy 2-terminal device
' (or a A-terminal device, if one of the two neise peneraters in Fig. 41

and 4.2 ean be negleeted) is the noise resistance Rn’ where
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2
e = = 4KTR Af (4-6)

This means that the noise of the device is equivalent to the thermal

noise generated in an equivalent noise resistance Rn'

(ii) Noise factor, F
The commonly accepted measure of the noise performance
of a 4-terminal (2-port) device is the noise factor. The noise factor

F is defined*(24)

as the ratio of (1) the total noise power per unit
bandwidth available at the output port when the noise temperature of input
termination is standard (290°K) to (2) the portion of (1) engendered by
the input termination.

For a device having a noise resistance Rn and a source

resistance Rq, then according to the definition of noise factor F given

above

Rl"l
Feils o (4-7)

Therefore, when specifying.the noise factor of a device,
it is important to specify the source resistance and the operating condition,
Then, an accurate measure of the noisiness can be obtained.

If a linear, noisy 4-terminal device network is represented
by the Y-parameters and two noise current generators as shown in TFig. 4.3
then the noise factor I can be shown to be given by (see Appendix B)

Yn + YS 2
I, f(--q-——n Vi,
ETTY: (*-8)

F=14%

'x.”w*~‘From 1EEE Standafd
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where Ys = source admittance = Gs + jBS

4kTGSAf = mean-square noise current generated by source

conductance GS at room temperature

4,2 Noise in MOS FETs and the Noise Model

Various types(ls) of noise in MOS FETs can be considered
to be associated with physical regions of the device as follows:
1. Thermal noise associated with the channel conductance
2. Input noise associated with the gate structure
3. Low-frequency noise associated with the surface

The possible theoriescls)

concerning the above listed noise
sources in MOS FET will be investigated first. Then a noise resistance

and a noise model will be derived from which the noise factor can be calculated.

4,2.1 Thermal Noise
a) Drain Short-circuit Noise Current

The thermal noise developed in the channel of an MOS FET
is associated with the channel conductance. If a small fluctuation voltage
AVX is developed in the channel at a distance Xy from the source (Fig 4.4),
this fluctuation voltage will modulate the channel conductance and produce
a short-circuit current fluctuation AId in the drain output circuit.

To find the current fluctuation AId(x) in the channel at 31

due to the fluctuation voltage AVX, one first recalls that (from Eq, 2-1

and 2-4)



Substrate (Base)

Fig. 4.4 Diagram for Channel Noise
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Ty00) = [1,Cyy (Vg=Y-V(R)] 9§§il (4-9)

Then (by analogy with I = uv, Al = uAv + viu)
BI4(x) = uCy, [(Ve-V V(S + F (-av(n)]
=u C,, %;-[(Vg—vp-V(x)) AV (4-10)

The total drain current fluctuation due to AV(x) is then found by
integrating AId(x), with respect to x (from x=0 to X=X, , and from x=x. + dx

to x=L). Realizing that

AV(O) = 0
AV(L) = 0
one finds
uOCOZ(Vg-Vp-V(x))Av(X) = AId-(x) for o<xixi (4-11)
MOCOZ(VE-VP-V(x))AV(x) = AId{x-L) for xi+dxg5_x<L (4-12)
since

AV(x; + dx) -AV(x,) = AV, (4-13)

Then, combining Eq. (4-11), (4-12) and (4-13), one arrives at an expression
for the total mean-square drain current fluctuation due to the fluctuation
AVX i.e.

~—  uC
AL = [_grgg Vg -V - V(XI)AVXIZ (4-14)

Since from Eq (2-3), p(x) = Coz (Vg-Vp-V(x))

u
& AIdE = 2 o0 av ) (4-15)
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So far, no restriction has been made on the fluctuation source of
voltage Avx, therefore it can be used as a general formula.

To consider the thermal noise associated with the channel
conductance, let dR be the channel resistance of the section dx along

the channel at X, then

AVx = 4kTdR
dx dx
where & T T (4-16)
then
—

U
81° = [==p(x) &V 1°
h X

= [r20(x)]° 4kTdR
Yo 2 dx
= [;=p(x)]" 4T ;;ST;T

uo
= 4kT — p(x) dx (4-17)
L ;

To find the total short-circuit drain current fluctuation In2 due to the
thermal voltage fluctuation of the whole channel, one integrates Eq (4-17)

from x = 0O to x = L,

=3 bo L
1 = 4kT I po(x) dx
n 2o
e ¥, L
= 4KT ") i’ Cop (Vg=¥pmV(x)) dx (4-18)

This integral can be evaluated explicitly by relating dx to dV(x).

From Eq. (2-5) and (4-9), one finds
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u C
dxz.—g-?-z.[

I
L(Yg - VP - V(x))

vy

[Vg-¥p)Va = 1d)

Vg - Vp - V(x)] dv(x)

dv (x) | (4-19)

~) l

substitution of Eq. (4-19) into (4-18) vields

A\ o4
uC d (Vv _-V(x))~
In2 = 4KT 252=- s D 2 dV(x)

o d
V-V Vg 7=

3 3
4kT yu C (V V)" (V -V =V )
- — o A A P (4-20)
. d
L[(xg-vp)vd- °7T]
A vy
= .,: Let us= L1 i then
s gy
vV -V -V)
(1-v) = —m 2y ; (4-21)
. g P
- and Eq. (4-20) becomes
I 2 - 4kTuo(‘oz v -V) 2 1-§1-u!3
n L g p’ T u(2-u
4kTu C
O 02
= I (Vg - Vp) M(u) (4-22)
2 l1l-(l-u 3
where M(u) = T SO (4-23)
uocoz
From Eq. (2-9) 84 T (Vg - Vp - Vd)
then
uocoz
v %0
d
¥ Coz

and from Eq (2-10) g = -ﬂt--vd
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When operating in saturation region (as in linear applications),

d
to gdo' 1l.e,

vV, = Vg - Vp, therefore g (at saturation) is numerically equal

u C
. 0 0z
g, (at saturation) = g, = —— (Vg-Vﬁ) (4-25)

\'{
V -V
g p

Since u = , then
> >
u o as Vd 0

u-+1 as Vd - Vg - Vp’ (saturation occurs)

Therefore from Eq. (4-23)

3

Lim M(u) = Lin % i—‘(}%?—- 1
u-+ o u-+o

3
Lin M(u) = Lin % i’zf;“ --;-

u-+l u=>1

Then Eq. (4-22) may be simplified as follows

Z
In = 4kT 40 M(u) = 4kT 40° (gt Vd = 0) (4-264a)
I Z. 4kT M(u) = 4kT 2 (at saturation) (4-26Db)
n En L |

It is obvious from Eq. (4-26) that the thermal noise current In (at Vd=0)
is exactly equal to the thermal noise current generated by B4o? which is
as expected from Nyquist formula. Inﬁ (at saturation) will drop to.é

of that given by Eq. (4-26a).
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A plot of the thermal noise modulation facto:M(u) of
Eq. (4-23) is given in Fig. (4.5). From the M(u) plot, one may state
that the short-circuit mean-square drain noise current In: will also

saturate as drain is approaching saturation,

4.2.2 The Input Noise

Unlike thermal noise or shot noise, the input noise
associated with the gate is not a fundamental type of noise. It results
from the combined effect of the leakage current through the gate oxide
layer and the channel;noise coupling effect due to the channel-gate
capacitance. At low frequencies the device could exhibit excessive
noise if leakage is pronounced. However, for a normal device the leakage
current through the oxide layer is negligibly small, For the device
under study, the leakage current has an order of 10'5 nano-amperes
at 25°C(12). At higher frequencies, a small increase in input noise may
be expected due to the fact that the cépacitance between the gate and
channel will have some effect inbcoupling the thermal noise of the
channel and noise due to the fluctuation in the occupation of surface

‘states in the surface channel into the gate circuit.

(13) (=2

4
Jordans , relying on Lehovec and Slobodskoy's MOS
diode equivalent circuit (which in turn is based on the single Shockley-
Read-Ha11(26) state assunption), have given a theoretical study of this

noise (as mentioned in the previous section). Using a number of
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approximations, they give an expression for the input noise igﬂ (under
the drain unbiased conditien) which results in nearly the same

conclusion about the input noise as mentioned above., The expression

1s . W2 2
12wy "9‘2' e’c P f, —---IZ’-— ) (4-27)
8 Cp P 1+ 0 <

where Co = gate to channel capacitance
C_ = capacitance associated with the valence band of the
inversion layer
e = electron charge
¢_ = hole capture probabiiity
pg = hole density at the surface (cm'3)
f,_ = fraction of surface states occupied by electrons
w = frequency of operation

T = time constant corresponding to capture of holes

The conclusions they made are mainly as follows,

a) The input noise is a high frequency noise which may become appreciable
“only when o *%~ . For the device undexr study (Silicon device), the order
of magnitude ofptp is 10'9 sec. and therefore the frequencies at which

‘ .ig2 becomes significant are in the hundreds of MH_(if = 10" 7sec. then

w
f= 57 ° 167 Miz).

b) If the oxide layer is very thick as compared to the channel layer
(this is usually the case, which the shallow channel approximation is based

upon), then Co may be so much smaller than Cp that the noise is unobservable,
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Since the measuring range in this study extends only up
to 30 MHZ, the input noise associated with the gate will be assumed

negligible,

4.,2,3 The Low-Frequency Noisc

The low-frequency noise is commonly accepted as being
attributed to the fluctuation in the number of carriers in occupation
of surface states, Since the surfacé plays a dominant role in the
operation of the device, this is probably why the low-frequency noise
in MOS FETs is usually orders of magnitude higher than the junction-
gate FETs(27).

Recently, Lauritzen and Sah(27) reported that the charge
fluctuations of the Shockely-Read-Hall(26) generation-recombihation
centers in the p-n junction depleticn region is a new type of noise
mechanism that gives a major contribution to the low-frequency noi#e
in junction gate FETs. Although the basic structure of the two types
of FET is different there is a p-n junction actually formed by the
surface channel and the bulk substrate in the MOS FETs. Therefore, in
MOS device the above mentioned generation-recombination centers may
also contribute to the low-frequency noise.

Jordansclz) however, by completely ignoring the effect
of the generation-recombination centers, derived a low-frequency noise
formula for the induced p-channel enhencement-mode MOS device. The

assumption greatly simplifies their analysis, but may not be realistic
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in M0S devices, since the effect of these generation-recomhination
centers plays another dominant role in deterﬁining the relaxation
time distribution. Their expression for the low-frequency noise due
to the fluctuation in the occupation of surface states (or simply
termed as due to the carrier density fluctuation in the surface

channel) is given by

t 2 T
" n 2

]
Sld(f) = 4kT F— CD ———— Vd (4-28)

1 +uwr
n

where
SI (f) = spectral density of the drain current noise
d

CD = capacitance associated with the depletion region
(between bulk and surface channel)

T = time constant corresponding to capture of electrons

The rest of the terms are the same as introduced before, They
conclude that the time constant T in Eq. (4-28) is of the order of
tenths of seconds, and will vary along the length of channel as channel
voltage varies, Thus, a suverposition of n spectra with

. . (Lre"7 %) (20)
continuous distribution of t's will give rise to T type noise spectrum .

They also neglected the low-frequency noise contributed
by holes in the device by saying that the fluctuation due to holes are
very fast and only produce high frequency noise in the hundred of M,

range.
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Since they presented no experimental evidence, their
theory concerning low-frequency noise with the generation-recombination
centers in depletion region completely neglected is not wéll established.
As mentioned in the introduction of this chapter, the knowledge of the
physical process concerning low-frequency noise is still a hard nut
to crack, The difficulty lies in finding a mechanism which will exhibit
a %- distribution of relaxation time over asextensive region (of the
order of 6 or more decade). So far, no satisfactory theory has been
found yet. However, in the subsequent noise model derivation, an empirical
formula which fits the low-frequency noise spectra will be employed,
which will allow the noise factor in this peculiar region to be calculated.
Thus if in the low frequency region, the mean-square short-
circuit drain noise current exhibits a slope of -10 db per decade up
to a %-corner frequency fl’ then Eq. (4-26b) can be modified to cover the
whole frequency range of investigation,

£
-1:7 = 4KT g M(u) (1 + .%.) Af (4-29)

where f is the device operating frequency and .f is the bandwidth of observa-
tion.
When operated at saturation as in most applications
S— f
2 2 1
L= (3-) 4kT g, (1 + ) of

£
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4.2,4 The Noise Model and the Equivalent Noise Resistance
a) The Noise Model

The necessary noise relations required for the noise
model have now been obtained, and with the assumption that the input
noise associated with the gate is neglected as discussed in section
4,2,2, the noise model for the device under study is of the form

as given in Fig. 4-6.

b) The Noise Resistance Rn

The noise current generator in the drain circuit of
Fig. (4-6) may also be represented by an equivalent noise resistance
Rn connected in series with the device input gate terminal,
Introducing the noise resistance Rn of the device, by
putting(s)

emmmp——

3 2
I° = 4kT R Af g (4-31%)

and combining Eq. (4-29) and (4-31) yields

f

1 ‘1
Rn = E;;.- M{u) (1 + T) {(4-32)
When operating at saturation
f
2 1 1

* Eq. (4-31) is an approximation by assuming Y

= g , this is the case
. m
for low frequency operation,

21
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Therefore, an alternative form of the device noise model way be given
as Fig. (4-7).
The order of magnitude of Rn (if only the thermal noise
is considered) at saturation for the device under study (Fairchild
FI-100 MOS FET, the typical value of g, is 600y who) is
2 1 3
Rn = B--g-;‘—- 10" ohm (4-34)
4.3 Experimental Results

4,3.1 Experimental Equipment

There are many requirements to meet to ensure a correct

noise measurement. The essential equipment needed are:

1. A low-noise linear amplifier which is able to amplify the
noise in the desired frequency bands to a level high enough
to be detected.

2. A quadratic detector of which the output is proportional to
the amplifier output power (or a linear detector with an
output proportional to the square root of the noise power
detected)

3. A standard noisc source having its available power dispersed
uniformly over the desired frequency bands and calibrated
in terms of available power per unit bandwidth (used as
noise ieférence standard)

4, A wide range sinusoidal signal generator with calibrated output

for gain calibration and system tuning purposes.
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5. An oscilloscope for monitoring purposes.

There are two sets of equipment used in this study.-
a) Low-Frequency Noise Measurement Set (1 KHz ~ 100 KHz)

The block diagram of the low-frequency noise measuring
system is shown as Fig. 4.8 (Fig. 4.8A depicts the whole assembly).
{1) The FET test stage was built in a well shielded chassis, the
schematic diagram is shown in Fig. 4.9 including noise diode circuit.

Ih this test stage, the necessary circuitry for d.c. biasing is also
included with MOS FET shown connected in common source configuration.

(2) A noise generator was built using a type 5722 noise diode.

It is operated in the temperature limited voltage saturated region with
one fixed and two variable resistors connected in series with the filament
to ensure fine control of the noise diode d.c. current to 1 pwa. The
noise output spectrum was checked and found constant down to S KHz’

(3) The low noisc amplifier used in the test set is a Keithley Model 103,
It has a frequency response from 0.1 Hz to 100 KHZ {3db points), and a
selectable gain of 100 or 1000. With input short-circuited, the noise
voltage measured in a 100 KHz bandwidth is 1.9 microvolts referred to
input (with gain of 1000 and at "low noise'" operation) which meant an
equivalent noise resistance of 1.4 K. This was also checked by measuring
mean-square output voltage versus source resistance and found in full
agreement., See Fig. 4.10 '

(4) The wave analyzer used is a Quan-Tech Model 303, It has a frequency

range 30 Hz to 100 KHZ, with four selectable bandwidths of 10, 30, 100 and
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1000 Hz and an accuracy of 5% of full scale reading.

(5) The signal generator used is a Hewlett-Packard Model 651A.

b) High Frequency Noise Measurement Set (100 KH, - 30 MH )

The block diagram of the high-frequency noise measuring
system is shown in Fig, 4.11(Fig, L4.11A depicts the whole assembly).
(1) The FET test stage was modified to enable high-frequency noise
neasurements, A tuning circuit was built in the FET drain circuit and
is shown in the schematic diagram in Fig. 4.12, The drain output circuit
is tuned to the signal frequenéy by adjustiﬁg C and L (in noise diode plate
circuit) with noise diode off. The method used to determine the mean-
square drain noise current will be discussed in the following sub-section.
(2) The low-noise pre-amplifier used in this test set-up is the
Tektronix Amplifier Model 1121 which has an measured equivalent noise
resistance of 600 ohus.

(3) The narrow band receiver used in this system is the National Radio
HRO-500 which has a frequency range of 5 KHZ to 30 MHz in sixty 500 KHz
bands (continuous covérage), with four selectable bandwidths (500 Hz,
2.5 KH,, 5.00 KHZ and 8.0 KHz)' This receiver is operated with AVC
disabled to ensure the best possible linearity. An output is taken from
the last I,.F., stage and connected directly to the true RMS voltmeter.

(4) The oscilloscope is Hewlett-Packard Model 175A,
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4,3,2 Method of Measurement

For either low frequencies or high frequencies the
following method applies.
The equivalent noise circuit for the two systems of

Fig. 4.8 and 4.11 may be shown in Fig. 4.13,

where Y22 = device output admittance (input shorted)
in = mean square short-circuit noise current of the device
YL = a combination of load admittance, amplifier input admittance

and noise diode admittance, the assumption is made that YL

is uaffected by electrically turning on and off of the

noise diode.

|

inDZ = mean square noise current generated by the noise diode

iL = mean square noise current due to YL

. 2 .

i,, = mean square noise current due to Yin of the amplifier
2 X

e = mean square noise voltage due to Rn of the amplifier

G = amplifier power gain

Af a band width of the amplifier
The basic difficulty in measuring the device noise is to
eliminate the background noise due to subsequent system components.
The method used in this measurement consists of a set of five readings,
two with the device connected, two with device disconnected and one with
the preamplifier input short-circuited. First, the system is tumed with
the device connected and the noise diode open (electrically open not

mechanically, i,e. the noise diode admittance is still in the circuit)
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then the readings can be taken in the following order referred to
Fig. 4,13:

1. with S1 and S2 closed, S3 open, then the output noise reading will

b i 241243 243 2
2 n2 L in nD

8, = G(e " ¢+
1 n lY

22 * YLl

2. with S. closed, S

1 and 53 open the output noise reading will be

2

'."'T*'.""Z'*'._?
=7 ha * " Yn

92 = G(en + 5 (4-40)
¥y, + Y,
3. with Sl‘ S2 and S3 open, the output noise reading will be
i 2, i 2
9, = Gle > + & L (4-41)
3 n
Ak

4, with S, and S, open, S, closed, the output noise reading will be

1 3 2
i 2 +\i 2, i 2
°, = G(en2 ¢ L nf_in (4-42)
Iy, |
5. with S, and S, open, S, closed, the output noise reading will be
1 2 3 | P
OS =G ¢ (4-43)

From the above five readings just taken, the noise current contribution

by the device, in , may be obtained as
2

—" ' (4-39)
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T 7.1 T (2% %%,
n2 np 8 -6, A -6

92 - GS 03 - 05

= 2el ( - ) Af
de ﬁl 52 94 - bs
. . 2 . . .
where use is made of ip °® 2elchf which is the Schottky equation for

noise diode generator, Idc is the noise diode d.c. plate current.

Certain precautions should be observed in the ahove

measurement :

a)

b)

c)

d)

Amplifier power gain should be kept constant otherwise, it cannot
be cancelled in the above manipulations.

The noise diode d.c. plate current should be adjusted to the same
value when making 01 and 94 neasurements.

YL should be kept constant during one set of 5 measurements which
means that once tuning has been accomplished initially, it should
not be altered.

During the high frequency measurements care must be taken so that
disconnecting the device from the circuit (i.e. opening Sl) does

not change the resonant situation appreciably. This was achieved

by employing low Q) resonant tuning.

(4-44)



70

4.3.3 Experimental Results

Noise measurements were made on a p-channel enhancement-
mode MOS FET, type FI-100, a diffused silicon planar II device.

To test thc assumption that the thermal noise associated
with the channel conductance is the primary source of noise in the high-
frequency region, the mean-square short-ckt drain noise current in
was measured with the device operated in saturation and with the gate
a.c. short-circuited. A plot of ;;7. versus frequency is shown in Fig.
4,14, At low frequencies the spectrum has a slope of approximately -10 db
per decade which is the characteristic of low-frequency noise. A hump
around ZMHz to 20 MHz is also observed. This could be related to the
surface trapping center time constant distribution, or associated with
the doping materials, i.e., the charge density fluctuations due to
doping material acceptor and donor centers might be important in this
frequency range. The corner frequency of this typical curve is found
to be approximately ZMHz, which is four orders higher than that of junctioh-
gate FET(B)G At frequencies higher than the corner frequency, the device
noise has been assumed to be limited by thermal noise produced in the
channel. For comparison purposes, a theoretical value of the thermal
noise given by Eq. (4-26b) is calculated using the measured g of 500 u
mhos fo; this particular operating point, and is 5.5 x 10"24 ampz/Hz.

The measured value is 1.12 x 10°23

, which means a 50% discrepancy between
theory and experiment. This may be explained by considering the

experimental and other possible errors involved. The five-reading method
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of noise measurement may easily introduce an error as high as 40% for
only a 1% full scale meter error. Furthermore, in a recent paper*,

Sah reports that the equivalent thermal noise resistance expression

Rn = %- Ei- only holds for a substrate of intrinsic or chemically pure
semiconductor, ile showed that Rn will be greater than %-Ei- for a
doped semiconductor due to the effect of the bulk charge from the
ionized impurities in the substrate. Thus the experimental results may
fit the predicted value within experimental error if the above mentioned
effect has been taken into account.

Other measurements were also made with different operating

conditions to study the output noise current variations as functions of

‘ Vg and Vd. Fig. 4.15 shows the output noise current inz versus frequency

with Vd constant and Vg as parametcr. There is a large change in noise

current as gate bias varies. This can be attributed to the fact that £,
will increase as gate bias increases, and thus the noise current will
ihcrease (Eq. 4-26b).' Fig. 4.16 shows the output noise current ;:7.versus
: frequency with Vg fixed and Vd as paramctcr. The noise current does not

change much as V, varies. A slight increase might be expected in this

d

case because of the small increase in &n with increasing Vd.

- * C, T. Sah, et al, "The Effects of Fixed Bulk Charge on the Thermal
Noise in MOS Transistors' IEEE Trans. on Electron Devices, Vol. ED-13
No. 4, April 1966. Not available at time of writing.
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CHAPTER V

Conclusions and Discussions

The main results of this invcstigaticn have been the
derivaticn and experimental verificaticn of a small-signal circuit
model and noise model for the MOS FET,

The d.c. measurements of the device showed that the
MOS FET has a square-law characteristic as analysis predicted. The
measured Y-parametcrs were found to agree with the suggested circuit
model at least from 15 KHZ to 5 MHZ. and therefore the suggested
circuit model can very well represent the real device in this frequency
range.

The noise-generating mechanisms in semiconductors have
been reviewed and the noise characterization of a noisy four-terminal
device discussed. Possible noise theories for M)S devices have been
investigatoed an@ a noise model derived by assigning a noise current
generator to the drain-source output with the input noise associated with
the gate neglected. The output current noise generator represents the
thermal noise associated with the channel conductance. From the experimental
results, it was found that thc output noise current is limited by thermal
noise beyond~% and hump regions. The low-frequency noise can be included

in the noise model by using an empirical formula. An equivalent noise

- 74 -
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resistance Rn which is of the order of 103 ohms in the thermal noise

region, was calculated from the noise model. This can be compared to

the junction-gate FET for which Rn at saturation is given by(s)

R = Ql.y) _0.60+0,67

n Em Em
If operated under same &y both types of FETs will give the same equiva-
lent noise resistance, and therefore, there is not much choice between
these two devices if thermal noise is the only concern. However, the MOS
FET has a %- noise spectrum which extends to much higher frequencies and
which would limit its low-noise usefulness to the 30 MHz or higher
frequency region. This statement holds for low impedance sources only.

Gféﬁé , and thus the MOS FET should be less

m
nolsy than vacuum tubes with the same transconductance By From the out-

For vacuum tube triodes, Rn

put noise current ;;II versus frequency measurements, it was found that
the low-frequency noise corner frequency is approximately 2 MHz under a
_typical operating condition and will not change much with varied gate
bias voltage Vg. It was also found that output noise current.does not

change much with V,, but does change considerably when Vg is varied. In

d’
other words, the output noise current is more sensitive to gate bias
variations.

Although the method of noise measurement used in this study

is not very accurate, it is a commonly used method for minimizing the
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background noise problem. From the expression (Eq. 4-44)

n— -0 Q -O
i, = 2l [:2 = -]
n SRS U 4" "3

it can be seen that if the background noise (05) is minimized (by using

a very low-noise preamplifier) then

") °]

T2 2 3
i = 2el, [z - ]
n dc 01 - 02 94 - 03
1 1
= Zelge [ -, ]
G- G-
2 3
04 . 01
a better experimental accuracy can be obtained if = P> 1. Normally
. ‘ 3 2
01 >8,, therefore 02 should be ideally much larger than 03. A large

error may therefore be introduced if the backgroun noise is appreciable

at some frequency such that the readings O, and 9_ are almost equal. Thus,

2 3
in order to increase the experimental accuracy, a lower-noise, high-gain
preamplifier should be used (the voltage gain of the preamplifier used

in this measurement is 100) to minimize the background noise effect,

Suggestions for Further Studies

No attempt has been made to include noise factor calculations
or measurements in this thesis. The method of calculating the noise factor

and its optimization is straightforward once the device noise model has been
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obtained and has been well discussed and presented in the literature. Noise
figure measurements at high frequencies could be used to study whether the
input noise of the device remains negligible.

As for the device circuit model, the Y-parameter measurements
may be extended to high frequencies where the actual cut-off frequency of
the device can be determined (gm drops to %»gm). For high frequency Y-
parameter measurements, the stray capacitance and inductance can be trouble-
some, but this problem may be solved by using printed-circuit-board
techniques.

As for the device noise model, further studies may be directed
toward a better understanding of the low-frequency noise in the é»region,
the effect of temperature on the humps observed in the ;;5. spectrum at

middle frequencies, the measurement of input noise at high frequencies and

the possible correlation between the input and output noise current generators.
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APPENDIX A

Adaptor Circuits for Common-Source Y-Parameter Measurement

(1) Adaptor Circuit for Y]1 Measurement
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(3) Adaptor Circuit for Ya1 Measurenent
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(4) -Adaptor Circuit for Y22 Measurement
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APPENDIX B

————

Proof of Eq, (4-8), the Noise Factor in Terms of Y-parameters, Noise

Current and Source Admittance

‘ Proof:

Yu + Y 2
21

. S .
oy v =) i,]
F=1+ (4-8)
akTG £

Although Eq. (4-8) can be shown by employing small-signal nodal

equations, it is more clear and straightforward to use Eq. (3-19)

s lveo (B-1)
g d

Thus the equivalent noise voltage of in2’ referred to theinput,
may be written as
-
n2
e = (B-Z)
n 921 /

Thus e, may then be transformed into noise current in input

circuit as

Y11+Ys
1, = en(Y11 + Ys) = ) in2 (B-3)
Y
21
Thus the total equivalent noise current in the input circuit is
) . 2 . Yll * Ys . 2
leq 15 7 | i * 721 ) i, | (8-4)

Since inl and i__ may correlate to each other but they are

n2

independent of is.
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Then from definition of noise factor(24), one obtains
. 2
i
F= -e%-
i
s
Y, .+
i+ 2 1,12
nl 21 n2
=1+ (B-5)
4kTGsAf

QED
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