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~ INTRODUCTION

1. History

, Altough it has been possible for more than thirty years
to make fleld effect devices in the 1aboratory, it is only re-
“cently that the developments. in the semiconductor technology

have made possible the man1facture of reliable unlts with useful
characteristics. o . .

V Intits most fundamental form the field effect transistor ]
is a decendant of’ the electrical capacitor. In the case of an. |
ordinary capacitor, the- modulation of the charge on the metal
plate of the capacltor results in a. small change in the sheet
conductivity and the charge moved before breakdown of the die-
;lectric is only about 1013 atoms/om at a fleld of 1O7volt/cm.
_For a useful electronic device, ‘the charga moved must be a

\V’*'large fraction of the total available charge and the mobllity

H~of the moving charge must be high. J E Lilienfeld and”Gsear
‘Heil were the’ first to observe these two characteristics inf
semiconductor materials whlch are not obtained with metallic

| materials. ' ‘ o
\ In 1933, J.E. Lilienfeld took out a patent for what can

,_be regarded as the progenitor of the 1nsu1ated gate field effect
translstor in that ‘the conductivity between two electrodes was
modulated by a- potential applied to a third ‘electrode close to
'ayet 1nsulated from a semiconductor layer. In 1935, Oscar Heil
obtained a Brirish patent for a device which was. nothing else. B
‘but a unipolar field effect transistor with 1nsulated gate(Fig l)
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In this device the re31stance of a semiconducting layer

: made of tellurium 1odine, cuprous oxide, or vanadium pentoxlide,
could be varied by the application of a Varylng voltage to an
adjacent control electrode. The control elect*ode, although close
to the semlconduﬁting 1ayer, was electrically insulated from 1it.
dnfortunafely, due to the limited knowledge of the physics of
surfaces and thin films at that time, these devices couid not be
perfected. ‘ , ;.

- In 1948, Shockley and ‘Pearson reexam;ned the modulatlon
ofvsurface charge in semiconductor films. They placed a thin
1nsulat1ng strip between the semiconductor and evaporated metal
film forming a parallel plate capacitor. They measured the
change in the donductance of the semiconductor as a function of
) the voltage applied across tne capacitor. They found that only
- 10% of the excess charge placed in the germanium was mobile,

90% of the charges resided on the surface in atates which ren-
dered them immobile for purposes of conductxon. This was found
to be due to surface conductions such as adsorbed gases, surface o
strains, mechanical damage, ete. ‘ -

Finally in November 1952 Shockley revealed theory and
details of a practical unipolar field effect trans1stor which ’
by- -passed - ‘the problem of surface states. A reverse p-n junction
- was used - to modulate the mob‘le charge in *he lightly doped
‘n-type portion of the junctlon. The electric field being immersed
in the semiconductor the surfaee problem played no part in the
_device operation. However the use of the p-n junction allowed
.only depletion of the charge in the n type channel and nho enhan-
cement type of cperation was possible. , _

In 1960, Kahng and Atalla pronosed s sillicon structure
_5using an 1nsulated gate to 1nduce conduction betaeen tao back
.biased surface diodes. In 1961, P.K. Weimer described the thin

~ film insulated gate transistor(TEI) FinalTy in 1962, S.R.Hofs-

tein and F.P.Heliman described the' MOSFET ‘ahother 1nsu1ated gate
- field effect transistor. This device allowed enhancement as well
| as depletion of the charge in the channel and also made possiblen
1operatien with zero bias. The technique developeﬁ by this time

.."

-
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- for produoing clean, DaSalvated silicon surfaces and control
of flne dimensions made ‘the MOSFET possib]e. We have, in the
field effect transistor, a device of outstanding importance,
and it 1is not therefore suprising that in the iast few years
increasing ewphasis has been blacedson research into the

physics and application of ‘such devices,

2. BEvaluation of Field bffaot T"anai tors

The field effect trans istors now being saold are competing
directly with conventional traqaisbors. They érﬁ becom*ng popu-
lar because they combine the advantageSOf both the conventional
transistors and valves. They permlt operation at high-input:
impedances with very low noise levels. They are less uenqitlvev'.‘
to radiation than the conventional transistors and are especlally.
useful in integrated circults because they can be operated in |
directly coupled arrays, thus eliminating etterﬁa] capacitive |
coupling . However, the highest frequency at which a commercial

FET can operate as an amplifier is 300 megacycles per second

g
\

v(KMC type K1001),. wheras commercial onventlonal junction tran-
sistors as amplif*eru go to 1000 megdcyolea per second with :
useful gain.

The highest continous currﬁnt rating Qoevifled for a FET
- 1s. 10 amperes at 25°C (3esco type 15PI) . Conventional silicon
power transistors recentLJ oecame avallable with dlssipation
ratings of 300 watts and collector current ratings of 150 amn°res
at 100°C. However a new type of field effect transistor, the
multichannel FET 1s under development which will enable, power
field-effect transistors to be- designed The multichannel fipld ‘
ﬁ effect transistor functions similarly to the single channel - |
devices. The use of severa; Phannela allows -the handling of

‘higher currents. The;e devices also avoid the reducflon in

' frequency regponse that normalLy oceur with increasing. the si7e :
of a single-channel device to hand7e h1gher currents. Germanlum
devices with 50 ampere ratings are under development..bebpo also.
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nom . nno————

is developing‘silicon power fieid;effect transistors that are
' expected .to have 500 volt an& 50 ampere ratings. The high power
deviées are called tecnetrons. '

Tetrode and pentode field effect transistors are also
available. Texas Instrument, TIXSII ,'the_éiliconlx 3N89 , RCA
3N98 are examplés. These transistors do not have their gates
tied to each other and may be dperated as tetrodes if separate
bias supplies are prov1ded to each gate. rnowever, the fourth
lead of the tetrodes is usually connected to ground for 1ncreased
stability at ‘high frequencies. By eliminating the bulk mat -
source connection and by supplyling independent blas to the bulk'
"gate, the device can also be uséd as a pentode.

, A uwin triode nas been brought out by General Micro-Elec-
tronics, It consists of two p-channel MOS fleld-effect tran31s-
tors diffused into a monolithic chip.

Another important field effect device besides the junctionv
gate (FET) and insulated gate (MOSFET) type is the thin film
field effect trahsistor:(TFT)‘. The TFT is actually an insulated
gate fleld effect transiatOr but is manifactured differently
than the ordinary MOSFETS, They are. developed especially for
"integrated circults.

ng\k:o\s. used {:or vvF:"ald-_cﬂ’ea"‘ ~ bransistors: |

o

' n_'c\mmg\ Junch‘p-; 3a1¢ hransis "w‘ F-’C\wahnc] junc}:‘bn s'a'}e.' '}ransis'ﬁ;r

n-channel ?~C\1¢n;)c'

MosFeTs . MusSFETs
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CHAPTER I

THE REVERSE~BIASED JUNCTION FET ,
The fiela erfect tramsister as conceived by Shockiey is essen-
tially a semicenduchor current path to eitner end of whieh am ohmie
connection is made. The conductance of the current in the chanmnel
is controlled by qpplyins an electric fieid perpendicuiar 0 the
current. The electric tield results frem reverse bissing a p -~ n
~Junction which is more or less parailel ‘to_tne direction of the
current flow. Fig.I.I shows schematically the construction ‘of sach
a device witn. p—txpe -channel . This is a three terminal &nviee»conp
sists of a p~t3pe naﬁerial sandwitcnnd between two layers of strong
ly deped n-type (n*) material snd -having: ‘obmic contacts at two
ends ( the twe types of seniconauctern‘nay~be revvrsed) Conduction
will be hy'naanafaf majority ehargo>carriers (holes in a pvonannal,
electroms im an n-channcl) The terminal trom whieh they. flow (posi-
tive tor*a p-channel, negative for an npchnnncl) is called - the
source while the otner chmic connection to waten They pass is
called tne ‘drain; The third terminal used “to app&y the reverse ‘
bias %o’ the p-n junctien is callea the gate. Tno gate is ‘the con-
trol electrode. :

I.1 Behavinr of Reverse Biased Junctions.

When & p-n Junctien is formed, mobile eurrent carriers near
either side of the Jumction diffuse across the aunctian and re-
cembinn witn -carriers of the opposite type leaving equ&l and oppo-
gite electric cnarges on either side of tme junction. Thus the
. n-type materlal becemes positively cnarged and tne p-type material
becomes negatively charged. This in turn sets up an electrostatic
difference # across the junctiom wnich tends to. retard any -
further diffusion of free electrons and holes across the gunction.
This potential is called the barrier potemtisl or contact potentiail
The . region on eitner side of tne Junction from which nobile car-
riers nave diaappeared is called tne space onarge or depletion ‘

b
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layer. When a reverse bias,.V y 1s appiied across the b—n Junction
the potential barrier at the Junstion will increase to the value

@ +V because the poiarity of the external voltage V is in the same
sense as  the polarity of the contact potential. Thus the depletion
layer length will increase. If the impurity density on one side of
the junction is made very large compared tovthe impurity density on
the other side, then the depletion layer width on the more dense
side can be considered negligibie.

1-2 . Condictance of a Semiconductor Channel
Let us consider a semiconductor bar with the following dimen-

sions, impurity and conductivitys: R

L = length between the ohmic contacts

2= width of the bar

2a — heigth of the bar S

q — electronic charge = 1.6019 x 10_19 coul.

N g;impurity density ( Na for acceptor, Nd for donor impurity)

M = carrier drift mobility ,
| We know that a pure semiconductor such as Si or Ge is a. poor
condué;or because it contains few mobile carriers (holes and free
electron). The number of free electrons per centimeter cube in 1ntrin
10 . The density of
holes is also the same. Certain materials when added to Si or Ge

sic Si at room temperature 1is about 1. 6 x 10

exert a profound influence on their electrical conductivity . By
carefully regulating the amounu of certain desirable impurities and
by utilizing the electrical effects produced by thelr presence , we
can control the oonductjvitj of semiconductors. When such semicon~
ductors are  doped with doner or acceptor impurity atoms, it is assu-
- med that above 200o K thére'will be one free current carrier per
impurity atom added. For the S5i devices being made today, the impu-
rity concentration of the selected impurity varies from a few tenths
of an atom per billion Si atoms (apb) up to about 10000 apb . An
impurity level of 1 apb produces a carrier density ( holes or elec-

13

trons per cubilc centimeter) of 5 x 10 . Since electron and hole

densitlies for intrinsic Si at room temperature are 1.6 x 10lo 5 wWe

are justified in ignoring the intrinsic,contribution to the conduc-~
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tivity of Si contalning impﬁr§§ies in the range mentionéd above .

-Since in an 1gtr1n310'semiconductor Py= 1Ny and since the
impurity atom density is large compared to the density of thermally
generated 1ntrinsié eleotron-hole‘pairs, the current carriers aval-
lable can be considered to be of only one type ,e.g., if the impu-
rity: atoms are all acceptors, only holes are avallable to carry
current. ' b _ |

The conductance, Go , of the semiconductor bar is proportional
to the total number of carriers present, so that if we-assume the
impurity'conéentration to be uniform, we can write

Go _ 2a %uZ N - (1-1)

If the impurity is introduced by some diffusion process,then
the concentration will not be uniform but will be a function of one
or: more of the dimensions of the semiconductor bar. If the impuri-
ties are diffused uniformly over one of the faces, then the concen-
tration will be a function of the dimension pefpendicular to this
face. The conductance of such a diffused bar will be given by

la
Go = qu %j}\l(y)dy_ (1-2)

where y 1s the direction perpendicular to the uniform distribu-
tion plane. R

‘Now if this bar 1s made of a p-type (contains ~acceptor ilmpu-
'rlty) semiconductor and we form p-n junctions on both sides of this
bar either by alloying, diffusion or epitaxial growth, we shall get
the field effect transistor of Fig.i-1. Whén}we apply reverse-biaé
to the junctions as seen in Fig.i1-1., depletion layers will form on
both sides of the channel, and therefore the heigth of the condﬁc-'
ting channel will no 1onger be 2a but will be of some smaller value,b
and its conductance, G , will vary.

1-3. Theory of Modulation of a Conducting Channel by Electric
Fields. ‘ A
Fig.1-2 shows schematically the modulatlon of FET channéls

by applied voltages. ‘s o
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The theory of the FET as originally formulated by Shock-
ley can be considered as a first order ‘theory.It assumes  &an
- abrupt p-n junction, and a uniformly doped channel, and neglects
high field mobility effects. But in actual devices, the gate-chah#
nel Jjunctions can be either graded or abrupt dépending on the
method of fabrication. For the abrupt, uniformly doped channel
structure, Shockley's théory may be directly applicable . Gate-
junction fabrication by diffusion techniques results 1n‘impurity
“density profiles which may to a first order be approximated by
one of the distributions shown in Fig. 1-3

R.S.C.Cobbold and F.N.Trofimenkoff have derived'expres—
sions for the drain current I, , gnd conductance g(v)for field
effect devices showing such impurity profiles as those shown in
Fig. 1-3 . They have shown that although these expressions are
somewhat different from the ones Shockley has fQund for abrupt
junctions, when they are plotted, the curves do not fall off from
each other very much. Therefore a theoretical discussion as
given by Shockley is saﬁiéfactory for understanding the behavior
of field effect transistors in general. .

The theory is developed in two parts, the first dealing
with a uniformbwldth ghannel where the drain-source voltage(vds)
is small compared with the gate-source voltage (Vgs) and the
latter being the gradually narrowing channel where small currents
flow.

1-3a. The Uniform Width Channel Approximation.

Consider Fig.1.1 again. Note that the two junctions for-
ming the channel are reverse blased and space-charge reglons are
formed. The current carriers flow in a channel bounded by these
regions. In Fig.1.1. 1t ig assumed that the reverse blas at the
p*.terminals are equal so that the channel shown has a uniform
width. If the reverse bias at the two terminals (drain and source
were not equal, the channel would be narrower at the terminal
with larger revefse bias as in Fig. 1-2b. ‘

Toé discuss the dependence of conductance of the channel
upon the magnitude of the reverse bias, let us firsg assume that
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the dirference in the reverse: bias at the source and drain end
is so small that the width of the channel is almost uniform.In
the figure, the‘space charge region 1s represented as lying
. entirely:.in the p-region. Although this 1is approximation it is
| éasy to show-that it'is a good'one since n, regions are more
heavily doped than the p-region. ' . '
' " In semiconductor junction dev1ces the chemical charge
density p may "be defined in terms of the donor and acceptor
concentrations such that '
fo=aNy | C (2-3)
1n.the donor region‘ahd | _
fr=al, v : (1-4)
in the acceptor region. Since n—region is more heavily doped, AT
Let y=0 be the middle plane of the p-region

y=b -the edge»of the ‘space charge layer

y-a be the p-n junction.

The space charge region is a dipole 1ayer where the
charges add to zero. Therefore the two areas shown in Fig. 1-ha
must be equal. Because if 1t were not so, there would be an
electric field»beyond the boundaries of the spage charge layer
in accordance with Gauss" theorem. The Same result can also be
-obtained mathematically from Poisson ] equation. Referrins to
Fig. 1-bb let V(y) represent the electrostatic potential, E(y)
the electric field, y the distance from the center of the p- laye#‘
Then from Polgson's equation (assuming Ex is. negligible)

gjl/z_ke(g__)’__f(y , ‘v ’ .‘_4—5\
'It 1s considered that S

E(y)0 for y<b o (1-6)
and the small transition region where p(y) changes from zero to

-A is neglected, so that

3‘1 fﬁ) —“f“ - for 'a>9_>b (1-7)
.Intergrating Eq. (1-7) we get AR |
 By=—f (y-D) o (4-9)

The field Ey will vanish when ;
(a-‘p)po = thickness of space charge layer in n-region XPn {1-9)
For Eg. (1-9) to be true, the two areas (1 and 2) in Fig.1-4a.
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.

must be equal.

"Almost all the voltage drop besween\gate and source occurs
across the depletion region so that

Y=a .
Yeo dV=- j:tYdy . : |
=fééo(y6b)d>’ S - -0
= _%(y-b)z “\»-'.C .

where K=—ke, dielectric constant
-12

for Ge K=1.42 x 10 farad/cm
for Si K=1.06x 10“}2 farad/cm |
Using boundury conditions - /
When y=a V=0 ‘we find that C= - ~§% (a-b)2 ,SO that
V= & (v-bY'~ (a-b)*] (1-11)
The potential in the channel is found when y 1s equated to Db
V(b)= —(p/ 2K)(a-b)* (1-12)

- Let W= -¥(b) = the magnitude of reverse bias
The space charge'penetrates the entire p=region when the
reverse bias is equal to Wo . Then b=0 , so that from—Eq.(l 12)

Wo= pa®/ 2K : (4-143)
W[t (bW ( 4-14)

Assuming.that the reverse Biases at the source and drain
of Pig.1-1 are W and W+AW respectively wWere AW is small com-
pared to Wo - W (necessary conditién in order to keep the channel

.and

width substentially uniform). There will be a current I; flowing
from source to drain. The conductivity of the channel 1s given by
| Co=Mofy . (8
where Mo=mobility of holes
U= Semiconductor conductivity

If the electric field in the conducting charhel due to small V,_

(= Vd - Vs ) is Ex , the curreht dens}ty per unit- length in the
Z direction is °bExg and
1d=- Zbo—oEx = ZbMpPoEx : .
- gloE, (t-16)
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Here g(W) is the conductance per unit square of the layer 2b thick.
Conductance per cm in the 2 direction ‘of a channel of length L in
the x - direction will be , :
 G=g(W)/L for uniform channel with AW & Wo - W (1 - 17)
Since 4W is not always small, the channel width will not
be uniform always. A more general relation for g(W) can be derived
making use of Eq.(1-14)

g(W) =2gb(W) = [- (W/Wo)l/z:]g° (1-18)

where 8, = 20,2 - L ‘ (1-19)

Making use of Eq.(1-16) and (1~ 18) , the current I, flowing
in the channel can be calculated when there 1s a large voltage
between the source and drain.

Before going 1nto further disoussion some terms must be
made clear: '

VS , Vg d__dc votages of the source, gate and drain electrodes
respectively v
ds = Source to drain voltage-—VS -V

v a
V, =W vV -V gate to drailn bias '
'
I

dg=d- g a“

as =W _Vg-V ._gate to source bias

, Ig-, d__d; currents- flowing into source , gate, drain
electrode respectively

v :,vg,vd, s’ig id::a .C vottage and current values.

If the channel is of length L , thén the current 1is ‘just
Iy =g(W)V4s /L

- but from Eq(i,14) | E o (LQO>
b=a [1 - (-Vgs/wo)yl:l | C(1-21)
therefore B oo |
sWi=2auopZ [ 1 (Ygs/wi)| (1)
and hence e g_?ﬁ_aﬁq_ [1- (Vgs/W )’11 (1-13)

Eq.(1-23) suggests that for small valuee of V4 ds ( <<V ) the
device behaves like an ohmic resistor, the value of which is deter-

) mined by vgs' Note that this equation ‘is valld only for|Vgsk“o

and by0 . ‘

1~3b. ureduelly Narrowing Channel

iF
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Now conglder an FET with a iaréer field Ex along the x-axis
(Fig. 1-5a). ‘Under such conditions, a current Id flows along the
channel from source to drain between the gate electrodes.Because
of the IR drop along the channel, the reverse bias on the gate4to-
channel junction will not be uniform along the whole length of the
channel, the greater the distance from the source, the stronger
the reverse blas on the junctioh*will.be, this causes the depletion
. regions to assume a wedge shape. HOwever, provided that .this con-
vergence 1s fairly gentle and that the depletion region never
extends right through the channel,'uniform channel analysis can be
applied to a thin sllce of the FET cut perpendicular to the x—axis
and of thickness 4x . If the potential at the center of this
element is V relative to the’ source, which is .taken at a dlstance
x from the element then the voltage V replaces Vd y and AX
replaces L in equation (1-23). '

If we treat the gate: junction as an equipotential we .can
replace vgs of eq({1-23) by (Vgs*-vx) .’Thgn

) : : ’I/
_ 20 M 0P L (Vag +Vx Y * AV
% Ay =20Mop0 i 1 (%ﬁiﬁz) } , x

Iy=2 asts pol }Vdg [_{_ %(v%z)'/zj _V%'E,%N(%)'@B, ) (1-24)
Iq=Go vdg [1‘-3 (vds'/wo)'{z] - Vgs [4_%(Y§/wo)"ﬂ }

Go =-f% 2a M, Po Z/L o . ’(4_25)-

The transconductance of the device is V -
g = g gl ~odva )t (Vas/Wo)h] ()
and the saturated transconductance is given by ¢ o
9m ‘)Ids/avg‘ =G, [4 _(VQ'S/WD)V’-] | (4;27)‘
and the output conductance gd of the deviceiis_ o
A P TR RL R
It will be noted that Eq. (1’24) is only valid for values
of Vdg up to Wo at which point the current 1s "pinched off".,

that is the depletion ‘region extends right through the semicon-ﬁ
ductor ohannel, and the gradual approximatlon used in, deriving .

where
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the current expression (Eq. 1-24) %s no more valid. According to
the first order theory just developed, the conductance of the chan-
nel and therefore the current I would drop.to zero when pinch of f
occurs. However, this does not occur. The concentration of the char-
ge carriers at the center of the channel has a screening effect
and the drain current contlnues to ;low at a substantially constant
value, called the saturation current, as Vdg increases beyond Wo.
Thus Eg.(1-24) can be used to plot the family of I 4/ Vge curves
with V__ as parameter up to V =V )- Wo-V_ _, and at larger

gs dg gs
values of VdS the curves are approximated by-

| IdS—G" iWo/:i V§ [1 - —- (Vss/Wo) ] } (4’23)
where.IdS saturated drain current. The value of the- saturated
drainvcurrent when Vg§=o is usually deslgnated by Idon or simply
I , and is given by .

e u | (1-30)
I. _ Wo 1-30
do IRo
The saturated transcohductance oceurs when Vg§:0 so that
g -1 ' . (1-31)
mex = § .
Therefore ’ :
I Wo g S ' - (1-32)

do = -5- max

Thus for a given FET device Wo can be experimentally calculated‘
from Egq. (1-32). o | '

The frequency response of the device can be estimated by
the following simple argument. In order to change the gate voltage,
the capaclity of its p-n Jjunction must be charged trough the resis—
tance of the. channel. This process has an assoclated time constant
which limits the frequency response. '

If a wedge-shaped channel, completely pinched off at the
drain end and comletely-open at the source end,(V8=V§=0 Jis assume
the capacity for unit length in the 2 direction can be approxi-
mated by o o |

' C = UKL/a o T (1-33)

The factor 4 arises because the average width of ‘the space -~
charge reglion is approximately a/2 -and because there are two such
reglons, one on either side. Thiscapacity on the average chargesl\
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through half the resistance of the_channel. Thus a limiting fre-
quency 'f exlists given by

R N I o0 R ’ 1-394)
f 2wRC 2T (O o /lL*<) .( )

1-4 Discussion of the Theory.

As was mentioned before, Trofimenkoff has derived current
and conductance expressions for three different distributions :
linear, abrupt and abrupt linear. Derivations are given in appen-
dix A. Fig. 1-6a shows the variation of the normaliéed Id/Ido as
‘s function of V /Wo, and Fig. 1-6b shows the variation of the
normalized transconductance &m /Go with V /Wo for these three
distributions. As might be expected the variation for the abrupt
linear distribution lies in between those for the linear and abrupt
symmetrical distributions. It 1s clear therefore that the form of
the channel doping profile does not have very great effect on the
dc characteristics of the device. If_the ratio Id/gm///IdO/GO is
- plotted as shown in Fig. 1-7 it will be observed that over quite
.an appropriate range the ratio Id/gm varies almost linearly wlth
VES/WO . That is

(14/9m )/(IAo/Go)'= K {4 —VQS/Wo) (1-35)
where K is a constant. So that ’
T4 /9 - 1. (wo_vg’s)ﬂ _ (4-36)
where ‘ ] . ’
N .GoWo/IjK , Wo =n IJOK/GO , ‘fqzﬂwa/neL (4 -33)

From various experimental results and from dHSCuSérons 59
Middlebrook it iS'found out thet for the.majority ‘of the trans;s-
tors nz2.0. | - |

Thus a simpified expresslon for the drain current characte—
ristics can be derlved by 1ntegrating Eq. (1-36).. This yields

= ( p R )n ‘ | '
Ydo ‘%‘ (1-38)

This expression 1is found to be well obeyed by most of the
FETS and is very useful for design work. The values of n can be. |
found from a graph such as Fig. 1-8, -and the value ofﬁldo can be

‘measured directly.
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CHAPTER 2

MODIFICATION OF IDEAL THEORY and DEVICE CHARACTERISTICS

i

Various experiments carried out by specially prepared unlts
and actual FET devices on the market have shown that although the
general features of the d-c bhéracteristles of some units g@re ade-
quately explained by the first oider of Shockley, a modified theory
is necessary for some others. Dacey and Ross and others have modi-
fied the origilnal theory to include the effects of variable mobilit$
They have also considered other effeets such as series resletance,
negative gate resistance and temperature effects. These effects
have to be considered in understanding the divergence of the actual
characteristics from the 1deal'§hd also important in manufacturing
the devices and designing cf}euits with them.

2-1. Serles Resistance = _

In Shockley's ideal model the source and drain connect
directly onto the channel between the gates. ‘The actual units with
which experiments have been carried on znd the units later mani-
factured commercially look like Fig. 2-1a dnd 2-1b. In such units
some semiconductor materil 1s left between the actual contact and
the gate. Thits seriles resistances exist between the electrodes to
which voltages are applied and the working part of the structure.
These resistances can be taken into account in the already derived
expressions of chapter 1 by simple circuit theory. |

The following changes must be made in the theoretical expressions.

vvs * Vg | - ' C (2e1)

where R, and R; are source and drain resistances. Once the trans-
conductanee is-: calculated according to the first. order theory, than
the apparent transconductance must be calculated according to- the
formula 3 '

9p =_Sm - o (22)
1+ngm°x+Rd9d : o
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'Fig. Experimental and commercial FET devices.
a) Shockley expérimental unit_with an n-channel
b) a commercial FET (n-channel)
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Since at saturation 84=0 (See Eq. 1-28), the apparent maximum
transconductance becomes . - -

!

- 9max | 2.3
Imax = 1+RsOmax ( )

If &4 Ro» a1, then the transconductance is simply 1/Ré ,and

to have a device with high conductance the source resistance must
be made small. The main disadvantage. of the drain resistance, Bd ’
is that 1t makes necessary a higher supply voltage and causes Id Rd
heat which must be dissipated. The source resistance R also affects
the frequency response of the device. If the gates are situated _
half way between the source and the drain, then Rs=;Rd . To reduce
. the value of Rd , the gates are placed as close as possible to the

drain.

A method for the determination of source, ehennel, and drain
resistances of an FET device is given'in appendix B,

2-2. High Field Mobility Effects

For devices with relatively short channels and/or high pinch
off voltages the electric field, Ex, under pinch off conditions |
can be very high. For example'a Si device which has a chanhel
length of epproximately 6 x 1Q-uém and a pinch off voltage of 2V
has an average channel field of about 3300 v/cm. Under such high
field conditions, the current density can no longer be assumed to
be proportional to the electric field because the mobility has
becomeefield dependent. Many measurements have been made with 3i

and Ge semiconductors to showkthe'field'dependency. Fig. 2-2
shows the result of such measurements. These resuits show that
the smallest field dependency occurs for p- type Si while in
n-type Ge, for a field of approximately 5 x 10 V/em, the mobiii—
ty becomes almost inversely proportional to the field.

Many laborious calculationé have been carried out and
various expressions have been dbtained to show the effect of field
dependent mobility on the dc;cheracﬁeristics of the FETS which
have different impurity density profiles. The results shown in
‘Fig. 2-3 for the normalized Id/gm_ ratio enable the effects of
various degrees of fleld dependent mobility to be compared. ‘
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Fig 2-2. Variation of the current density at room temperature
with electric field. For n-and p- type Si and Ge.
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Fig, 2-3. Effects of varlous degrees of fleld dependent mobility’
on the normalized Id/gm plot. '
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2-3 Temperature Effects -

The fileld effect transistdr has two independent temperature
varying parameters. These are the chanﬁel conduétivity and the
equilibrium junction potential Z . To study thesé variations, we
consider an FET biased in the pinch- -off region with a constant
applled gate-channel bias Vgs Vgs is an external voltage andlcan
be assumed held constant whiledkyér is investigated.

From appendix A, Eq.(A-U), I4= J”g(V)aV and g(V)= ZJ(quN(wdy )
S0 that we can write for Id ’ Vs

ngd oI 9\_% _;A d_ | (2-44).
dlj g d¢ .14 do | (2-7)

dT | dT o dT

| Eq. (2-7) can be writtén in terms of the FET static quantitles
Ido and Wo by making use of the square law approximation_of Eq.
 (1-38). Differentiating Eq.(1-38) with respect to vgs’ we get
= Al 210 (1= Vs ) (2-9)
C\Vgs Wo WO

9my/Ig = 2/ Ws [Tao/T4 (2 -9)

_Jghﬁ+_ﬁ -
14 dT g dT o dT (2-10)

-2/ Wo[14/T4 d¢/AT+2_T§_;%_

, Mobllity versus temperatufe curves are'given in several textsﬁ
the most familar being‘ShOGKIEyFs "Electron and’thles in Semicon-
ductors”. The mobility vs. temperature curves glven for Si show
that,over the temperatufe range of practical interest, a reasonable
approximation to the mobility-temperature function is

M:xxo,(j‘;)_“ | (2-1)

_whefe n depends on the-impurity concentration . Differentiating

4

Bq.(2-11) we get
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1éﬂ=_1 (2-12)
M dT T
Since o‘_:,qu
o 4T TT | (2-13)
Substituting Bq(2-13) into Eq.(2-10)
Adlg . 2 | 1do diby . o (2-14)

14 dT W, {IgdT T _

Equation (2-14) is the temperature coefficient of the drain current
for any ‘blas point.The zero of the temperature coefflcient occurs
when Eq.(2-14) equals zero, at .some bias current I . If the trans-
conductance for zeroc temperature coeff1c1ent is designated by g ’
making use of Eq.(2-7), we can write, \

Iy - _d8 /(4 d")- C(2-15)

Im dT o dT7 -
We can find an expression for Id‘ as follows?

Replacing Id by Ié in Eg.(2-14), and equating it to zero, we get

1 _ . d¢ ‘1 g 2_6 .

14 = 1do iwL(ET) , (2-16)
Ordinarily one would expect this bias point to change with tempe-
rature, but if we assume that the free~carrier denslty is constant
in the actlve channel and therefore the square~1aw approximation
valid, we can express Id in terms of mobility and Wo : ’ '

2 T -N . {2 » 1 d¢
T4, 202 W= LaZuo( L] w5 E XS T.,)] (2-17)

o]
, /
where Mo, To, and Wo are reference temperature values of these
quantities. _ o S 3

2

4 . . R -
If we call 2%ZWMD = Ldo , then we can write Eq. (2-17) as

=1 (N [a d“‘ (T-T ] (2 -18
| LIV [ -5 (2 -18)
Substltuting,Eq.(z-la) into Eq.( -16), we find that the blas

point for zero temperatufe coefficient of Id is relatively indepen-
dent of temverature: , _ T ‘ -
; n “-‘f‘) 2
1y = Ty e T ( d¢-)- | (2197
' nt Wot dT |
But n= 2 s SO that the temperature T praotically drops out of tne
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equation. Flg 2-4 shows a set of transfer curves for a particular
FET device at three diffélrent temperatures. This figure shows that
the>crossover current-Id i1s practically independent of temperature.

In practice, one is often concerned with the equivalent in-
put drift dvgs/dT at some operating point I4s gﬁ . This can be
obtained by dividing Eq.(257; by g, noting that dlJ- g,dVg yand
substituting Eq.(2-15), yielding.

dVos _ dé [ ' 90
dVgs _ dd [ 4 _ _La/_l_d (2.-20
_ e /)]
or in terms of n, using Bq. (1- 36) and {(1- 38), we obtain
. V5= ['1,. ' (2 - 21)

Eq. (2-21) gives the gate to source voltage change with tempera-~
ture when the drain current is kept constant. _
Substituting the value of Id as given by Eq.(2-16), we get

dae _ dd._ I3 now, | (2-122)

dT dT 114, 2T
Eq.(2-22) show that either a positive, zero or negative tempera-

ture coefficient can be obtained depending on whether Id is grea-
- _

ter, equal to , or less than Id.

It is found out that in the usual impurity concentration range

_d_¢_ e 2:2.....20-5 mv'/dea C

dT » ' L (2229
and ' :
1 dv _ 5x07 sx;é~2> d |
—_ - = . ™ C . -
o I : / g ‘ (2-24)

Taking the approximate values of Eq.(2f24) and substituting into
Eq.(2-15), the condition for zero temperature coefficient becomes

Eg.zo.Blj v

8n )
Fig.2-5 shows the I, _ (= Ii ) versus temperature characteristic .
of a number of devices of the Amelco planar PE200 n-channel family.
Id” gm , and Wo were measured over a temperature range of -54°C
to +197 ©C. The drain to source voltage 1is kept at 5V in all measu-

rements of the experiment. It can be seen that hlgh current dev*oec
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have a negative temperature coefficient and low current devices
have positive <coefficients. This is due to the fact that the tem-
perature dependence ofrconductivity is dominant for high current
devices. Any FET device can be made to have a nearly zero tempera-
ture coefficient 1f the gate is bidsed in such a way that Id and S

both measured at the operating point are related as in Eq.(2-1%)

2-4, Experimentally Obtained Static Characteristics

Fig.2-6 shows the shematic diagram of an experimental unit
and its various characteristics. This is an n-channel Ge device.
It has ohmic contacts at the source and drain ends. The gates are
situated half way between source and drain. Therefore Rd__R .

Rd , and RS can be calculated by a method described in Appendix 3.
The experimental value of Wo can then be calculated with the help
of Fig. 2-6b. From the curve, we find that for ngo v Iyg=5-5 mA.
Therefore using the value of Vd at which the current saturates ,
and using the equation’. Wo=V qa - Id Rd , we can determine Wo.

Fig. 2-6c 1is the gate current (I ) vs drain voltage (V )
characteristics. The gate current consis ts of holes (for n-channel
FETS) which may arise in three ways-:-thermal generation in the Ge
between gate and drain , generation at & surface of the Ge , and
injection at the drain. The gate current component due to the flirst
two causes is temnerdture deoendent but constitutes only a small
portion of the I current., This 2an be seen from Flb. 2-6d. A chan-
ge of temperature from 0° to 25 C resultsmonly 30% change in Ig.
Thus we conclude that the gate current vesults predominantly from
hole injectlon at the drain.

‘ Fig.2-7 shows another unit and 1ts characteristics. The
value of Rd is reduced in this specimen since the gate 1s placed
very close to the drain. Therefore the"IRd drop can be neglected

so. that the value of Vd at saturation is equal-to Wo (Fig.2-7b).
Fig(2- 7¢) shows that the gate current due to the inject*on of holes
at the drain has been reduced in comparison to that in Fig 2-6c
due to the- n-n4_juction used for the drain contact. The f'act *hat

the current Ig increases suddenly at high values - of Vd when Vg 0
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Fig . 2-6 Experimental n-channel FET and its characte-
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shows that the source of current at such conditions 1is the thermal
generation of holes since these are the conditions under which the
power dissipated in the unit is the greatest and hence the tempe-
rature highest. ‘ _
Another feature of the field-effect transistors can also be

seen from the results of the experimenﬁs. Fig 2-6d4, and Fig 2—?d
show that FET devices exhibit negative gate resistance at high Vd
voltages. ‘However the nature of the gate resistance can be made

either positive or negative denending on the nature of thé drain

_contact.

2-5. Breakdown Phenomena and Punch through

Pig.2-8a répresént'a typical output’ characteristlc for a
2N2499 FET,., These are the curves of drain current,Id, versus drain
voltage ’Vds’ for the common source configuration with gate to

source voltage,V__, as a parameter. The gate bilas voltage is of

polarity oppositgsto that of the drain supply voltage. Therefore
for ordinary bias conditions, a greater potential difference exists
across the gate-drain diode than exists across the gate-source diods
As a consequence gate-draln diode breakdown will occur before gate
source diode breakdown. The break in the‘drain'characteristic cur-'
-ves occur at lower draln voltages as gate voltage is 1ncreaaed ,
that is, the drain-to-gate breakdown voltage (Bvdg) is almost cons -
tant and independent of drain-sourceé current Id. This relatlionship
can be expressed as , '

BVdg BVdsx vgs = constant (2-25)

In Eq.(2- 25) the subscrint x denotes the value of BV, ( drain to
source voltage at breakdown) for a particular value of Vgs' Since
BVdg..constant it may be designated by bvdgo Bvdgo may be found
by a simple experiment. Using the set up shown 1in Fig. 2-9. '
For the 2N2499 FET, Bvdg = ~20_volts was found. ‘

Solvlng Eq.(2~25) for BV, .

|Bv, l_ dgo-v:szzo-lvsl o (2-26)
Thus a curve can be nlotted on the drain characteristics of the FET

with the help of Eq.(2-26). In the area to 'the right of this eurve
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Fig;2-8a Id vs drain voltage VdS for the common source configu-
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Fig..2-8b, Id vs drain vdltage shoying Bvdsx

locus

Id=-104A

®

Fig. 2-9 Experimental set-up for measuring Bvdgo
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breakdown may occur. The locatlion of the breakdown denends oh‘the
structure and doping nrofile of the device. The gate-drain break-
down does not occur at the same time for both of the gates. Let us
designate the gate for which breakdown occurs first as gate 1 and
the gate for which breakdown occurs at a much higher voltage as
‘gate two. The gate-drzin breakdown for gate 2 cannot be observed
when the two gates are connected. “ven when separate gate connec =‘rg
tions are made the second breakdown volrage canhot be observed sincef
punch through between the two gates occurs first. To understand

the punch through phenomena well, a double 3iffused n-channel field
effect transiator which has a doping profile similar to thau shown
in Fig. 1-3a, 1is con81dered ‘Letting the. source, drain and gate 2
be at zero potential, a reverse bias is applied: to gate 1. ¥hen
the reverse blas reaches a certain value the depletlon layer due
"to gate 1 will touch the depletion layer due to gate 2 as seen 1n.
Fig.2-10. As the reverse biags on gate 1 1s increased further, the
channel w111 pecome fully dephted. The space charge reglon . due.to
gate 1 will get larger at the expense of that due to gate 2. This
will produce an effect on gate 2 as though it were forward blased.
Finally an appreciable hole current is injeoted into the space
charge region by gate 1 and will flow to gate 2. This phenomena
is known as punch through. Under these conditlons, while the in-
tergate impedance has dropped to a low value, the gate to source,
and gate-to-drain 1mpedance remain large. Fig 2-11a shows the
breakdown and punch trough phenomena for an n-channel device when

gate 2 1is grouded and the reverse bias on gate 1 1s ‘increased.

2-6. Negative Resistance in Draln Characterietics

_ In 31 field effect transistors with high pinch off. voltages,

variations in 1nternal ﬁemperature will produce negative resis-

tance. The magnltude of the negetive resistance depends on three

factors: amount of drain current ,drain current temperature coef-

ficient, and thermal reslstance between internal draln and ambient.
Negatlve resistance hecomes evident only when the drain

current in an FET is measured with slow discrete changes in. draln
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Fig.2-10. Depletion layers when gate‘i ig reverse biased
(source , drain and gate 2 are grounded)

04 ma

: - 04 / e | Mg,
~ | Creakdown s avalanche. breakdomn
Ig v1, 113, oLt only | § punch through
’ ‘ | -t 1o v Jf&i 50 o
<+ E ng=0 .l ll V9|———~ | 31\\ »Is_
N tT \\‘/Ig1

( a) 04 icurrent (mﬂ :
’ \

V9|=O __JL '02
| ) (b 1
" : Curren}(ma)
o4l o
Fig 2-11. Avalanche breakdown and punch through in a double
diffuséd n-channel FET _ ‘
a). Gate 2 grounded, gate 1 varied

~b) Gate 1 grounded, gate 2 varied
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to source voltage ahd_the data'plotted on a graph.Fig 2-12 shows
ghe V3 - I, characteristics of.a 2N3368 FET measured with an
x-y recorder at slow sweep. A very slow rate 1s necessary to obtain
the characteristios of Fig 2-12 represenﬁing the thermal equili-
brium condition where each point has a chance to.reach its stablli-
zed operating temperature before further variation occurs. The
thermal timé constant for a typical FET is about 25 seconds. '

The negative resistance effect for any FET may be enhanced
or diminished by controlling its thermal resistance. When negative
_resistance effect is undesirable, it can be eliminated by mounting
the FET on a heat sink to deerease‘its thermal resistance. Fig.2-13
i1lustrates the effectiveness of the heat sink in reducing the
negative resistance. On the other hand,'by reducing the leakage
of heat away from the FET, using thermal insulation and lead wires
with low thermal conductivity, the thermal resistance may be made
as high as pcssible’for applications where negative resistance
charaoteristic is desirable.>But in such case, care must be taken
not .to exceed the FET'S rated maximum junction temperature.

Field effect transistor which have low g /I ( a high
pinch off voltage) will exhibit negative reeis»ance effect while
the FET's which have a high g-/I ratio (a low pinch-off voltage)

will not exhibit negative resistance. _

The negative registance in the FET characteristic may pro-
duce detrimental effects such as & bisteble bias oondition in
circuits designed for linear operation. On the other hand the ef=:
fect may be utilized in certain unique circults. For examples a
bistable memory practically immune to noiae may be made with the
negative resistance characteristics. But in such acpllcations,
since changes 1in eXuernal temperature will also shift the FET
'characteristic.curves, substantial fluctuations in the ambient

temperaturelmust be avoided.

2-7. Forward Eiaged uate—channel Junction
Since: forward biasing of an FET causes large gate current,
in representing the drain characteri>tics of a forward biased FET
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O / 3 —
10 20 30
Vds (velks) —>

Fig.2—12. Vds vs Id characteristics for a 2N3368 FET measured with an

x-y recorder :at slow sweep .

. 26k- = wif) )7Caf sink

i JT 20 3o o

Vds (volke)—

gs VS Id characteristics for a 2N3368 sh9wing the effect

of-a heat sink on negative drqin‘reslstance.‘Both' curves

Pig.2-13 V

. were measured with Vg;ro
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it 1s sometimes prefered to use the gate current as a parameter
rather than the gate to source voltage. Fig.2-14a shows the com-
plete drain characterlistics of a p-channel FET., In this figure ,
the gate to source voltage is used as'a parametér-when the gate
to channel junctions are reverse  blased, and the gate curfent

is used as a parameter when the junctions are forwafd biased.
The boundary between the two conditions of operation is the zero
gate to source voltage characteristic. The dotted curve, defined
by the. pinch-off voltage'forms a Idividing line between the acti-
‘ve and bottomed regions of operation.

R.S. Cobbold and F.N.Trofimenkoff point out the simi-
larity between the drain characteristics of the gate-uo-channel
junctions forward biased FET and the collector characteristics
of a conventional transistor operating in the common emitter con-
figuration. They define a new parameter for the forward biased
FET which they designate as hfs in a manner analogous to hfé for
"a conventional transistor:. In Fig. 2-i14b a plot of hfs for the
same transistor used in Fig.2-14a is given. It can be seen that

hfs
current lncreases.

1s.a function of the gate current and decreases as the gate
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' Drain characteristics of a 2N2493 FET

Showing forward biased region.
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Fig. 2-14b. h,  as a function of Ig for 2N2498 FET.
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SHALL SIGNAL EQUIVALENT CIRCUIT OF JUNCTION-GATE
FETS

3-1. Introduction.
. It is possible to derive an equivalent circuit for the
FET at very low frequencies based on the ebserved or calculated
characteristics. The commonest eQuivelent dc-circuit used is the
one shown in Fig.3-1a wherein Rgs and R, 2d represent the lea-
kage resistance of the reverse biased gate Junction. The parasitic
resistances in the gate, source aad drain leads are not shown in
Fig.3-1a and hence this equivalent circuit 1s a representatlion
~of the intrinsic FET structure ‘only. . ' N
' When the FET bias voltages are changed, a redistribu-
tion of charge within the d€vice takes place via the external
circuits. At high frequencies this charge movement becomes imﬁor-
tant and can be represented in an eqﬁiveient circuitiby using
cepacitive elements.The capacitance ng between the gate and the
Qrain; and the capacitence Cgs between the gate and the source
can be computed using the space charge approximation to the poten-
tial function in the vieinity of the gate-channel p-n Junction.
Q'dx 1is the distributed charge per length dx stored in the space
charge regions (a-b) of the Shockley unit (Fig. 1-1), this charge
will be compensated by an equal and opposite charge Qdx per length
dx at the gate contact so that |

Qdx = Za,o,(l-b) dx (3-1)

By intergrating Eq.(3- 1) Van der Ziel has shown that the total

charge Q expression becomes
3

Q= Qo[aiw:,z“ %"H 4(?(\3'50)3 (Ws)i 3]1 . ‘(?_2)

i
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ig.3~-1. Equivalent circuits for the FET
Origimal Shockley low-freguency circuit
Shockley equivalent clrcuit with the addition capacitances

a)
b)

c) -

d)

ng and C

Complete intrinsic equivalent circuit 1ncluding the parasi-

tic resistances Bd and R .

'Simplified equivalentAcircuit

&
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where Q= qN, alZ | . (3-3)
N, 1onized impurity in the channel (N or Ny )
If the drain is a.c short- circuited to the source, a capacitance

-~

bgg can be defined as

- %ss
where ' ng== ng*'cgs (3-5)

Similarly if the gate is e.c short-circuited to the sourte, a
‘capacitance ng can be defined as ‘

gd : '
avdsv '
Then Cgs becomes
c_ -C _=-cC . (3~7)

gs 8g gd

Expressions for these capaclitances are derived by Van der Ziel,
and will be given in appendix C.

The equlvalent circuit of Fig. 3-1a can then bhe modified by in-
serting C gd and Cgs to yleld the equivalent circuit shown in Fig.
(3-11). Values Rd and R are the parasitic bulk resistances of
the semiconductor path. from the channel, edges to the drain and
source contacts respectively, they will be in the order of 100
ohms or less, depending somewhat on geometry and manifacturing
process. At low frequencies, the effect of Rd is gulte negligi-
ble, it can be considered as only a very small part of any prac-
tical load resistance. The value of R has a slight,senerally
negligible effect on the apperent tranaconductance of the device,
the voltage VS in Fig 3 -1b is related to the therminal voltage

v by . .
5s 'V (3-8)
' V95=,__E.§_ . . 3-
1fngRs ;

At very high frequencies the equivalent circuit of
Fig.3-1b will be 1nadequate The resistivlty of the channel due
to charge redistribution in response to rapid changes ih the »
terminal voltages must be considered. In order to solve the pro-
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blem exactly the differential equetion of artapered resistances'
capacltance transmission line must be solved. The derivations of
such analysis have shown that Fig. 3-1b must be modified as shown
_in Pig. 3-1c by the addition of resistance B , and R
rent generator must also be modified by g \4

2 . The cur-
gs? where
g . _Smo o (3-9)

- l-i-J\uC
low frequency value of transconductance:
IR Cgs : | - (3-10)

g

i}

iilw)

T

-Theoretlcal calculations carried out for the case of uniform chan-
nel FET have shown that,the value of constant § for the pinch off
case varies between 0 and 1 depending on the value of the gate
blas volteage.

The circult’of Fig.3-1c can be modified to that shown
in Pig.3-14 in order to make hlgh -frequency calculutions simpler.
In this circuit '

R = B ,R_
' (3 -11)
O =g ~U-tuwlasRi) | U+ jwCaiR,)

(4 +_1qugsR ) {1 +3wCgdR,)
For this simplified equivalent circuit to be valid

ijSs » 1/R95 } jw Cad w 1/R9d' and SmoRd , Rd/Ro, RS/RD ((1 (3"1)' -

3-2, Equivalent Circuit Parameter Determlnations
3-2A. Admittance parameters 3 ,

It is common . practice among. manufacturers to specify
the FET by its equivalent short-circuit admittance parameters. A
Texas Instruments data' sheet is showm:in the next. page. The ge~.
neral two-pert y-parameter network is shown in Pig 3=2., The ,
terminal small-signal voltages and eurrents are referred to the
common source connecticn. The parametric equations of the net-
work are 3 ‘ ' '

1 s 'ds

g = Yis 'vgs + Yy
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ta=YrsVgs + Yos'as (3-23)

The terminal conditions for determining the parameters are i
output shorted:

yiS =

Jeg =

input shorted (3-124) ]

Yre= =&

Yos = =
When these conditlions are appllied to the physical equivalenﬁ
circuit of Fig. 3-16 , the‘y-parameters at low and medium fre-
quenclies can be written in terms of the lumped pysical elements:

¥y= JuKCsa-Cgs)

Ypg ~I%Cga ) (3-15)
Vpg =8y~ I%eq
yos_'G +ij

Note that all the dlode conductances and bulk resistances are
neglected and also that these parameters are all blas dependent.
Making use of the square-low approximation of Id given by Eq.
(1-38) and differentiating}ld with respect to vgs, we can get
an approximate idea about & .. ' '

_E'_I_d.'-_-gm-_- 21@.2(4_\_/g§) (3-16)
As for the_y§parameters at very high frequencies, #e make use of
Fig. 3-id as follows : o
. - : " 4w Cas

_ wCad
A +juaC9dR1

| (3-17)
Ya '

i
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It can be shown that

Yo=Yy :
o ' (3-18)
% = YaotYy2 : o
o .
, : €y = Y2992
or that
y.11=y1+y2=yis
“ Va2 = Y2 =V - (3-19)

Vor="Y2+ 8p=Yrs

Y22 =y21+% =Yos
o)
The elements of the proposed equivalent circuit are thus simply
and conveniently related to the admlittance parameters, and a mea-
surement of the admittance parameters as a function of frequency
can be readily used toﬁobtaién the equi\falent circult elements.

3-2B. BResults of Admittance parameter measurements:
. Some measurement technique of the admittance parame-
ters 1is given in the appendix D. ' |
Here we shall discuss the variation of these parameters
with frequency. :
1. y:u.’= yis =g 11t ‘j

From Egns. (3-18) and (3 19)

f o (R +—(wC9dR) CHHCgsR) A 1 (wCgdR
For low frequencies ¢ . ' | ' (3-20)

(w Cqgs R,)’f «4 5 (w ng Rz}l.. <1

Thus Eq.(3-20) reduces to o
- - 'E“’I(CZS R, 4 cgd 2)

b1,1 _—:w(cgs+ ng) ‘ (3-21)

Fig. 3=3 shows the plot of &, . an(.i,'bn as a function of frequency:
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T ' Yrsvde qD [:_:] T
vgs  Y; . | , Yos Vds
| ° Yfsugz , l

Fig. 3-2. General two port y-parameter network

000 40000}
looot foo0t
25) B
oot Yy 400
- (umhos)

ol 10

d Ias

N2

bn ‘ '
4L IN249S |

. \ . . o

001 o 1:0 10 100

Freu’. Mc/s
;Fig. 3-3 Plot of g,, and b11 Fig.j;b. Plot of 8,, and b12 as

as a function of frequency a function of freqﬁency
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We can see that 8,4 is very small at-low frequencies so that the
expression given by Eq. 3-15 and therefore the low frequency cir-
cuit of Fig. 3-1a is good approx1mation.

It cen be seen from Fig. 3-3 that the plots of b and 8,
are linear for frequencies below 100 mc/s. Thus the_slopes of ’
these lines can be used to calculate the values of (ng+-CgS)and

2 2
(CogRy +CgaBs) -

20 Vip=Yipg=852 +3b, 5
'From Eqns. (3-18) and (3-19)

WCQ‘“ Rz .+ 4w Cod :] (3-22).
1 +(wC9dR1\ 14 (w CgdR,)

y\"S = - y1=

at low frequencies.
8, p= -(wC d)2R2

b12=‘wcgd (3-23)
at very high frequencies
g %=1
12 =
B
bizzo(wcgd)-l o (3-24)

Pig. 3-4 shows the plot of 8,5 and b 12 as a function of frequency.
Ir this information is combined with that derived from y, data,

Cgs’ gd* R, and R, can all be calcuiated.

3. y21‘yfs
The measurements of the forward— transfer admittance

presents a difficult'problem, but methods of measuring y 11+ Y2,

is possible as discussed 1n appendix E. From these measurements
and ¥ia measurements, the values of g, at different frequencies
cén be calculated using the relation

: _ Bp=Yz, T V32 ' ‘ (3'25)
Flg. 3-5 gives the plot of the modulus of & . From this figure,
the modulus of &y can .be fitted with an equation of the form

. 9mo _
dm = (3-26)
m 1 +jw'C ‘ .

Fig. 3 5 can be used to obtain the value of g and‘Ci. The ratio




ROBERT COLLEGE GRADUATE SCHOOL

THESIS

pAGE 4 4
BEBEK , ISTANBUL

1

1 it

{0000 }
100071
n‘=‘92\"9n|
‘b(m)\os)
. 100 ¢
40
0-01

01 .

4-0 10 100 1000

ig 3-5 Plot of g =|y,, - ylzi as a function of frequency

10000 }

1000 +

Yaq
(mmhos)

10 |

10|

o1

400

\311'

9,, 1N1499

comy

feed

b2
102494

Y., C6l

oot

o1

1. 100

Fr'c_q . MC/.S

10

Fig 3-6 Plot df 322 and b22 as a function of f'requenc,y.
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of Z/RICgs must give th value of ¥ _used in Eq.(3-10) . The
theoretical and experimental values of the constant {, which
ig called the impurity profile constant, is due to additional
capacitance and resistance between the source and drain and

lead inductance effects.

be ¥pp =¥, 82p + 30

From Egns. (3-18) and (3-19) ,
B 1 ) .
Yos = - 4+ lwCed) Ra w Cqd N (3-27)
Three characteristic frequency ranges can be recognised. At

very low frequencies:

€o0 =

[

el L

| o o (3-18)
bys Zwloy | '

2

At medium frequencies . v
! "
8,p = (WC4 )Ry

(3-29)
v by, :ngd
At very high frequencles
32‘2; L - ’
R, (3-30)
~ 2y=1
byp = WC4BS)

Fig. 3-6 shows the plot of 8o and bzzfas_a function of fre-
quency for a number of isample FETS. '




 ?'therefora thay are called ‘surface states. In order to undnrﬁ-

')”‘the aamicenduotor up to. theminmerfase.

aun:tcﬁﬁigwamumwn:ﬂmnu
. lunnxmunhn

| CHAPTER 4

PHYSICAL CHARACTERISTICH OF SBMICONDUCTOR SUBFACES

_ The band theery of solids is darlved with ths assumptian
of perfeot orystals whlch are 1nf1nite in all dlrections. Bug
'jreal orystals are finite and surfaca 1mperfeetion problems are :
_unavoidable. The: surface or a crystal may be defined as. a divi-;’s
dlng plane between two bulk phases. It is’ usually tmaated as a "f
'iaregicn since the mutual 1nteraction af the txo phasesis not: 19- 5

' calized in a glane.}'v"‘ RS S : ;
A mador crystal imperfection 1s locallzed electranio
jenergy states.. Such states are loealized at thz suzfgce and

‘tand surface states, we must: first Anvestigate ‘the. physics of
‘vsemiconduetcr surfaees 1n the absenee ar surfaee states,

oy Semiconductar Suxfaces in the Absanoe of Surtaee
States for gas or vacuum-semioon&ustcr systems: B

 Po slmplify the analysis cartain assumpt&uns are made TR
”a) Normal tamperahure exists so that all ahallow donnrs and

acceptors are 1onized._v. _ : IR S v
‘b) The semiconductor is’ not degenerate aad Baxwe11~301tzman
statics ean be applled., , B

) The ‘donor: and acceptor concentrations are unifetm thraughouh

- a) Ng‘statienary (trapped) charses other than 1onizad donors

or. aeeeptors in the semiconductor space charge reglon existi '-5?

‘ suvfaee the surface conditions,ara”nalfazh7
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for the semiconductor bulk.

n. N, exp[ C_EF)/kT_] ~ .
= n; exp [_(E;-EQ)/L.T] : (4-1)
: ng cxp[q¢/kT] IR

p= Ny exp [(E - Ef)/KT]
- ng exp [(Ec-EQ)/MT] (4-2)
cne exp [-ap/aT]

| ﬂp = n‘ll = N NV CKP —-E » v)/kT.—: o} c,onskan{, For a
| given \'.e.mperatufe. (14_3,)

where n = concentration of free electrons
p = concentration of holes

o : K) . ¥

e 2 (2T meb KTV 250”1y )% e
| h m

q = electronic charge

# - electrostatic potential

f = Fermi enarg;y level ‘

Ei = Fermi energy for intrinsic material
qg E - 'Ef'

= 055 Fo( Gc 9"& 110 {:01’ Sl‘,
Mh = 037 fof Gev‘ Or;d 057 far ‘SL

Since for an intrinsicrmatei‘ial' "=\P=“«l . and Ef:E'

Eeod (E.cBy) 4 L kT Lo Nez 4 (€ _E) (%9

| =7l N 2 |
Eq.(4-4) is only an approximation since Nv,é-Nc due to. the
difference between the effective masses of the holes and elesc =
trons. |

Fig 4-1 is an energy level diagram 1ndicabing the various .
parameters used to characterigze the surface,in: doped sem1c0n~,k;
ductors. E is taken as the referance energy level.

mee 47




CITHO DTS : : .
ROBERT COLLEGE GRADUATE SCHOOL PAGE 4%
. BEBEK,ISTANBUL

Vacuum | Semiconductor
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gy /" Velence band
Nz
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Fig.bh-1 Energy-—level diagram indi‘céting‘ the various parameters
' used to characterize the surface.

N - £,
. l N e e E¢
| 84 ¢
_J'_- - b : Ef : (;l t
N . lonized acceplors
Space | | Buk ™S holes
‘ charge region . (@) ' '
. . ! Ec
——————— — --E¢
- - —%f _ionized acceplors
@s P 7
. o \ ‘\O‘CS
. 4 ‘ . l Bun( ‘
Inversion —y
| ayer” ' De.P‘e't"m
o Y'c.gioﬁ ( b)

Fig. 4-2 h.nergy level diagram for p- type semiconductor
' a) with acoumvlation layer
b) with inversion 1ayer and depletion region.
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ﬂb..the electrostatic potential in the bulk of the mate-
rial far from surface : -
ﬁé—-electrostatic potential at the surface.
Using these parameters, the bulk carrier densities n, , Py »
and the surface carrier densitlos! ng o, pg can be expressed‘ag..
follows : ' ~ '

ny = NE e"P [q¢b/kT] N T -
pp=ne exp [q@,/KT] o ©(4-5)
Ng =Ny exp [q¢, kT_] Ny exp [q (¢s-¢b)/m‘]. ‘ |
Ps = n; exp [ q@/k‘l’] Py CXP [?'q( dé'db)/kTJ

ny pb , and ¢b are determined by the doping of the meterial.
The potentlar.at any point in the bulk of the semiconductor ‘is
given by - ’ '

v-g -4, | (4-6)

and the surface barrier potential is deflined by :
Vg - g : ' o (B-7)

The value and polarity of the. surface potential ﬁ and the
surface barrier VS ,_are used to classify the surface condi-
tions, such that A ‘ ,

Ir ﬁs'> o the surface 1s n -type (4-8)

¢s ¢ 0 , the surface is p -type -

Surface conditions can be classified as follows?

a) When an enhancement of majorlty‘carriers exists at the surfa-
ce , the surface is referred to as an enhancement or accumulation
layer. This condition exists when v <O for p-type and Vs> 0
for n-type material.

b) Flat band condition exists when V. =0 . In such a case ,
the energy band is flat out to the surface. ’

¢) A depletion layer is formed when some of the majority car-
riers are repelled from the surface , leaving donor or acceptor
“ions uncompensated. This occurs when the sign of V is opposite

to that of #, and V.| <12 4] .

d) An inversion layer 1s obtained when the minority carrier den~ -

. sity at the surface equals or exceeds the majority carrier bulk
density. This occurs when the slgn of V3 is opposite to that Of:;f
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¢b' and  lel )]ZGBI. Fig hf2 illustrate§'these eurfece layers.

4~1B. Surface Conductance. :
The conductivity of a eemiconductor is. given by
o@D = q fﬂ(x)ﬂn(z) + P (z),up(‘l-)J | - (4-3) -
where u"(i),qp(z), electron and - hole mobllities respectively.
n{z) , plz) = free electron and hole concentrations at thermal

4 equilibrium. Deep inside the bulk s the mobilities and ‘carrier
densities are constant so that *Eq (b 9) becomes

oy = q(npmb tPeMb) | (4-10)
But at the gurface , since usually V *() ,'A large positive or
negative surface barrier (a potential well) exists for one or
the other type of carrier resulting in a reduced surface mobllity
If we define surface. excesses as the additional number of free
carrlers per unit area of surface due to the presence of the sur-

'~ face barrier , we can express these excesses as !

AN =L° (n-npydz = _j ‘nb dv | (4-11)

and | : »
ae- f° (popp dz = - " 'E"E dv - (4-1)

Then the surface conductance gg due to this change becomes
g, = q (Mp AP +MnAN) mhos (4-12)

Surfaces with accumulation or inversion layers have high surface
conductance due to large number of majority carriers respectively
but for depletion layer surfaoesconductanoe is smaller and passes

through 2 minimum value B min when very few excess free carriers

are present in the space oharge region. The surface barrier helght |

at which this minimum occurs can be derived as follows . From
Eq. (4-13) the surface ronductance becomes zero when

AN=Ap =0 (4-14)
- and when - - , . : ,
Ap= - (4n) AN o (#-15)

e |
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Differentiating (h~;15) with respectbto ug , where us= é¢/%T 3

d us : ;(_p_ J“:;
and referring back to Eq. (4-11) and (k=-12) ‘

Tomin = QUsmin T = 2wy, - Ln dn gor vswO (471T)
Surface conductance versus vS for intrinsic 'y p-type and n-type

J Ap _ Mn ) AN ' . o (4-16)

_materials is shown in Fig h 3 .

4.2 Semiconductor Surfacesxln the‘Presence of Surface States.
v Surface states are localized allowed energy states some
of which may be in the forbidden gap .. The disiribﬁtion'and
propertias of these bound states are a function of the chemical
and mechanical treatment of the surface and the environment to

which it is exposed. There are two kinds of surface states:
4-2A, Slow surface States : '

They exchange charge very slowly with the bulk material.
The time constants of charge exchange range from a few seconds
to months. ( These states are associated_withvthe oxide films
on Ge or Si surfaces); The deﬂsity of these states depends on
the adsorption equilibrium with the ambient and 1s not a cons-
tant of the surface exceptvin‘ultrahigh vacuum.
4-2B, Fast surface states .

They exchange charge with the bulk material with time cons-
tants ranging from millisecond to microseconds or less. They .
exlst near the 1nterface between the semiconductor and the oxide

and are relatlvely unaffected by the atmospheric ambient These.

states are mainly responsible for the generatlon and recombina-
tion of electrons and holes at the surface.
4-2C. Probability of occupation of surface states.

Probability of oécupacion of a surface state at energy E
is given by the Fermi-Dirac statistics as ¢

1+ gexP[(EE-EF)»/kT] -
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Fig., 4-3  Surface conductance vs v, for various bulk resistivitied
n-type ----. 15 ohm-cm {(curve 1) '

p-type ---- 10 ohm-cm (curve 3)
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Fig. -4 Trapping site imbedded in the insulator
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g=1/2 for acceptors,’and g =2 for donors . The constant g takes
care of spin degenerac o | |
At equilibrium,_the surface potential will adjust itselfl
in such a way that overall charge neutrality exists while the
surface traps are filled 1n'accofdance with Eq. (4-18) , that 1s
the surface potentialiis*sﬁch that»it produces the necessary
charge in the space chafge'layer.tc neutralize the charge in
surfaces states : - o
st + Qsc=o ‘ . ("'19)
Surface states are neutral when not not occupied

L-2D Surface State Capacitance _ ,
The differential capacitance Css~assoc1ated with change of

charge in surface states is defined by :

Cis = 9Qss | | (4-20)
o Vs '
Thus the total surface capacitance is given by
‘c.s '_‘_. aQ - CSC + CS.‘) ‘ | (‘I—l")
3 Vs ' '

ThUb the scmiconductor surface capacitance is a parallel com-

bination of space charge and surface -.state-capacltance,

4-3. _Semiconductor-Ihsulator Interface
4-3A, MOS capacitor. R

The MOS capaciﬁor consists of an n-type semiconductor
covered by a thin film (504 (T, < 5000A) of insulating material
with a metal electrode on top of the insulator. The assumptions
governing the fcllowing'discussion will be that the film is per-
fectly insulating and 1s characterized by a certain trap distrie-
bution . Experiments have shown that all ranges of response
ﬁime can be expécted for surface states in such a system . But
fast surface states can be reduced by controlling the conditions
under which the insulating film is produced by\oxidation of the

.semiconductor.

,
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_ Fig L4- 5a and L~ 5b show a MOS capacitor and its band
picture when an external voltage V is applied The picture is
drawn for an n- type semiconductor, ‘but the general voltage equa-
tion can be writren ag

= Pt Vox - Xst -V (k2
where 4 V total epplied‘VOItage across the MO3 capa-
. eitor |
dm—work function of the metal
'Voxzvoltage across the oxide film

X zelectron affinity of the semiconductor
Vézelectostatic petential,difference between
v Fermi level and conduction band. ;
For a certain glven unit V , X , and d will be constants so
that the effective applied voltage will be

V-.:vV.;.:f ﬂm«l- X+Vc = Vox+ v, (4=23)

A further assumption is that the voltage drop across the oxide
layer due to the distributed surface states in the oxlde 1is
small compared to the overall oxide voltage. Thus the electric
‘field in the oxide may be considered uniform. But this uniform
field is valid only when - " |
1) The space charge regions at the me’cal-SiO2 interfaces are
widely separated , that is

o Tox » 1 (4-214)
Total space charge regions :

2) When Tox k1 , (4-25)
total space charge regions

In the second case, the two space- charge regions overlap and
the 1ntergrated space-charge in the oxide can be negleeted with
respect to the surface charge either in the metal or in the

semiconductor.
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Fig. 4-5a  Schematic r.epre_s_entation of an MOS capacitor 1
Vox' - l g ‘

: v . : . . v ‘ 1

R X1 - o conduction b.]

' __LCJV&. I Ve 1

o ' < Ferm: Level §

- | ] _
| v ' | | |
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. : N an
Fig. 4-5b Band picture of MOS capacitor with an épplied

voltage V, . N-type semiconducter is used and
an accumul‘at_ion layer 1is f:ormed_._ ‘
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In the intermediate case, when

- : Tq;; 5 L =24 » The agsumption of uniform
Total space charge regions '

- Tleld 1s not valid.

‘h 3B. MOS Capacitance

Hhen a voltage 1is applied ancross the device, assuming
uniform field in the oxide layer , the electric field terminates
on two kinds of charges: The charge‘in the semiconductor space
‘charge region, Qsc.’ and the charge in the surface states,st .
Both Q_ and Qg ore of same sign and add to give

Qqp =;VQS + Qg . - (L-26)

The charge Qm on the metal plate 1s equal and opposite in sign
to QT. Then

lQm|7= QT»= CoxVox S (4-27)

wheré Cox”EW/Tok oxlde capacitance per unit area
If we call total surface capacitance of the semiconductor C, »
. the totalrcapacitance per unit area of the MOS structure will be

| c _ Cox’s - | | (4-28)

Coi+cs ‘

Thus the total capacitance corresponds to a serles combination
of the oxide and the surface capacitance.
The oxide capacitance 1s constant and frequency independent .
Thérefdre the frequency dependence of the MOS capaclitance results
from the frequency dependence of the semiconductor surface capa-
citance 'CS only . '
The complete functicnal form of the overall capacitance and its °
frequency dependence can be analyzed as follows:
From Eq. 4-23, the effective voltage across the device was glven

as: .
: ‘ ‘ V=V0x+ VS:-: (v +V ) +vs (4-—29)
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and the total capacitance per unit area 6f the MOS is:
c. 2y T (430
Making use of Egns. (4-27) and (4-29) , Eq.(4-30) can be
written as _ T | . . .
CzCopf 1= M) (431
. . _ PAR R ;
'Now the dependence of the capacitance C on the surface barrier
can be obtained by meking use of Eq.{(4-29) and (#-31)

C'(Vs): ng [(3Vsc/¢9v;) + (aVS_S /aVs) o | (4-32)

A+ (Vsc /aVs)+ (3Vss/aVs
If the frequency of the ac'slgnalgis'so high that none of the
surface states cen follow (i.e., w»4/7) , oV /JdV_  _, O.
In such a case , the MOS capaclitance reduces to .

C = Cox {(QVsc/QVs) ] (4’ 33)

4 +(dVsc/Vs) : '
Normalized MOS cépacitance versus gate voltage for no surface
- states is shown in Fig = 4-6 and 4-7. In Pig 4-7 high frequency
and low-frequency capacity curves are presented for various 8102

thickness.

4-3C. Surface Conductivity |

. The equation for thevCOnQuctancé of the semlconductor sur-
face was given by - ’
95 = q(mp AP +AnAN) | | (4-34%)
Since AP, and AN were shown to be functions of the eleccric
field at the surface to modulate this conductance , the electric
field at the surface must be changed. When a voltage is applied,
the surface potentiailadjﬁsts itself according to the equation

| VooV 4V  +V - (4-35)

in order to maintain charge neutrallity. When the surface poten-
tial changes, twe things happen s :

.1) The Fermi level at the surface is altered so that the occu-
pancy of the surface states which' vas slven by -the Ferml -leac
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statistics (Eq.4-18) is.chahged.
2) = The surface excesses of holes and electrons (AP, AN) are

‘changed resulting in a changeé in the surface conductance. This
‘is called the fleld effect. =~

4 -3D Hysteresis due to Carrier Trapping.

) Measurements made for MOS capacitance show hysteresis
effects of two kinds: A
1) Hysteresis effect, dependent on ambient and time. This is
obsefved only for p-type units under inversion layer operation
conditions. It is due to the charge.migration on the surface of.
the oxide layer. No ohangeiof capacitance minimum is observed in
this case.: - | .
_2) Hysteresis due to trapplng effects at the two interfaces.
This effect is endependent 5f amblent and causes a shift of the:
C wvs V characteristics to the left or to the right. This effect
is due to trapping of free carriersvat'the two interfaces.For
example, for p~type materials which usuaily have an inversion
layer and therefore an excess of ns at the surface, there will

be a negative charge trapped 1in the oxlde (at low negative bias).

The trapped charge will be alpart of, VSS’ But for the same
applied voltage.,V, Vss‘ will be different for increasing and
decreesing bias. 3ince’ Vsc* VS =V - VSS , this requires that
Vo, +Vg, also be different. Therefore the surface capacitance C_
will also be different. '

When surface state cencentrationbis,greater in the‘oxide-
semiconductor interface, the C vs V curve for increasing bias
lies to the left of that fof decreasing bias , but if the sﬁr-
face state concentration is'greater at the metal-oxide interface
then the hysteresis may be in the opposite direction .Fig U4-8a

and 4-8b show MOS capacitanee versus gate voltage plots. Trap-

ping at the oxlde-semiconductor interface 1s dominant in Fig 4-8a-

while trapping at the metal oxide interface 1s dominant in 4-8b..
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oxide-semiconductor interface.
showing hysteresis because of trapping at the

metal-oxide 1nterface,

araan




'ROBERT COLLEGE GRADUATE SCHOOL  eaeE 61
BEBEK , ISTANSL *

4-4, MOS Characteristics and _Equivalent Clrcuit

Fig 4-9 shows typical differential capacitance and equiva-
lent parallel conductance: vs field plate bias curves measured
at 100 ke with an admittance bridge. The capacitance curve has
three distinct regions , two of high nearly constant capacitance
and a third where the capa01tance changes very rapldly with blas
and goes through a minimum. Behavior at high negative bias (left
of the minimum) and the decrease toward the minimum can be ex~
plained as follows: At high negative bias, a heavy accumulation
layer is formed in the Si surface under ‘the field plate. Because
this layer has now a2 high charge density only the oxide capaci-
tance is measured. (cee Eq. L 28) Hhen bias 1is reduced, charge
in the accumulation layer decreases causing a decrease in the
differential capacitance measured With further bias reduction,
the accumulation layer turns into a depletion layer. The capaci-
tance of this layer now appears in series with the oxide capaci-
tance reducing overall capacitance. This range. may be influenced
by the capacitance associated with fast surface states which
may also cause the corresponding conductance peak.
The simplified equivalent circuit'of the MOS capacitor in the
inversion bias range is shown in Figfhflor. The minority carrier
_ZSCurces for the'inversion"regime are represented by resistances.
Bd 1s assoclated with electron diffusion current. R zd is associa-
ted with volume-generated current within the depletion region .
Rss ig associated with a surface generated current related to
the surface states. at the ‘insulator-semiconductor interface.
With each of these sources a time constant is. associated so .that
the response time for the inversion layer will be

AT .[1/zd + /T s +-1/ng-J

or ) ) 3 (4‘36)
. 1/Z= ..A[1/Rd +1/R.95 +1/de]é
where C -’capacitance of ‘the depletion region.

d.—.

i
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The‘capac;tancebminimum occurs when the net field ( the diffe—
rence betﬁeen.appliedvahd sutféce state fields which are in
opposite direction when the field plate is negative) causes the

channel under the field plate to disappear or pinech off. At this

moment the applied field divides between the oxide and space
charge region in: the sillcon. '

!
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'Capacitance and equivalent parallel conductance as a
- function of -gate electrode voltage for a MOS structure

Fig.4-9

shown ln the insert.

Fig. 4-10 The ac equivalent circult for the MOS structure which
operates in the inversion layer. It includes the ef-
fects of surface, bulk, and junection-generated. current
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_ CHAPTER 5

INSULATORS IN MOS STRUCTURES

In the MOS transistor ’ the gate is seperated from the
-conducting channel by an insulating layer, An ideal gate insu-
lator should have zero conductance and very small capacitance
. to . minimize discipation and storage effects in the gate circuit.
Real insulators however show conduction ut considerably lower
applied- fields than the_ideal insulators. The conduction.charac-
teristic of real insulators may be linear or nonlinear. It may
be uniquely defined, show'hysteresis effects,vlead to permanent
changes or destructive break down. These ‘effects may be due
to electronic or ionic conduction or ‘te: surface currents ‘which
are greatly affected by impurities»and defects.

- 5-1 Electronic Conduction

5?1A Injection over a. Barrier. Sohottky Emission

Fig 5-1 shows a simple schematic energy -band diagram of
' the insulator when-it is placed between the metal gate and the
semiconductor. ¢ represents the work function for the insu-
lator when no external voltage is applied The gradients in- ]
are due to differences in work functions between the different
materials. As can be seen from Fig 5-1 ,‘even in the absence
of an eﬁternal voltage , a snall'built in electric field may
exist in the inStlator; Ir we designatevthis by Eint ’

Eln{_ = 3 QO ' \ : (5_'1)
Ifr a voltage is applied to the insulator the resulting fileld
in the insulator will become ‘ |

ko= 9¢o aEf o 9‘# . {5—2)'
=X J= * Jdz T Jd= e
This situation is shown in Fig 5~2 . The voltage drop across
the semiconductor is always less than E /q, where E is the

g
band gap or the semiconductor. Therefore we can consider that --

E EE+E
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Pig.5-1. One dimensional energy-band diagram of MOS V

transistor at equilibrium.
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Fig. 5-2. Energy band-dlagram of MOS transistor under

Me\’.a\.

. applied gate voltege Vg.
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21l of the applied gate voltage Yg appears across the insulator,
and approximate the insulator field E by

Ex'g . S - (5=3)
T« ’ ‘ _
where Vg_.gate electrode voltage

Tox—insulator thickness :

In Fig 5-2 , the Tield across the insulator is shown as cons =
'tant This is a simplified situation which assumes that there
1s no net charge. density present However real situations are
more complex and will be discussed as we go on . -

When the potential barrier Ad between the metal and the
“insulator is small, or when the temperature is high y some elec~-
' trons with sufficlent energies will pass over the barrier and
flow into the "insulator conduction band At equilibrium an
equal number of electrons will flow from the insulator to the
metal, but this may be eliminated by applying a field. The cur-
rent = . Tlowing in the z—direction (into the insulator) due
to thermwnic em1351on 1s obtained by intergrating the charge
flow over all the electrons in the metal with sufficient mo-
mentum in the zfdirection -and '

j . ‘4.' ”Eéﬁrhe“;(kT exp( __é_) (5-4)

Camt o R
Eq(S-u) is known as the Richardson ‘equation. This thermusncc
current is small for the type of insulators and the range of
temperatures used in MOS transistors.,The currents may be in-
creased by high fields which modify the shape of the barrier
and lower its heigth. This causes more thermonic carriers to
flow over the barrier. ‘This effect was first described by
achottky '

To calculate the current through the insulator when a
field is applied , we must modify the metal-insulator inter-
face as seen in Fig (5-3). to include the image force. The
image foree results from the positive charge induced in the
metal by the emitted electron. This force tends to‘ attract
the electron back‘into the mstal and is given by

’
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S g .
!’:qum :-.——.3___ ’ A (5_5-)
: 4re; (22)"' '
where 2z -distance of the electron in the insulatorkfrom the
metal 1nterface.
is permlttivity of the 1nsu1ator

Correponding to the image force, there is a potential glven by

/1&w€bz 80 that the net potential barrier is reduced’ to
boh-£ e
, . re z , T
The resulting potential is shown in'Fig 5-3 . If now an elec~
trical potential ‘Eo is applied to the emitting surface, then - -
the potential energy barrier will be
¢ =0 - P oSN qEz (s
_ l6re;z ' .
where E_ = the external electrcal field. The barrier will

have a maximum at -

Zm = lmeEo N (5-6)

with a maximum g given by

¢- ¢-ﬁ J__ | (5D

1re

so‘that'the lowering of the barrler;height_by»an’applied field
Eo is given by _ : ' . |
ad, . =| Lk S (s-0) | |
. ‘nax
lf’n'et. :
Lnserting Eq (5-10) into Richardson's BEquation (Eq.5-4), we get

the modified Schottky equation which gives us the current flow- )

1ng into the insulator :
j 4 2.qm cpp(kT ) ‘:"P[ Ad _ (q3E° /lme..) J (510
*oant W ‘ kT
5-1B Tunneling or Field Emission
The mechanism of field effect emission is different from

thexmibnic emission. In the latter case the electrons must possess 1
‘sufficiedl energy to pass over the surface barrier. With field
effect emisslcn however the electron can tunnel thraugh the barrmrf9
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Pig.5-3. Band diagram’of the MOS transistor with the metal-~
insulator interface modified by the lmage force(ﬁim),
and lowered barrier height due to an appllied field E.

ﬂm - kﬂﬂ

Fig.5-4. One dimensional tunneling through a potential barrier
g(z) or through #'(z).
g(z) is a rectangular barrier |
g'(z) is a smoothed-out (more realistic) barrier.
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To find an expression for this;probability,vthe one-diminsional
Schrédinger equation given by Eq(5-12) must be solved 3

2 . . .
L O CL S S (5-12)

T e

2m dz

Eq.(5-12) can be solved exactly for a square potential barrier
giving '

¥ = A c.‘k’z +A, c’_bk'z” v . z<o
‘-’I . 81 éﬂk).!. +~'51'¢Jl1.7_* o O(Z‘ a ] (5‘-13)
Yy = <, gik,z zya

where

L ‘ 2mE | lzr;(qsn_e)'

The coefficlents are determined by applying the continuity
condition on the wave functions given in Eq.(5- -13) and their
first derlvatives v '

at z=0 and  =z=a -

.4.,( (A Az)_ k (51-3;)

(5 -14)
B qu“"b -k:'“:'_Cq gha

Rz(b"C L - Egc‘-& ): A.C k{ébk{“

let uz ky/ ko and solve Eq (5-14) for Cy
c—ik‘ﬂ 2_ u

Cq-= : (5-15)
Lu cosh kpa ~ 4 (4- ) smht L,_a
and the transmission coefficient is found to be
1_‘.“ 4y | - (5-16)

(1- - 5mh L a +4ut cosh® kla

It is apparent from this result that transmission or tunneling
through the insunlator barrier can occur even though the energy
E of the electron in the metal 1s less than the barrier helght.
However , the transmission through the barrier decreases very
rapidly with increasing ko2 l.e., with increasing ‘barrier
'height and thickness. But a large electric field narrows. thc
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parrier and permits electrons to tumnel through.

Real barriers are never'infinilgty shérp, but rather look
1ike the dotted @'(z) function shown in Fig 5-4. The solution of
such a problem is complicated But if g (z) varies smoothly (which*
is usually the case) &he wK8 aporoximaticn may be applied. The
transmisslon,prahobility,for such a curved barrier 1is given by
WKB 'method as : - | ' ' ’

T(E) —cxpé j [2m (¢(z) ~E) j dzg | (5-17)

. The tunnel current flowing through the 1nsu1ator is now calcula-
ted by intergrating over all electrons ~ '

q f N(EY{ (E) vy T(E) ;)Ez, (5-18)

Where» E . Kinetic energy of thé electron in the cathode(metal)'
material, measured‘from the bottom of‘the,ccnduction
band. . : »

N(E)- the density of states corresponding to an energy in -
the interval E to E +AE

{[E) i4+exp‘_ Ex +—E3 +Ez.) Ef,‘)/kT]}

There have been many-attempts to evaluate Eq.(5-18). Some have
obtained answers by making approximatlons and simplifying assump-
tions which are valid only Within certain limits. '

5-1C . Conduction in High Electric Fields

The electric fields applied to the insulating layer in _
the transistor are large . "When the field is very large, elec- r
trons attain high average energies and give rise to optical phonon
scattering, impact ion*zation>and pair. production. If the insula-
ting layer 1s thln, the electrvn will probably pass’ through
without being trapped and if it 1s not larger than the mean-free-
path between ionizing collisions (~20 A) multiplication of
.carriers will not occur because the electron will leave the crys-
tal before colliding. But 1f the insulator is thick and the rate

of collision and creation of additional carriers exceeds  the
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" ferent from what is expected,at~equillbrlum. The‘processes by

rate of recomblnabion . then the conductivity will‘lncrease. Morse
current starts flowing and destructive breakdown takes place. This
is known as electronic breakdown to be dletlnguished from the
thermal breakdown which is oaused by the heatins of the material

' in the high current density regions.

5=1D" Effect of Impurlties and Defects
. Imperfections introduce localised energy states. In the

insulators, these energy states generally 1lie deep in the for-
bidden gap. The states may be. donor or acceptor states. If the

states are empty in equilibrium, they may trap conduction carnersarﬁw

vgﬂngare electrically charged ( ionized impurities), fhey may
‘scatter free charge carriers and reduce their mobility.

_ If when an electric field 1is applied the density of the
electrons flowing ( thermhnlc emission) into an insulator is
smaller than the density of the traps, most of the electrons
will be trapped leaving only a small number of excited free car-
riers. As the voltage is increased , and the number of electrons
injected becomes larger than the number of traps, the number}of
carriers left free increases. Therefore'the current through an
insulator which contains traps will rise slowly with the appli,.

"catlon of an increasing electric field until a certain value is

reached, and then it will increase very strongly.

Traﬁs have & strong effecb on tunneliﬁg currents. They
produce space charge which reduces the field near the cathode
(metal - insulator junction) end»thus make the barrier thicker.
This results in reduced injection. '

The filling and emptiying of the traps may take place by
transition and absorption of radiation. High fields may 1ncrease
the impurity ionlzation rate by lowering the barrier surroun- '
ding the trap . These are all vertical transitions in the band
picture. Horizontal transitions due to traps may also occur.
This happens between the contacts and impurity states, All these
processes cause the current flowing. 1n the insulator to be dif-




THESIS | s
ROBERT COLLEGE GRADUATE scooL raoe 71
| eEGEK,STANBL - ' :

which the eleotrone_enter and leave trap states have long time
constants. Therefore thermal equilibrium will exist only under'
.dc conditions. Under ac conditions, depending on the frequency
of operation, dlfferent phenomena will make themselves fﬁtf
Hysterisls effects 1s an example .-

5-2. Ionic Conduction | | o |

‘The foroes holding an insulator materieliare ionic in
character, Insulator materials with combined ionic and covalent
binding: ma3 also exist . The thermodynamic equilibrium lattice
is not a perfect lattice above absolute zero._It contains a cer-
tain number of vacancies and’ other imperfections. There 1s a-
certain Drobability that the lattice ions may move from one

vacancy to another. The probabilityvof this diffusion depends
exponentially on the temperature.' .. '
D= Do exp [__ At/kT] ‘ ‘ (5-19)
and by Einstein's , the low.field'conduotivity'is glven as:
o= ﬂl_’io = -9%'—:— Po exp L-4E/kT ] (5-20)
where E activation energy = the hight of the potential bar-
' rier over which the ion must pass to move from one
lattice position to the next.
N . number of mobile charge carrlers (vacancies or inter-
titial ions)
The insulator may also be doped likee a semiconductor by means
of which itg ionic conductivity may be lincreased above its in-
trinsic conductivity. But even when doped , ionlc conductlion will :
be small at low fields. However , conductivity is strongly: field

dependent and increases at high fields which are of the order of
20° V/em.

When a dc field is applied across an insulator s there |
will be an initial current flow, but since the ions cannot be J
injected or extracted from the material , negative and positive '
space charges start to build up near the two electrodes. The po--
.tential distribution within the insulator is. thus distorted as
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shown in Fig 5-5. When the external field is then removed, large

internal fields remain(some of the ions flow back toward thelr
equilibrium positions, but not all). Thus for slowly varying hishv
fields large hysteresis effects will appear. As the ionic char-
ges accumulate near the insulator interfaces, they affect the
surface conductance of the semiconductor . They act just like

the electronic surface charges discussed in the surface physics
chapter. They bend the ‘bands in the semlconductor. Thus ionic
conductance may modify both the channel conductance -and the trans-
conductance of the field effect trensistor. The difference be- ;
tween the ionic and electronic surface charges is that the lonic

‘surface charges respond only to very, low frequencies.

5-3 Surface Conduotion o

- Electronic states in the forbidden gap due to dangling
surface bonds , and adsorption impurities on the surface may
give rise to surface conduction phenomena in the insulator .
‘Theae effects are negligible in the actual device because the
field along the surface 1s smaller than that across the bulk ,

and surface imperfections can be reduced by advanced technology. i?

77//77
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Pig.5-5 Schematice fieldjdistribuﬁion in an insulator
'o) when lonic conduction has saturated

b) after removal of the field’
c) after final equilibrinm has been reached.
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CHAPTER 6

INSULATED- GATE FIELD EFFECT TRANSISTOR
THEORY

There are two: main‘types'of insulated-gate field effect

transistors. These are illustrated in Figs 6-1 and 6-2. The fi-
gures and the discussiéns to follow refer to electron conduction
devlces(n—type units)with n- type source and drain contacts,and

p~-type substrate. Fig. 6-1 1s an induced channel type transistor.

This unit is fabricated with source and drain contacts of oppo-
site conductivity type from the channel Back to back diodes are
formed between source and draln contacts and the channel current
ig essentially zero for zero gate bias. If a positlve voltage is
applied to the gate of this unit holes will be depleted from
the surface of the semiconductor . A further increases in bias
will produce an accumulation of electrons at the surface. The
surface channel goes from p—type through intrinsic, to an inver-
ted n-type layer at which point ohmic conduction from source

to drain commencences. Enhancement mode operation is obteined
for a further increase in gate bias. Fig. 6-2 is a depletion type

transistor. It is fabicated with the: channel of the same conduc«_':

'tivity type as the source and drain contacts. This may be opera-
ted in either the depletlon or enhancement modes. To operate in
~the depletion mode ,- the . gate is reverse biased so that carriers
are depleted from the. chennel. Therefore maximum channel current
flows in this mode of operation for zero gate bias. This type

of operation is analogous to the operation of the Shockley Junc-'

tion FET. For enhancement mode of operation, the gate 1s forwardﬂ

biased so that carriers are drawn into the channel. Minimum cur-
- rent flows in this mode of operation for zero gate blas. In
contrast to the Shockley unit , no gate current flows due to the

insulating SiOz'.
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6-1. Mobility of Charge CarriZrs. .
To deriée the important device characteristics such as

current-voltage characteristics, transconductance, and frequency

response one must know the drift mobility of the charge carriers

in the channel region. o ‘

6-1A. Dependence on Gate Field :

In a large class of the MOS transistors, the channel
consists of an inversion layer induced by a field normal to:the_
surface of the semiconductor. There are two primary sources for

. this surface field.
a) Charge on the metal gate electrode due to the applied voltage.
b) Charged sites present in the oxide. These may be produced by
. the exposure of the oxide to hydrogen at elevated temperatures.

* As the gate field is increased, the carriers in the channel move
closer to the surface and their mobility will be expected to

decrease due to increased surface scattering. However in many

unité,-defects in the surface region act independently to reduce:

the electron mobility and this effect dominates over the surface
scattering. Thus very little dependenoe of mobility on the gate
field is observed. For this reason , in the follow1ng analysls
we will assume that the carrier mobillity does not depend on the
magnitude of the gate field.

6-1B. Dependence on the Applied Field between Source and Drain.
. For low fields less than 103 V/em in n- type Si and 1ess
than 5 x 103 V/cm in p-type Si, the mobllity 1s constant and
the carrier veloclty 1s directly proportional to the fileld. For
moderate fields, 103—10 V/em in n-type Si and 5 x 103-5 x 104

V/em in p- type ‘51, the mobility is approximately proportional to‘

the inverse sguare root of the applied field and the carrier
velocity is proportional to the square root of the field For
very high fields, the carrier velocity becomes nearly constant
and mobilitylis inversely“proportional to the applied field.
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6-2. Commonly used Approximations:

6-2a Gradual channel approximationL It is assumed that the rate
of change of the'drift field along the channel is very small com- -
pared to the rate of the change of the gate field in the channel
normal to the surface. This approxxmation permits us to solve Pois-
son's equation in one dimens1on, leadlng to a channel conductivity
which is a function of the applied gate field only. This approxi-
mation can be expressed as

d Ex dEz : - \ - (6-1)

«
dx dz .
If the effective depth, 4, of the channel in Fig.6-1 is very small

compared - to the length,l, of the channel between source and drain,

then the gradual channel approximation will be valid over a subs-
~ tantial portion of the channel extending from the source to some
point near the drain. Let this length of the source region of the
channel be ls.,From the point 1s to the drain, a drain region of
.length 1d exiets -where the space charge effects cannot be neglec-
ted and the gradual ehannel approxlmation is no longer valid.

6-2B. Shallow Channel Appr011mation : The maximum potential drop 
across a surface inversion layer will not exceed half the band gap
potential of the semiconductor by more than a few kT even if the
inversion layer is degenerated {e.g.) 0.5 volts or less for Si-

If the potential drop between the gate and the channel 1s several
volts, we can assume that most of the total potential drop is in
the oxide, and that the total channel sheet charge density Q(x),

- at the point x , can be expressed as

Qoz ¢, [V, - V(x)]  for e« Vg (6-2)

where Cox= capacitance per uﬂlt area across the insulator
' go= dlelectric constant of the oxide
V_ -~ the potential of the gate. eleetrode
V%x) the potential at the point x in the ohannel
The validity of this assumption depends on the substrate dop1ng
level and/or the magnitude of the applled gate field. Eq. (6-2)
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~assumes that the channel depth. d , is very small compared to the
thickness of the oxide Tox. This approximation is referred to as
the shallow channel appfoXimation and it is sufficiehtly accurate -
for a first order analysis. A
6-3. FirstvOrder Analysis of the Current Voltage Characteristics.
The assumptions on which the analysis is based : ?
a) Unifprmly doped p-type substrate with n-typeée contacts. The ‘
n-type substrate case may be readily extrapolated. 5
b) Zero surface doping ( zero pinch off voltage). If the pinch—offg
voltage 1s not zero due to the surface eharge which may be present
in the absence of an applied potentiel difference ; theén effective
gate potential Vé must be.used. |

N ) :V‘V
g~ 8 T

‘where Vg =off set gate potential

(6;-3) |

c) constant mobility. | | %
d) gradual and shallow channel throughout the entire channel S

length . ‘%
c) - The substrate will be considered so lightly doped that its ga-
ting action on the channel may be neglected.

When it is assumed that the presence of depletion charge COgether
with the effect of work function differences ( between the gate
‘metal and the.oxide, and betwegen the semiconductor and the oxide)
in interface states, and of fixed charges in the ox*de, results in
a constant surface-charge density C VT , Which is present trres-
pective of the potential difference Vg - V(x) , the mobile charge
density in the channel may be glven by |

Q(x)==Coy [V-V -V(xﬂ (6-1s)

The subscriptfbm stands for mobile.
The conductance at location x in the channel for a channel width

of W is’ . |
. G(X)::Qm(X)Afwzaw Cox [?g-vT_y(xi} (6-5) | ;

whefe,q:carrier_mobility.
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and for the channel current from source to drain we have

I _G(x) dVSxZ (6-6)

When I, M ,and VT are constants along the channel, integration of
Eq. 6-6 is carried out as follows: : '
| I =mWC__ [V ~Vy-V dV 6-
4= [ gt (x)] (56-7)

djhdx A4wcox-fwﬁ -V, —V(x av - (6-8)

CXA” (v (v, - V)-1/20% v’)] (6-9)

d
. ' _ - .
where Vd = Vd Ide
'VS = IdRs | |
Vd — applied drain potential
VS - applied source potential = zero for grounded source 3
configuration o %
R R = parasitic drain and source resistances |

d’
For a grounded source. case V -0 and usually R is small and neg-

ligible and Eq. 6-9 becomes

Id=c xM"‘ E(V - VT)V - 1/2 Vd] (6-10) |

_,e[(v -VTW Sz vl P
‘where pf. ’“Coxw ' |
- L _ _

When Vd is increased while keeping V_ constant, Id atta;ns a
maximum when Vd__V - VT . According to Eq.(6-%4), Eq.(6-10) the
mobile charge in the channel becomes zero when Vix)=V " Vo ".Hence
we must conclude that Id is maximum when the mobile charge in the ;
channel near the drain has decreased to zero. The potential in the
channel at which this situation occurs is called the pinch -of f

]
i
1
[
|
!
i
i

potential Vp o 7
.. Vp:V VT_ ('i at Vp (6—11)

Substitution of .V&£=V8~VT into Eqn's (6-9) and (6-10) yields for

the maiimum drain curret
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- (V_~v,)~ 6-12
-Ids- A g T _ . '
2HAR(V Vo) +[1 <28 R (VyVy)
For R 20 . 4 , |
' 1 (V= Vpi© 5 )
| as = f E—1 | (6-12a
p3) 2 .

The drain current as given by Eq.(6-12) is caused by a potential
drop Vp along the conduccive channel. A further increase of Vd
beyond the p;nch off value er will not alter this potenrial drop.
If furthermore the channel conductance (i.e., the charge distribu-~
tion inside the channel), and the effective channel length remain
constant, the drain current will not alter when Vé)-V . It is
ssumed that beJond pinch off the potent1a1 difference Vé - Vp

appears across a very small, high-ohmic reglon, depteted of elec-~
trons, adjoinig the drain. The electrdns supplied by the conductive
channel are transported towards the drain by the high electric
field in the pinch off region.

We can calculate the low- frequency transconductance in common

source connectlon.
| Iy
Vg

| The transconductance increases linearlv with Vd until V&':.Vp

9g - ,avfd for VQ<VP,R5;O.} (6-13)

and gg attains the gaturation value 4g,,,

|
1
|
]
|
1
|

i
1
1
1

i

9y = OLds| _ g (Vo- ) = Ve for Varvp (6w
an vd
"If we do not neglect the parasitic source resistance then Eq (6= 14»
becomes : .
Vg-V
9 aIds = 2/8 3 T (645')
3\19 : 4 +28 Rs (VS_VT‘)-&-H +28Rs vg_vT)

Ve nétcthat & 1s equal to the channel conductance at small drain
voltages. From Eq. (6-10)
| Go (2L = Alvg-ve) = AV | %)
A Vd Vd—»o s : : .
The same equality for gﬁ=Go
(Eq. 1-27 and 1?37:]

was found for the Jjunction FE&T
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These are the equationsvof a square-law device, The quantitative
aspects of the characteristic curves are illustrated in Fig é-3 .
The galn bandwidth product of this device is

9m - 1 . (_jéﬂ ) Vg -Vg : (¢-17)
. ) Cm kb ‘1 + Zﬂ Rs VS vi) + \11 + zﬁRS(Vg VT) »
where C, = Total input capacitance = (Cox W)L’

neglecting RS, this reduces to
| Crn Tgb LT
The transit time {;of a carrier in the channel as it moves from.

A 7 Vr) | | (é-179)

source to drain 1s :

Z = dx ) .
T «E HEr wa Vd > Vg-Vy . (¢-19
Then Tgbz Ty and the gain~band width is
| ¢oz (2wl Y = (6-19)

At this point we should remark that this flrst order MOS transis-
tor theory is the simplest way to describe the observed I - V cha-
racteristics quantitatively, though quantitatively thls theory is
not always correct. The gradual channel approximetion is valid |
only when the electric field Ex;in>the channel is small compared i
with the field  Ej ih the oxlde. Wheh‘Vd 18 increased, this approxii
mation becomes less justified, especially when Vd ‘is increased be- i
yond pinch off. Apart from the use of the gradual and shallow chan- |
nel approximations and the assumption. of constant mobility, the i
validity of the simple MOS- transistor theory described above ;
depends on the assumption of a constant threshold voltage VT in 1
Eq. (6- 3) V represents different physical entities of whicn the
oxide chaxge, the interface states charge, and the contact poten-‘
tial seem to be constant under relevant experimental conditions. f
But the charge due to acceptor iong in the depletion region is a 3
function of the channel potentlal V{x) which varies along the chan-
nel. Devlatlons from this first - order approximations are impor- ;
tant because they determine the finite drain taesistonce in soturation am\
hence the voltage gain of the transistor. In the sections to follow

these effeots will be discussed.
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type unit. Id vs V with gate voltage as a

; d
parameter.’
Ga*c 14
Source +V9 —

n sfo, L1 1-
L - :
5' F—s“h&mte
Bulk

Fig 6-4., Schematic representatioﬁ of an n-channel MOST with

outside connections.
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6-4 MOS Transistor Theery with Depletion Charge effect Included.
Consider Fig.é—M; Let deo' and V=0 . Let the gate potentlal
Vs increase slowly. At a certain gate potentlal, the total surface
density, Vs’ in the Si becomes zero everywhere between source and
drain ; this means that the elsctron energy bands in the crystal
are straight at the surface (flat-band condition). When Vg is Ain-
creased further, holes will be driven away from the surface ,
leaving behind a depletion layer consi:ting of accepbor ions.The
energy bands‘become curved at the surface.At sufficient band
bending inversion will occur at the surface. Thus an n-channel is
formed which is separated from the p-type bulk by a depletion regilo
I+ has been mentioned already that after an inversion ‘layer \1is
formed at a certailn gate potential, a further increase of Vg only
results in an increase of electron charge in the inversion layer,
but the depletion charge remains almost constant. This is caused
by the fact that the electron density at the surface increases
exponentially with the band bending while the depletion charge 1is
proportional only to the square root of the same quantity. It is
assumed that the depletion charge remains constant after the sur-
face electron density ng becomes equa1 to N of the bulk material.
In such a case the diffusion potential V ’ between channel and

bulk becomes _ v _ )
’ 'vo _ 2 kT 1n i’g_ » o (6-20)
9 oy |

and the depletion charge Qd is

‘ Qd—_(leoes.c‘Na) Vo . (4‘21)
If now an addirional external potential Vy 1s applied between the
channel and the substrate, an additional depletlon charge results.
Under such circumstances the ‘total depletion charge aenslty at a
point x where the channel potential is V(x) will become
Q,(x)= -a [_Vtx)—v v " (6-22)
. /" / : .
where a (le,equa)
The charge density in the channel as given by Eq. (6-4) must be

' modified now for .
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Qyr Q= -C__ [vg - Vg - V(x)] (6-23)
so that | | | Ly
-— .- - ) 1 -
Q (x)=-C__ [vg-yT-V(x)]+a[v(_x)-vb+vc3 (6-24)
and the differential current equation becomes :

’I':Mcoxw"( Vg-v -V(x)- 2 [v(x)~v +v]% V(x) (6-25)

ox dx
Intergrating Eq.(»6-25),we get
- ’ | -
jmx —choxwi Vp-vlx)-g  [V-Vuve]t favta o (6-26)

T
ox

and assuming constant I, 4, VT and Vo

AEW Vi )V —1/2V -2/3 a [-V ~Vb+Vo)3/2-(-V +Vo‘3/ J}
Cox - for ¥, <V (6-27)

At pinch off Q —0 and from Eq. (6-24)

c, Efg VT-V};‘ [V,-Vp+ v ]/‘ - (6-28)
so that o V= (V - Vp) -2 46
‘where_ = E ‘2(V -V )+(-V +V g/é]
& - 7:1; (a/ x)'
L i .
Since C = €o€ox /To;( - ‘and Q—(2€o€5in0)/2' ,We can consider

(o) 4
g as a device constant which is determined by the oxlde thickness

|
and the bulk acceptor density N As VT and" Vas*of:e constants, the 1
factor varies with the potential difference between gate and bulﬁ
vV -V, . . .

& b ' . ' , i
Differentiating Eq. 6-27 with resgect» to V; , we see that maximum |

current is agsin obtalned when Vd: Vp o
This maximum saturated current will be :

Igs - AL (Va-vp) i+ 4 0% (Vl:*VO)A ¢'6’(2+ %6)]  (623)

z
The transconductance, with the gate as ilnput electrode can be ob-

tained from Eq. 6-27 : _ ' - ‘ 5 ) o fi
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avg VA Vb -
and from Eq.(6- 29) , The saturated transconductance becomes
9m = ,0\/? - /0 RVQ-VT) - 2 d é:] for -Vd > VF (6‘31)
But‘since. Id and Ids
gate voltage, the bulk of the MOS transistor can also be used as

a control electrode. Thus with the bulk electrode as thevsignal

depend on the bulk'voltage as well as the

input electrode :

=9_Id_\ ,52¢/1(2&d+( Vb"‘VO-J ~ (-~ Vba-Vo) g
IV, {Vd,vg for V4 <vp (6-32)

9m},=,6§2¢c9—1¢/1(—‘/b+\/6)z§ for Vgyvp o (63W

when the gate and bulk are connected in parallel and used as the

signal input electrode :
Ly 1 '
9% - A[Vd+ 29" C (r (- +%03) 2= [V +V0) %7 ] for Vyeu, (634)

! RN : (o as
_ 9m9L.=p ?(VS—VT) —2¢/1 (~Vp+ Vo) /"g for Vd>Vp (6-35)
Note that 99 = 9+ 9b , | (Z—3€)

. and 9m L B 9m+ 9)’“b
. For smalldrain voltages the channel conduccance becomes

| Go = (IJ/VA)VJ-ao = /@ ? (VQ‘VT) 2¢ ( vy 'PVO) 3 | ¢~ 37)
Th’tls. . 9m9¥: = Go »

Prom ' Eqns: (6-29),(6-31),( (6-33) and (6-35) we can see that I,
By 8nb and gﬂ,ball reduce to zero at the same threshold gate

This is the gate voltage which causes the mobile charge

: BEBEK , ISTANBUL _
94 _°Td _PVE fer Vyevp (6-30)
|

voltage.
: Q near the source to become Zero and is given by

(V=7 )-2;51/2 (v eV M2 a (Vi VMR (6-39)
: Cox |
Note that in the MOS transistor theory just derived A, V; , § and.
VO are device parameters. The value of 'Vo can be estimated from

Eq.(6-20), When the acceptor density N at the surface is known.
Methods for determining 8, V and Q experimentally will be dls—

cussed in the next chapter.
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6-5. Relatlon of charge mobility to saturation

6~5A, Constant'mpbility case ¢  The concept of complete pinch off
at the drain for V;> Vg} with the paradox of continuity of cur-
rent flow has led to proposals that phenomena .such as saturation
of carrier velocity or minority carrier flow are responsible for;
current saturation. In actuality there 1is never'complete pinch off

at the drain, but as Vd approaches V ,the gradual channel approxi-.

mation is not valid any more and Lhe drain region must be treated
. differently from the source region. First let us show that actually
«there is not a complete pinch of f when a drain region forms; assu-
ming that VT-O , We can write the current expression of Eq (6~ 10)
as ,

| I, g;LM [vz - g - v D2 tor vy eV, (6-40)

But if we first assume that the drain region starts to form at a

_point x, we can write Eq. 6-40 as .

I,-ox4 ox‘*w [j ve - (Vg -V(x) )%] ' B (6-41)
vV =V(x) =|- _2x I +=V2]é- (6642)
g ’ AIE;;W. d '8 ‘ . o

differentiating Eq. (6—42) twice with respect to x. |

2 -3/2
-dzvgxz (gz (Vg 2% . Id - (21 /Mc w\ (6- 43)
d x ' ‘ 4 "MCOXN‘ _

As Vd approaches some value’ vdc y the gradual channel abproxi-,
mation fails, the rate of change of the drift field dEx exceeds
the rate of change of the gate field dEz in some partdxof the‘
channel, so that the charge density in dzthat Dart of the channel
‘begins to be conftrolled by the drift field. This is nothing else
but a space-charge limited current flow condition where the appled

field determines both the drift velocity and the space charge den-
sity. ' ' A
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Since as the drain approaches&pinch.dff Vd—,Vg , and x—Ll ,

imposing these conditions on Eq. 6-41 and rearranging terms,
we get ' ' ‘ o

1 4
( ildw)gy‘& | | |
“rox \2 . - (6-4k)
’ 2 ' . 3/4 L2 . i
and (Ve - 2x I ) 2 21+ -3
s " e = [v - VeV - Vo T
so that E o |
<& S A A

: ax lx:ll\/d_’vg qu(Vg_vd) e
If we set, for the condition when the drain region just starts to

|
form dEy . dE. | !
Ax X:L d?. X:L - : . ) i

where : - o
dbe o B2 _ coxbox - cox (Vg-Vd) (6-4¢) |
d= d csi d esi  dTox |
T o o |
where €ox, €+ are permittivities of the oxide and semiconductor |

respectively. )

Equating Eq.{6-45) and(6-46), and solving for V, =V,  , we get |
' Vdc::Vg,(l -.Kl) : (6-47) ;
as the actual drain voltage for which the drain region forms. |
Here . - i
- K AT Y 3 .
- € sj oX . - é-Ilg i
) ( 4 €ox\? ) ( )A 1
|
|

Thus we see that at Vd:;de a drainrregion forms, but the chan-
nel charge is not zero and complete pinch off ‘has not occured .
For Vd__Vd , sSpace charge dominated currents maiﬂtain current
continuity from the source region to -the drain. The excess drain
voltage generates a space charge region extending from the drain
to the channel a distance ld . This_is called'the drain region.
From Eq.(6-47) it is apparent that V, 1s less than Vg by an
amount equal to K . In'most devices it can be shown that the error

introduced when we set ’Vd__Vg for saturation is small enough to -
|

be safely neglected In a typical 51 dev1ce l-—10;4 , d=1000 A°
Toim 1000 A Eoxlesi= 3 - This glves K. :10 so that Vd = 0.9 V_ ana |

i

§

1

“ |
k i
|

|

i

o



THESIS
ROBERT COLLEGE - GRADUATE SCHOOL - K paGE 87
BEBEK , ISTANBUL

: Poisqon's and Gauss'

the error is less than 10% . hofstein and Warfield have shown
that the position x at which the mobility begins to become field de_

?eﬂAen%‘is about 0.81 where 1 is the channel length. Thus ‘within

actual structural and voltage limits the constant mobillty approxi-

mation is vaiid over the major portlon of the channel source
region. oi_MOb'tranelstor whiﬂh have a channel ‘length of abtout
10 4 show excellent " quare law" characteristics associated with
the constant mobility approximation for gate voltages up to 10~
20 volts. But deviations from constant-mobility approximation

become significant as the channel length is reduced or operation

voltages are increased.

6—5B; Inverse linear moblility, constant carrier velocity.
The effect of saturation of carrier velocity causing

current saturation before channel pinch off at the drain occurs

has been experimentally observed for Ge junction - type FETs. In

81 junction gate FETs and MOS transistors saturation of current

occurs for a value of drain voltage close uo_*he pinch off vol-

olei*y var‘ation with field
The analysis

tage and therefore the effect of m
within the drain region is not a dominant effect
tion of carrier velocity involives the solution of

laws and is the same for the FET as well as

of the satura

the MOS. transi itor ¢
Let § v = saturated carrier drift velocity.

E, = field when the semiccnductor. exhibits a saturation

of carrir velocity =~ .

'Vdd—draip voltage when drain region forms.

E ;E (1)
“de vd=vdc

If we leave the gate vclnage at some value Vg ,’and increase the

drain voltage slowly above zero, as the drain voltage rises cur-
rent flows from source to drain according to the first order
As mentioned before, the drain region

dEx:EdEz at the drain. If the
dx dz T

‘gradual channel analys;s.
of the channel will form when .

J‘
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f;eld at the draln reaches Ei‘ before dEx > dEz , a region of
dx dz

saturated veloclty apnears. nere we can separate tne analysis
into two parts :
a) B> EByo :

For this case the ‘drain region forms before the onset of a
saturation velocity. Therefore the saturation cof drain current
results from the formation of a drain region.

b) EL<Edc- : ’

~ In such a case, carrier velocity saturates before draln
region forms. If we consider that transition from constant mobi -
llty region I to saturated velocity region II is abrupt :

M= Mo - BE(x) (B ~ 04x <¢x, Reglon I (6-449)
.M:MO:E_% E(x) » Et x1<x <L RegionII (6_50)
x) B '

where u,-mobility under constant mobility regime
X :The channel distance where carrier velocity becomes

i

|

: ;
" constant .

The electric field at the drain end of region I is ¢ i

E(xt)zg[dr/yuo ) = 4 Vg -lez -\L_)_ - E(x)<n. (6-51)

. T 7T L' V. ? |

: 2L |

Since there is an abrupt jump at X =X, ,from'E(l) to E;, we can i

1

|

|

find the drain voltage V when saturation just starts. At such

d
an instant Ldzo , _1 . haklng use of Eqn s (6-50) and (6-51)
_ T B T
- - 3
El- d _ o i_ ' g (V VL . (6 52)
B AOE}_JEZ*XL? 11 | ’\Ig - Vl '

’By letting VL"VdL for the instant khen saturation has just
started, we can solve Eq.(6-52) for le which is the drain voltage
at which region II Jjust forms at the drain due to saturation of

*

carrier Velocity : ) ) x& :
Vg = v gt E L - [ L +.V ] , (6~ 53)

From the continuity of the current in the channel, we can derive
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the current expression per unit channel width in the source re-

gion of the channel.

: 2 ' -
I °ox EV (Vg-le) ] | (6-54) :
Substituting Eq(6-53) into (6-54) we get
. ’ ‘/
+  uf 2 Vot ' :
M 5 - -
I -"20x -(ELL) [1+(_g__) ] 1% (6-55)
1 : ELL :
Then the tranSconductance per unit channel can be written as @
SERAY 2y ~1/2 - _ '
8= ot d _AAC EL g (1-+Vg) _ (6-56)
W .
g :
+ J v ‘ '
where Vg =VS/ETL

Studying Eq. (6-56) we can see that for large values of Vg
which makes V';»l s the transconductance’g saturates. Neglec~

ting 1 with’ respect to Vé in Eq (6-56), we get

8 =M§oxg\. =Cox gy for Ve >>E1L (6-57)

Under such

conditions (from Eq.6-53) the channel field 1is
approximately given by.Vd/L and 1s independent of Vg. The chan-

nel current per unit channel wldth is then 3
- - ) v : . _ ) .
Id = coxﬁvg N for Ve > EIL (6-58)

Fig. 6-5 shows the normalized transconductance versus norma-
lized gate voltage’ for the case of limited carrier veloc*ty % .

1.0
o ,
0,3’ L ' Vg: V9 /ELL
: : ) ) o 1
0y SR TPV
o.{ 01-_25‘ 05 1:0 1 75 5 o

Fig 6-5. Normalized transconductance ‘g Vs. normalizcd gate voltage

- . w
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CHAPTER 7

' KOS-TRASISTOR CHARACTERISTICS

The theory of operation of insulated gate field effect tran-
_51stors is discussed in the preceding chapters. Static characteris-
ties and device parameters will be discussed in this chapter.

'7 ~1 . Output characteristics k t
7-1A Output characteristics of induced channel transistors.
- Fig 7-1- shows the output characteristics of an induced chana
nel MOS transistor. This unit is desirable for use, in- logical |
switching circuits because direct-coupied inversion 1s possible 'A;
'} without the’ need for level shifting between stages.‘The device of ‘A

AFig ?—1 ‘1s made ofptype Si. Its effective pinch off voltage is |
approximately +2 volts. As mentioned in chapter 8, the device exhidj
- bits very low drain current .at zero gate blas.. The current increa—*%
ses with,positive gate voltage._Since conduction carriers for |
the .MOS unit"shown in-Fig.?-i are‘electrons, this is an nbtype
- device. Output characteristics of a p-type unit is shown in Fig.
742. The'pinch oif uoltage of this unit is -0.5 volts and requires
negative gate voltage for conduction.

~An important feature of this type of transistor is that

the gate electrode. must cover the entire channel and overlap both
source and drain regions as shown in Fig.%7-3 . Any channel region
left expoesed Will contribute a very high series resistance to the
device. Since this overlap_results in a substantial capacitance

from the gate-to-source (C and .gate-to-drain (ng), the oxide

)
thickness (T ) is increasgg over the heavily doped regions as
seen in Fig. 7 3 to compensate for it. o

If the spec1a1 case of oxmde thickness much greater than
vchannel -depth is considered, the dynamic saturation drain resis-
tance may be directly related to the input transconductance of the

device and cen be derived from the output characteristics.

&
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- Pig.7-1a. Ouput characteristics of a typical ladder geometry
enhancement translstor. Source and substrate are at
ground potential.(n-type device)

7.1b. Ladder geometry layout of'MOS transistor .

50
: 4or
]
m) B
20} . .
/ Fig 7.3. Cross sectlonal view
iy _ 4 of ladder geometry transistor
1ol ¥ : 4 showing raised oxide over sour- |
-2 ce and drain reglons. |
-05 ’
) {0 20- 30 %o

Vd (volts) —»

Fig.7-2. Output characteristlcs or & p-type enhancement. MOS
| transistor which has maze geometry.
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Defining . _1 =gds'= Ids'l'v' , - (7=1)

rds . _Vd g

The following can also be deduced from the output characteristicst

gv _ : |
_ : n-2)
3’" I v |
JI .
8= ds (9-3)
Qvg vy
hgnce gm?ds = Mg . .o - : (3_4)
One finds that . |
. 8m/gd8:- '“ﬁ z Cgc/cdc : '. : ( ?5)
where _
“4c _ effective drain-to-channel coupl capacitance {
‘Cgc gate to channel capacitance '
Later on it will be shown that _ o f
Cac = Tox€s'v o (7-6) 5|
C L eox ) :

ge ?
where €sidielectric constant of the intrinsic silicon substrate.
As we can see from Egqns (?-5) and (9-6), the transistor amplifl-
cation féctor'xﬁis depéndent solely on the geometry. Thils result R
is interesting since it 1s exactly analogous to that which one
obtains for the vaccum tube triode. ’ '

Since & =G, (Vo -Vp) | where G_ is the unmodulated channel
conductance D .
vV -V .
84s =( Cac ) ( __5_42_) . (7-7)
G T | V7% |
o) gc- p

Fig 7-4 shows measured values of 8y 1 Bag Ids and w,
versus V8 for the ladder type enhancement MOS transistor of Fig.

7-3. When experimental results and theoretical values for the
_ parameters are compared close agreement is found. Fig -5 shows

‘the measured values of 8pr Bas? and 4”‘versus VS for the .p-type
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Fig.7.4. Measured values of 8pr 84! Ids,,and voltage galn A, vs Vg

for the MOS transistor which has ladder geometry shcwn in

130
Ho
90
7o
501
.30 «»
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Fig 7.5. Measured values of &, - F P and uAvs Vg for the enhancement

p-channel MO> transistor wh¢ch has maze geometry and the out-

‘put characteristics of which is given in Fig 7 -2.

BN




ROBERT COLLEGE GRADUATE SCHOOL mce 9l

SEBEK , ISTAMNA

enhancement unit of Fig. 7-2. ‘
Another,type'of induced,channel MOS transistor geometry 1s
the maze geometry. Fig. 9-6 shows the oﬁtput characteristics of
such an enhancement transistor. This is a high current transis-
tor used im memory driver applications. A drain current in excess
~af 100 ma. can be supplied by'a gate voltage.of 4.5V while only
a drain current df’lO ma is supplied by a gate voltage of 16 V
by the ladder geometry unit of Pig, f=1. | |

7-1B. Qutput Characteristies of Depletion-bype'Transistdrs

Fig 1?7 gives the output characteristics of a depletion-
type transistor. This type of transistor is fabricated with the
source, drain and channel of the zame conductivity type to ylield
substantial drain current for zero gate bias. The free carrier
concentration in the channel is much lower than the.source or
drain doping level so that pinch off i1s obtained with a moderate
oxide field. This transistor is widely used as a small 'signal
linear amplifier over a wlde frequeﬁcy'range; The geometry used
for this type of ‘transistor is seen in Fig 7-8. The depletion
unit does not require the gate electrode to overlap both source

and drain,regions.offset gate geometry'is used. The gate electrode ]

is usually made to overlap the source region in order to reduce
the source resistance R . This 1is done so because large values

of R . cannot be tolerated since any series source resistance will
be multzplied by u,+1, where M, is the voltage amplification
factor of the transistor, when it is reflected to the output.The
effect of increased Rd, on the other hand, is only to increase
the drain voltage at which drain current saturates,

2-2. Voltage Breakdown in MOS Transistors:

7-2A. Soft Channel breakdown:

"To obtain maximum drift velocity and minimum transit time,
it 1s'desirable to have lérge channel drift fiel&s.'For suffi=
ciently small dimensions, .lnternal fields may become large enough
to cause avalanche breakdown within the channel -or directly from
_the drain to the substrate. As the ‘channel field is 1ncreased R
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Fig 7.6. Output characteristics of _;Pig.?.7; Output characﬁeristics

a magze geometry enhancemént KOS ‘of a depletion type MOS trensis- f
transistor. {n-type) ' tor. ‘ |
50,

G
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rcsion

p-fiype subshrate

Fig.7.8 Off set gate geometry used in depletion-type MOS

transistors.
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hole electron palr generation due to impact ionization by hot .
carrieres increases. This breakdown in the channel usually com-
mences in the region.cf maximum field (i,p,, the space charge
1imited region near the drain.) For convenience, an n-type chan-
nel and n-type. qcurce drain contacts will be assumed in the
following discussion. However, the discussion may be readily
extended to include p-type channel units. A good quantitative
understanding may be obtained from the following: As the voltage
at the drain end of the channel exceeds Vg - V'(= g - VT) the
depletion region at that point extends completly across the chan~-
nel. The channel may now be thought of as consisting of three
regions: Region 1~ The section from the source up to the point
where the channel voltage equals VS , region 2- from theeVg point
to the point where the channel voltage 1is Vg-Vp , and Region 3=
from the Vg - Vp point to the drian contact. .In region 1 , there
is san enhancement of the channel charge, in region 2, there 1is

a partial depletion of channel charge and in reglon 3, the
depletion region extends completely across the channel. Hence in
region 1 and 2 , the current flow is ohmlc while as 1n region 3
it is space-charge 1imited. A study of Fig.¥-9 will show that when
the gate is made more positive to enhance the conductivity of

the channel, the length of region 2 ‘and 3 decreases. This yields
.an increased electric field in these regions résulting in a di-
minishing,of.the excess drain'voltase requiredvfor channel break-
down. For a negative gate voltage, region 1 vanishes and region
2 and 3 are enlarged , yielding an increase in the drain voltage
required for breakdown. However as the gate voltage continues

to go negative >ignificantly beyond cut of f , the gate field
begins to directly add to and enhance the effect of the drain

field, thereby again reducling the drain voltage required for’ chan-

nel breakdown. Note that the soft channel breakdown caused by
carrier generation 1s greatest for maxlmum gate voltage and
becomes almost negligiblek( hardening of the knee ) at channel

&
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pinch off. The final asymptottc drain current rise represents
direct breakdawn to the substrate, |

7-2B. Hard direct Breakdown :.

Por a p-type substrate, the breakown voltage of the drain
"to-substrate diode is nearly the same as that of an nt- p dlode
and varies,as,a functlon of doping on the.low-doped gside of the
Jjunction as shown in Fig. §=10. However, the concentration of the“‘
electric field at the periphery of the junction;results in sur-
face region avalanche breakdown at a voltage lower'thanithat re-
‘quired for breakdown of the bulk portion of the dioder'Fig.ojillaosq
. and §§11b show quantétively'the field distribution for both the
deep and shallow diffused junctions. Note that‘field‘orowdlng o
occurs hhen the diffusion depth is less than the width of the
depletion region. Since planar MOS transistors are often diffu-
sed to depths of.leSS-than'o,114, the hlgh flelds occuring at
the periphery result in much'lower breakdown voltages than those
measured for deep-diffused jﬁnctions.'A further reduction of the
breakdown voltage occurs due to the insulated metal electrode ' ~§
which overlaps the diode junction as seen-in Fig 3-12. The field |
in the surface portion of the Junction depletlion reglon 1ncrea-
ses due to the collective actlon of both to the drain - to-subs- |
trate aﬁ&;dmaiﬂito gate flelds. Special experiments have been Tj?
éarried out‘wrth the unit of Fig.7-9. When the>metal-gaté elec-
trode was removed by chemical etching, the: breakdown voltage rose
from bowvelts "11011" The breakdown occurs directly between the drain
and gate with the ‘substrate acting as a collector of the impact
ionized carriers. Since’the.substraté_acts only as a collector,

the breakdown voltage has only -a weak dependence on the resisti-,
vity of the substrate.

?ch. Punch-trough Breakdown: If the drain depletion region
extends across the channel region until 1t reaches the source ,

then it draus _spaoe—charge limited’current; This 1s known as
the punch-trough breakdown..Thisvbreakdoﬁn is less significent
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iPig 7.9 Characteristic curves Pig.7.10 Breakdown voltage for éLn‘ >

of an n-type transistor showing or ﬁ;p junctions in 8i as a function}]

channel breakdown.
the junction.

of doping on the lcw-doped side of

deplel!u;n region = o)

Fig.7.11 Field distribution in deep and shallow diffused junctions,

_a) Junction depth « depletion region depth
b) Junction depth » depletion region depth.
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Fig.7.12 Pield distortion in a planar p-n junction due to

metal elebtrode.

overlapping {
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in MOS transistors than in bipolar transistors.
7~ 3 Effect of Substrate Resistivity on Output Characteristics:

A high resistivity (preferably intrinsic) substrate is de-
‘sirable in MOS transistors in order to keep drain—to-substrate
capacitance small. But if we look at Pig. ?blBa and .. Qwijb which
show the effect of substrate resistivity on the amplification
factor of a transistor; we see that transistors fabricated on
1 ohm-cm Si wafer demonstrate_better gsaturation and higher ampli-'
fication factor than the transistors fabrieated on a 1000 ohm-cm
p-type Si base wafer. . S

When the field-effect transistor 1s operated in the satu~ 1
rated portion of the output characteristics, the average drift fﬁ
velocity, UH’ for the channel carriers (in regions 1 and 2 ) is B
approximately

o -v) | L
Uy HEa—B (1-8) |

The change in channel charge AQ per unit channel width may be

written as:

AV st CacdVa | (7-9)

Aczs
where Cge - gate-to-channel eapacitance per unit width

Cdc:=drain—to-ehﬁanel<capacitance per unit width Then

ALy _ AR vy - (Cgc AVg* Cac 4Va) Y_Q ' (7-10)
T | T
The amplification factor  1is defined as:
Vg (7-11)

My 5 e
_Avg 814=0

Equating Eq. T7-10 to zero and solving faor My g We get
c ,

Mp= BE . (7-12)
A= T : ,
de
C__ - gate to channel capacitanoe..c L:L (%#-13)
where C., = &2 Tﬁ& f»

ox
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" Pig.7-13 Effect of substrate reslsﬁivity on the amplificé&ion factor_cé
of the transistor: .. '

a) . 1000 ohm-per-centimeter substrate

b) 1 ohm-perjpeﬁtimeter-éubstrate »

{ o Jﬁ‘. .
|
%jn*v F“F—i—-ﬁri n"_'

Pig. ?;14 Model for caioulating dra;n-todchahnel capacitance Cdc .
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An expression for Cdc can be derived as followsz The model of -
. Fig. ?-1# can be ‘used with the assumption that the field lines
'ebetween the drain and the underslde of the channel are semicircles.
Then the 1ncremental capacitance from the drain to a section of
channel dx in 1en3th is simply: ' '

d (Cdc)- Ca dx ,_' o ..,j ' {7-14)
l“where x - the distance from the edge of the drain contact to dx. |
vTo obtain the total capacitance Eq (2-14) 1s 1ntergrated over the |
ohmic regions of the channel ( regian31 and 2 ) glving ,
Cae = [ €8 de . €3 Ln L, ey

‘< J;t. K / Lo ' i]

. where X, . the beglnnlng of region (3) (= The space charse region).

'g#l is a function of Vd ' : , L : |
Since-Cdc varies logarithmically with xl , we may conslder
it to be constant. L varies usually between 10 and 102,and

Xy Cd x€sl  per unit channel width (7»~16)

ooy T - _\___ €ox - : : oy
om"l - Mg T Esu , . (7 17)

Equation (7-17) points out a problem in optimizlng the perfor-'>
~ mance of these transistors. If the channel length is reduced to .
increase the frequency response of the translstor, the voltage

_gain will drop because of a decrease ln the saturation drain re-
sistance This problem can be remedied by an increase in substrate
-doping level to the point where the substrate-to-channel deple-
tion reglon is sufficiently narrow so that penetratlon of the
drain flield into the channel region 1is greatly reduced. Thus the -
substrate acts as a screen grid in capacltively decoupling the |
drain from the channel But this is obteined at the cost of in- ..
creaslng the drain to substrate capacitance._Therefore a com-
promise must be reached for each application. For ‘Si depletion
units, 20-25 ohm-cm material 1is fognd‘to glve optimpm hich fre-

quency power gain.
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7~b Effect of Substrate doping on Pinch*off Voltasﬁ

In the theor: of rleld effect transistors which are based

.uponheurfacc Inversion layers, the ‘effect of the depletion eharse,ff

T is iaaertant Gsing the pinch off vcltage expression derived 1n
-chapter-i e S :
'p~(v -V)-zae o (7—18)
and plotting, ap..r(vs - VT) for dlfrerent substrate doping
levels, we get Fig.v $-15 .The .ox1lde thickness was taken to ‘be

_0 214,_Vb5=0, and V was assumed to be constant. Only when N =0 _;

and -the depletion chsrge can be: ‘neglected, is v equal to Vs-VT

as predicted by the first ‘order thecry. Usually substrate dopiﬁgsﬁgf

 levels are of the order of 1015 to 10% 16 ™3, -1t can be seen from‘ar
-Fig ?-15 that in these cases v wlll be ccnsiderably smaller than.;ﬂ

_ P
Vg ""VT . : ’

.ﬁsj' Erfect cf'Substrate biasion.KOS CharacteriStics and
Parameters ' =

a) An analysis of the effect of the depletion charge and therefore
' the substrate was given in the. MOS transistor theory (chapter: )

Eand the -possibility of using the bulk as a control ‘electrode was ri

: pointed at. The transfer characteristics of a: depleticn unit
jcontrolled from the substrate 1s shown 1n Flg $~16 with the metal
-gate connected to the grounded source.z(Vg 0). This cprve closely
approximates an exponentlal because the depletion o# channel char-:
ge proceeds from the low density in the bulk to the high density
-at the 51 surface. The equation governing the dependence of Id ,
upon substrate blas was derived in chapter 5 It is repeated here

for easy: reference.

d" [V' A- 1/2 V --2/ 3a 41(Vd+'\f')3/g (V')s/? j] (7,@ ?
T Cox S
_..shere o Vé@_Vg VT S
:‘ ' '
_ -_;( leoesa qM)
;;‘ -p cmCaWfL
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Fig.7-15. Vp,=(Vg - Vp)-2¢& for different. substrate doping levels.

b 4 1 -3 -4 -5 -6 -T -t

Fig.7-16. Transfer characteristics of a depletion type MOS
transi tor operated from the 10, ohm-cm-resistivity

substrate. The metal gate electrode is at source_

potential.
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VT = offset gate potential
and Vo is calculated from - '

V 2 kT In Nﬂ o . _ (7-20)

Calculating V. from equation (7- 20) the device parameters /B,VT,
and ¢ can be- found from the experimentally obtalned fig (%-17)
which is a plot of the transconductance gﬂ,ggmeasured as a func-

tion of Vg for different values of V, , because

Gmak =AY Vg 2™ (IR for Vg yVe  (FaD

b) Fig. 7-18 shows measured and calculated values of the saturutedzA

transconductarnce A ‘as a functidn of,vV8 for different values of
v Note that

b’ :
8=AY -ﬂ{V'ﬁ-ZEI&) for Vg5V, o (7-22)

c) The ‘experimental curves of Fig ¥-19 show that the application
of reverse bias on the substrate causes a substantial reduction
of the draln éapurgtion resistance and voltage gain.
d) The pinch off voltage of a MOS transistor controlled from
- the metal gate is a.function of the substrate blas.
= (v -VT) - 200 . (7-23)

where & .is a function of Vb o

. [+(v' - v')/a:] o | (724
A convenient way of controlling this. parameter is thus establi- -
shed. It is desirable to have-a positive pinch- offAvoltage ( for
an n- type MOS transistor) or threshold voltage in digital appli-
_cations and this may be conveniently achieved with a negative
-bias on the substrate. Fig 7-20 shows a graph of the effective
‘pinch off voltage Vé~ as a function of substrata bias. For ‘this
experiment pinch off was defined as the gate voltage necessary

to produce 10 ya .of ' channel current.

' 7-6. Transfer Characteristics with the Metal Gate as the
control electrode )
Fig "7-21 compares the transfer characterlstics of the dep-
letion unit With that of the 1nduc¢d,channel unit. An 1nduqed
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3mgh ' (uafv)
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{000} {;ac'.
oo} _ .
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\ v&:f“
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V9-{vo‘Ls)-—+ i ' ’
v : . : Vg (volt ) —
Fig.7-17. Heasured values of the Flg 7- 18 Measured values of the
saturated transcdnductance‘gms 5- ©  saturated transconductance g as
9
as. a function of Vg for different a function of Vg for differenu
valueg of V , . T  values of Vb.'

. bt

Vi —
b)

Fig.7-19. OQutput characteristics of an n-type MOS transistor
. ghowing thé dependence of the saturation resistance

and voltage gaih on the substrate blas.
'a) substrate blas =0 v. b) Substrqte bias = 20 v.

a4
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channel unit'may be transformed into a depletion unit by bakling
in dry hydrogen at 400°C for_about 15 minutes. This process will
introduce positive charge in 3102 layer which is .compensated by
negative charge in the Si surface of the p-type substrate. Pro-
longed time and/or higher temperature increases the charge den-
sity. _ o , - ‘
?-7.»Instab111ty of Characteristlcs

MOS transistors operating in the presence of high electric
‘fields show lnstability of characteristics due to thg ‘motion of
ions and molecules in 3102 Instability due to migrétion of ions
~in the bulk of the oxide la;&?‘is more proneanced in the enhance-
ment transistors because these units are used mostly 1n digital
‘¢ircuits and operate with oxide fields greater than 106V/cm which
is close to the dielectric breakdown strength of the 510, layer.
The depletion transistors on the other hand are usually operated
near zero gate voltage in small signal amplifier applicatlions.
Under such operation conditions the oxide field is on the order
of 107 V/cm. ‘

Much research is presently underway to understand the de-
tails of the observed instabilltiles in field effect transistors.
If we assume that the oxlde léyer ig filled with mobile, poly-
atomic molecules that may be easily-dissociated, then when a
positive potential is applied to the gate of an n- type transistor,
‘the negative ions will tend to move toward the gate electrode
and the positive ions toward the Si surface as shown 1in Fig 7- -22
With the gate returned to zero petential, there will remain an
electric field pointing into the Si which will “=terminate on
negative charge. Thus when the gate bias 1is removed from an en~
| hancement transistbr that has been on;for a long time, the tran-
 sistor does not turn off.Whether the moving charges are positive
negative or both 1is yet uncertain. However the external effect
may be understood by examining the transfer characteristic of an
" n-type enhancement transistor before and after the application
of a large positive gate bias for an extended period of time .
(S8ee Pig 7-23). After the application of gate voltage, the curve

%

I B -
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Fig.7-20. Effective pinch-off voltage of an enhancemeht type
’ KOS transistor as a function of substrate bias.

14/
(mg/mil)

/ V;sﬁ 4¢ volts

- " induced - channel

n-p-n Mos \:ransl$t°f

Jey\etv'on mode
N

n- C)’tOhﬂe‘

- ¥ 0 4 g 2 16
Vg(v::”;s\ —>

Fig.7-21. Compariscen of transfer charactéeristics of MOS transistors.
The drain current is normalized to unit channel width .
A(n—p—n ¥MOS transistor means n-type source and drain with

p-type substrate enhancement unit)
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Fig.%.Zz; Higration of jons in the bulk of the 3102 layer cause the
transistor characteristics to drift.
a) shows how the fons drift with the application of a
potential. ‘ ‘
b) The gate potential is reduced to zero but a finite
 electric field exists. |

14 before drift

Vd = Cons{ant

/.

Fig.7.23. Shift in the transfer characteristic of an n-type
enhancement transistor caused by the extended ap-

plication of positive gate blas.
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drifts to the left by an amount AV. The magnitude of the voltage
shift AV increases with temperature, time of application of the
gate voltage, and"electric field strength. In some units the
drift voltage AV saturates, but in others AV.seems to continually
increase with time. It is found out that the addition of phospho-
rous to the insulator, glves a glass llkewstructure to the oxlde

and reduces drift by reducing the mobility of the lonms. j
A similar drift effect occurs with depletion transistors. |
However since these units operate at a low oxide field, ion mi-
gration is not the problem here but rather the offset gate geo-
metry. An eqvivq}ent circult demonstrating drift characterlstics.
- of an offset gate geometry transistor is shown in Fig 7-24. An
RC network exlst between gate and draln. With the gate negative
and the drain positive, a potential‘gradient exlists across the
resistive surface and current starts to flow. This charges the
distributed oxide capacitance in a time which may be from seconds
to weeks depénding on the value of the surfacefresistance; The
surface next to -the -gate electrode 1s negatively charged. Causing
depletion of channel charge beyond the gate geometry. When the
gate potential is returned to zero, this charge continues to exist
and a portion of the channel remains partially depleted, adding
a series resistance to the channel. This lowers the zero bias
channel current wheﬁ the gate potential is reduced to zerc after
1ong.negative bias. Prbpér paékaging and. surface treatments can

reduce this form of instability.

7-8. Temperature Dependence of MOS Transistors.

There are two ways in which the temperature can influence
the drain current of the field effect transistors.
a) negatlive Poéfficient mechanism H Dhe temperature dependence of
the surface mobillty of electrons in Si has been found by Fang
>and Triebwasser to be T 403 above 200 %K. This effect is highly
dependent on surface treatment and oxidatlon conditions, and a
‘'decrease of mobllity is to be expected with increasing tempera-
ture for a wide variety of preparations. This decrease of mobilitj
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ls due to the surface state effects. '

b) positive coefficient" mechanism. This effect is due to a change
in surface potential caused by the change in temperature. This
change in surface potential due to a change 1n the trap popula-
tion for insulated gate transistors works in opposition to the
mobility change. bxberimental insulated gate transistors using
various diffusion techniques exhlbit negative, zero, and positive
temperature coefficients. PFig 7- 25 shows the transfer characte-
ristics of an n-channel MOS transistor with temperature as the
parameter. The drain current of this device exhibits a positive
temperature coefficient Ir the drain’ current 1s held constant by
varying the gate voltage while the temperature rises, we see that
the device exhibits zero temperature coefficient at some drain
current, Fig.?-Zé shows the plot of the_data~of such an experi-
ment. It can be seen that at I,=7044 , this device showszero
temperature ccefficient. This can be explained as follows: For
‘higher levels of drain current, the Fermi level is closer to the

. conduction band.Chemical potential, ¢-(E e ), decreases loga-
rithmically for increasing drain current at a fixed temperature.
As temperature lincreases, the rate of increase in chemiecal poten--
tial is a linear function of its initial value. Thus the rate

of increase in chemical'pptential per unlt temperature increase
decreases with the drain current level. Since the product of the
rate of increase in chemical potential and the surface state
density sets the number of electrdns donated to the conduction
band per unit temperature increase, fewer electrons are donated
at higher ievels than at lower.leveis of drain current. The loss
in number of electrons per unit increase in temperature due-to
moblility lncreases with drain current, the number available per
unit temperature increase from surface states @ecreases with
drain current. There exists a surface state density such that
below some level of draln current, the transistor exhibits a ne-
gative temperature coefflcient, above the same level a positive
temperature coefficient and zero coefficient at this compensation
_'level; The zero coefficient region 1s fairly broad since these ‘
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Fig,?-24. Equivalent circuit demonstrating drift characteristics
of an off set gate geometry transistor.
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Fig.?7-25 Low-current transfer characteristics of an n-channel
MOS transistor as a function of temperature.
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f‘unctions.are slowly varying. Fig.¥-27 shows the typical linear
vgriation of transconductance with témperature for MOS transistors
The gate leakage current is typica-lly‘mu'ch less than 0.1 x 10'-121{
with a gate-to-source voltage of 6 V at room temperature for an
insulated gste transistor. It remains stable up to about 85-100°¢C,

but after that 1t may increase to higher values of 'the order of
2 x 19774, _ . ' :

05Y

| ‘ %\le
& W

W

2 ¢ , 7o uq

1 r W
_\%

0 —a " N .

0 20 Y% o o Too’c

Temp. ——

Fig.7-26., Gate voltage as. a function of temperature for =
| device with zero temperature coefficient at 70u44.

41 — »
09} \\ .
Normalized ey _
*ranscon&uc\'ame 0'7‘ o
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05 ¢ ) o
—] . E -
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04
= C 20 %o o o<
. ——’TCmr

Fig 7-27. BRelative transconductance of an n-channel MOS
|  transistor as a function of temperature.,




THESIS | |
ROBERT COLLEGE anowntsxwmx ' pace 113
BEBEK , ISTANBUL

_CHAPTER 8

SMALL SIGNAL EQUIVALENT CIRCUIT OF MOS TRANSISTOR

The MOS trahsistor>is most generally used in the common
source configuratioh. A common source equivalent circuit of the
MOS transistor can be seen in Fig.8-1 'in the most general form .
- This equivalent circuit is useful to approx1mately 100 me/s At
higher frequencies the circuit of Fig. 8-1 must be modified by
the addition of inductive.elements to account for the lead in-

; ductances which may resonate with device capacitances. '
The equivalent circuit shown in Fig §-1 reflects the physics
of the device. It is useful *- to summarize here the device
parameters as followss o
' 8-1 Device parameters:

a) Leakage resistances !
rgs = Leakage resistance_through the insulating oxide from~gate‘
to source. . |

rgd:gleekage resistance through the insulating oxide from gate
 to drain. ‘ ) . | ,

These leakage resistances are very h!gh.}They are of the order

of 1012 to 1017 ohms. '

b) Intrinsic channel capacitance:

Cc = Sum total of the small capacitors distributed along the :

active channel. It’ is equal to Cox discussed in the theory of

the MOS transistor intergrated for the total unit EFOT&/FJ .

rc = effective gate series resistance ‘

rc and Cc determine the time constant &-which governs the high

frequency performance. ' ’

¢) Transconductance

gm = the slope of the Ia - Vg transfer characteristic curves -at

low frequencies. In the pinch off region the drain current is

relatively constant and can be represented by a congtnnt generat

e_ .
gme
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gm=B(Vg - Vo) . o | (8-1)
Vs 2 '
since “Ids ;ﬁ(vg - ‘T)
2. .
gnm ~ (2148 - B - (9-2)

d) Output resistance

rd = the dynamic output re51sbance of the transistor. Sincé& rd

is much larger than Rd and Rs the parasitic drain and source

resistances), it can be approximated by the slope of tne output
characteristic curves. ° o :

e) Parasitic resistances _

Ré - portion of source to drain’ channel resistance due.to the .
off-get of the insulated gate away from the drain.

R'._ portion of source to drain resistance due to bulk resis-

tance or contact résistance in the source plus any unmodulated
channel caused by misalignment of the’ insulated gate.

" In a typical amplifier typé depletioh MOS‘transistbr, the sum
of R',R' andra may be varied from a2 low value of about 300
ohms (1n the ohmic region of operation) to a high value of se-

veral hundred megohms( in bhe pinch fo region).

£) Input resistance:
r_ _ - gate to source leakage resistance. This is a large resis- |

gs
tance of the order of,%Olu 10-16

ohms.

g) Capacitances:

Cgs: the gate to source capacitance 13 the parallel plate capa-
citance between the metal gate and the Si. This haz a value of
about 1-3pf and is independent of bias conditions for normel ope-
rations. o .

cgd__feedback capacitance. It is due to the sllght overlap of
the metal gate electrode ov?r'the drain Luctrode.A‘hlb caoaci-

tance increases slightly with the drain voltage since at the
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Fig 8-1. Common source equivalent circuit of the MOS transistor
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Fig 8;2, Simplified equivalent circuit of the MOS transistor )

I Port4 = Po(tl I,
—>4q ) ~—
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Fig 8-3. Two port admittance representation of a network.
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higher voltage the depletion layer spreads further under the gate
Céd = intrinsic gate-to - drain capacitance. This capacitance
decreases with the increasing drain voltage in an n-channel off
set gate MOS transistecr. Tne oversli effect is that larger value
of stable voltage gain can be acrieved in the off set gate tran-
sistor than in & full-gate device having comparsble value of tran:
conductance. .

Cds= drain to source capacitance. It is mainly determined by the
diffused pn Jjunction capacitance between the drain electrode
and the substrate and is a function of the voltage. & typical
value is 2.5 pf at 20 V. CdS is indépendent of the drain current.
“h) Subsﬁrate diodes D, and D,.

The diode D1 1s the junction formed between the heavily -
diffused source region and the substrate. D1 and D2 are back to
back diodes in shunt with the channel. In some amplifier appli-
cations the angdes_of Dl and D2 are connected to the source .In
such a case Dl becomes reverse biased while D2 is shorted. A
distributed bulk resistance assocliated with these diodes prevent
fhelr‘being shorted completely by an external short. Dl and D2
have negligible effects at low frequencies. At high frequencies
however they contribute .a series BC network and thereby change

the effective output admittance.

As it can be seen from the characteristic values of the
device parameters summarized above, the équivalent'circuit of
Fig.8-1 can be simplified as seen in Fig. 8-2. The circuit
elements of this equivalent circult are usually independeﬁt of
frequency over a wide range, The “0S transistor is a three ter-
minal device (when the base electrode 1s not used). One of the
electrodes is common to the input and output circuits. The .source
is most frequently used as tne common electrode in describing |
the field effect transistor.

' g-2. Equivalent Circult Parameter Determination.

8-2A. Admittance parameters.
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A convenient method used for linzar circult analysis 1s the two
port admittance method. Fig.$-3 shows a two-port admittance re-

presentation of a neiwork. Ihe relationship between the input
. /

and output currents arnd volcages is given by
- v
1=,V 1 Y2V
t2 =¥Vt YooV | (8-4)
- The input admittance yl1 is the admittance of port 1, when port
2 is short-circuited (v,=0). |

\

2 . ’
y12 is the transfer admittancs from port 2 to port 1 when port

1 1is short-circuited .(v '=0).
Yo, is the transfer admittance from port 3 to port 2 when port

2 is short-circuited(v,=0) = forward transfer admittance

¥22 is the output admittance. It is the admittance of port 2
when port 1 is short-circuited (vlzo).

,However,'when stating the above characteristic set of admittance
parameters, the chgice'of the common electrode must be specified,
For example, tﬁe set of common-source admittances will be writ-
ten as : ’

V. _E. b, = input admittance source configuration
yis;-wgls""j is p : . &

Y.q=8pgt Jb = Treverse transfer admittance (8-5)
Vpg= gfs+-jbf§== forward transfer admittance.
Y os= gos+'3bos - output admittance

where the subscript: s denotes the common source. Subscripts g
and 4 will be used to denote common gate and common drain para-
meters respectively. In the analysis to follow,,theAgeneréllre-
lations will be written without the‘configuration subscript. By
calculating the two-port admittance for the common source clircuit
of Fig.8-2. we can express. the frequency dependent variation of

the admittance parameters in terms of the equivalent circuit

elements as : ‘ , c
. : s C ‘ A

Vigm it 4 ¥ ( gs*‘cgd+- £ 2)

: 1+ (wr C )
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L
Yrs = ’chgd
- g _
yfs;______g_x____ - jWng (8-6)
1 +3wrccc
yos::;l~ +jw<bgd+cds

ds

8"'25-

Deductions from Admlttance data

Admittance plots obtained by measurements over a wide range

of frequencies may be used for analysis at low and

high fregquen-

cies. Fig.(8-4) showsthe two port common source admittances of

an experimental insulated gate field effect transistor. A com-

parison of tnese curves with those obtained for the junction

gate
1) Yy =835+ IPsg
From Eq. 8-6

T (wC )
Vi = -8 :

(rcch)-fl

at low frequencies

gis pa-gh o wzci

The input admittance y,

+ jw(.cgs‘" ng + c

FET show similarities in the general appearance.

c

£\ 2
1-+(wrcCC)

(rcch)Z« 1

(8-7)

remains suspective up to several hun-

dred mc/s since the absolute value of by > Byg

2) yrs::'grs 'f".jbrs

. The reverse transfer admittance yrs

is dominated by Cgé up to

about 300 me/3. The conductive compbnent‘is neglegible at all

frequencies, and the Suspective component varlies linearly witﬁ |

frequency.

jbrs = -jWCdg

The slope of the plot  of b.g

(8-8)

can be pseduto evaluate Cdg'
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Fig 8;4. Common source admittances of a MOS transistor as a

function of' frequency

5

AL



THESIS |

ROBERT COLLEGE GRADUATE SCHOOL
BEBEK , ISTANBUL

pace 1 20

-

60
40 Yie= 9;5"}5;;
w07
(mmkv)a a)
20t Vd:i5v
I4-
~40 d=Sma , . \
0 © 200 400 600 300 {000
0
\ | |
-t Yee® Irs *J'Lra
"'l 5 .
' b
| VISV v
T4 L4-5ma ‘
‘5 1 L 1 -1
0 200 - Yoo 600 goo fooo
» Freq. Mc/s : ‘
10
o
0 +
<)
(romheg) |
-20
_30 — 1 L .
0 2oo Hoo boo foo - {oo0
d)
o ‘ foo _ 400 600 - 800 foo0

Pig 8-5. Common source admittance of

a uhf MOS transistor




~ THESIS
ROBEAT COLLEGE 'GRADUATE SCHOOL - o pace 121
BEBEK , ISTANBUL :

g ]

The forward transadmlttance yf is essentially constant and real
up to about 60 mec/s. At hlgher frequencies the susceptnve part bfs
increases. The real part ge decreases in a fashlon which can

be fitted with an equation of the form

g _ __Smo_ B (8-9)
1+ Jw'e
where Z:rcCc |
8mo= value of gm at low frequencies.

Thus Fig.(8-4) can be used to obtain the value of g and .
4) Yos = gos"“jbos

The suspective component bos varies linearly with frequency

as expected from the model of Fig.%-2. and Eq.8-6. The slope of
the plot of b can be used to caleulate the value of Cds+-ng .

g
08
at higher frequencies it starts to rise.

is constant at low frequenc1es and 1s equal to 1/rds .But

8«3 MOS transistor Admittance parameters at very nigh frequencies
. At very high frequencles, about 400me/s, deviations from the

simple low frequency theory become evident in the two-port com-

mon source admittances. Fig. 8-5 showe the admittance psrameters

of an experimental MNOS transistor as a function of frequency in

- . the uhf range. Only the output admltuance Yo 1s well behaved. The

experlmental data indicates that the simplified equivalent circui:
of Fig.%-2 is no longer adequate at these frequencieb. ‘
Table 1 gives a good idea about the general characteristics
- of the three different configuretions of the MOS transistor. As
can be seen from the values given by this table, the transconduc-
tance &¢ is esgentially independent of the configuration . The
common gate configuration shows a high input admittance like the
grounded grid vacuum tube. The nommon-drain configuration has a
low input admittance and high output admittance like a cathode
follower. - | ' '
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Admitbance| { 1o me/s { 20 mefs f= 4o mefs f=90 mc/s
| (amhos) 9 L - g | b g Lo g b
Jis 1 Iso 7 300 25 600 | 86 | {200
Jig | 16s0| 215 | 1650 3 30 17bo Tro | {750 | {1300
Yid 4 | 150 10 300 | 29 600 32 115D
Yrs -8 | - -6 | — | -2 — |-¢6
Yrg 6o | 55 | 72 | 97 | 93 | 150 | #o | 310
Ird 5 1%o 10 |200 | 24 | 570 7 | 1120
Yps 1600 | —45 | 1600 | -36 | 400 | —90 | 1500 | -220
T 1650 | 110 | 4¢50 | 4o | gés0 | 120 600 | 160
y ;a. 4600 | {50 1600 | 290 | 1600 | 540 | 160 | qov0|
Yoo Go | &5 | T2 s | 94 | 217 | 4o 190
Yog 6o | 62 | To flo | g2 | 2o | 490 | 3%0
Yod | %652 | 100 | 1650 | 330 | 4700 | 720 | 1750 | 4350

Table I : MOS transistor admittances for C3, CG, CD confi~
' gurations. ‘
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CHAPTER 9

-~

NOISE CHARACTERISTICS OF PIELD ZFFECT
| TRANSISTOR

9-1. Introduction

Thermal noise and shot'noise are. the main two kinds of
noises encounter»d in the ?ETS at moderate and high frequencies.
,Therma noisge is cuused by thermal agitation of charge carriers -j
'and can be represented by a mean Square noise voltage of the formi

vi o= 4kTRap (8-1) '
where : k = Botzmann's constant :
=degrees . in Kelvin
‘R —re51etance of the material ,
Al = band of the frequencies over which the noise is
measured _ ,
This is known as "white"™ noise since it has a constant frequency -
_spectrum, that is y for a~constaht bandwidth , A{ ,Gheioes not
depend on frequency.
' - Shot noise 1is produced wherever a current is flowing in
the Vranqisfoj, and it also’ is " white" noise . The current is
carried by individual carrlers (holes or ~electrons) ,the nharge
of each carrier constituting a current pulse of small duration .
Therefore the current fluctuates slightly about its mean valae.
The mean square 1uctuation in the current is
‘ 2911316 , , (3-2)'
where I 'Is the average current. If this mean square current is
flowing through a resistance B , it will produce a mean square

voltage across its terminals:

;3=2qIRfA; e "pa)'
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At low frequencies ( ~1Kc anslloﬁer), the thermal and shot
noise are overshadowed 5y another type of noise which 1is of ten
Qalled excess nolse, The meéﬁanism.of excess nolise involves two
step processes with fluctuations characterized by exponential
decay with time constant [,. Examples of two step processes are:
1) random emission of'hdles~and'electrons"by SRH centers , 2) The
trapping and releasing of conduction electrons by the majority
donor impurities causing a fluctuation of the carrier concentra-
tion in a neutral n-type semiconductor , 3) a process similar to
2, but. occuring in the transition region of a p-nfjunction ,

4) recombination through SRH centers where the electron and hole
-capture processes occur. The time constant for each of the above
cases is different. For example , in case 1) , the time constant
is given by )

‘ (t = 1/[ Cp 1 +anAn1]v ‘ (3-4)

where ey _ capture probability of a hole by the SRH cernter

cn ~ capture. probability of an electron by the SRH center

p, = n; exp [(E - E )/kT]

ny = carrier concentratlcn in an intrinsic semiconductor

specimen

E1 - Fermi energy ]evel for an 1ntrinsic specimen

Et - The energy level of the SRH centers. EV< Et <EC

Ev - top of valence band edge-

E = bottom of the conduction band edge.

Z 1is of the order ‘of 10 zksec.
For cases 2) and 3) the time constant is the trapping time of

-11
sec at room

electrons by the donors and is oftphe order of 10
temperature. For case U4) the time constant is the steady state
SRH 1ifetime of tha minority carrieré which is of the order of
10“6 to 10°7 sec , depending on the concentration of the SBH
~centers., The general frequency spectrum of the mean square fluc-
tuation of the trappéd electron concentration in an elemental
volume AV is calculated from the Weiner-Khintchine theorem ,
~and is @ ' . .
5¢ (8= 4af —t . Nefe {ep (3-5)

1+w th AV
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where A{ = bandwidth ,
Nt concentration: of SRH ‘centers

R

fc = fraction of oceupled DRH centers{by holes or electrons)
§k = fraction of empty SRH centers, '

Fig 9.1 shows the electron and hole capture and emission process
at the Shockley-Read-Hall-Centers { SAHE centers)., SRH centers are
recombination- -~generation centers found in the transition region _
- of Jjunction. These centers are the dominant sources of the reverse
leakage current of a 3Si diode. The predominant fector of low -
frequency nolse comes from the fluctuation of the charge states
of the SRH centers due to the random generation of electrons and
holes from these centers as shown in Pig G-1. In the transition
region of a reverse biased PN Junction, the. electron and hole
"emission processes 1abeled b) and d) in Fig. 9-1 are the most
important ones since the high electric field completely depletes
the electrons and holes ‘in this region making the capture process
improbable, v
At very iow frequenoies, the‘excess nolse tends to 1/f noise
spectrum. Therefore excess noise is usually referred to as 1/f
noise. Whatever the cause may be, the effect of 1/f (exceSD) nois
may be analyzed in terms of a single elementary event. A carxier
of ‘charge * q becomes available to take part in the conduction
process at time t and 1s withdrawn at time tn+ Zn . The chan-
ge in conduction caused by creation and annihilation of a single
carrier 1s illustrated in Fig 9-2. Here G represents the average
value of conductance and AG the small 1ncrement occuring when
the additional carrier exists. AG will be negative in the case
of trapning an available carrier followed by an escape from the
trap.

Fortunately the shot noise of the gate current and ~the
excess nolses can be reduced by the cholse of the transistor

materlial , by improved construction of the device and by proper
treatment of the finlished product However the thermal noise of
the conducting channel and the capacitlve gate Current *esultlng
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Pig.1 Electron and hole capture and emission processes at the SRHH

centers b and d show electron and hole emission processes

respectively.
- ﬁ‘z—"
1 n ]
) .
, ]
.0 i !
0. -~ kn tntTn
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Fig.2 Change in conductance caused by creatlion and annihilation of

a single carrier.
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Fig.13(a) Equivalent noise current 3 1 3 lo

i I _
Ieq vs frequency operating in sa- F- " ;:;’ d(ua)

ig 13(v u y -
turation. | 5’ 3 q ;valent noise cur
rent Ieq vs drain current Id with

frequency as a parameter.-
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- Trom it are ‘always present They determine the lowest noise
firure that can be obtained with field effect translistors..
dhen a transistor has to amplify weak signals, one must

examine whether the signal to be amplified is sufficiently above
' the nolse level of the transistor itself . In order to describe
the noise, egither sufficient number of,noisé sources as voltage
or current sources are inserted into an appropriately chosen
equivalent circuit (a 11near:two-port equivalent), or the physi-
cal reasons for the noise are examined and introduced into an
equlvalent circuit. First we shall discuss the second method as
Qevelcped by Sah and Van der Ziel for the junction-gate FETs
. and by Jordan and Jordan for the MKOS transistors.

9-2. Low-freguency Noise Generation in Junction Gate FETs

A general solution for noise current at low frequencies.
has been derived by C.T.Sah by making use of Shockley's gradual
channel model. Sah has divided the generated nolse into two:

Gate Jjunction noise and channel noise.

9-2A, Gate Junction Noise

It is mainly excess ndise-whiph shows an approximatéi9@+ufzz
frequency dependence.By detailed analysis and using the Wiener-~
Khintechine theorem, Sah'has derived an exact expression for the
short ecircuit mean square noise current (With both the gate and
drain elecirodes ac short circuited to the source) in the drain,’
ariszing from the SBH centers in the ‘gate- Junction tranoltlon

regxon which modulate the width of the channel.
ign = Af LT/ 1+t ZU] g/xeo) (a’/Lz) Neh(tzp)(ldo/vdso)l (9-6)

where I =an integral current directly proportional to the drain
k! e I
urrent d

Ido dc drain current in the saturation reglion for Vgé=0

= q,un NdZa /GKeo

Vdso =qu 01»/“60 = s‘atvuratiori drain vol"cage fgr vgsz‘o
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If a short- circuited output equivalent saturated diode noise
current at the drain, designated by leq , 1s used,
2 .
| ‘dy = 2qleqaf’ o
where g
Teq- £ [Ty /(1+wTi)] (q/keo) (a /Lz)(N,_ ;E{t,,)(lao/w,o) 1
29 ' | (3-8)

9-2B. Channel Noise

» At low frequencies the channel noise consists of thermal
~nolse and excezs noise due to carrier'fluctuation. The thermal
noise in the rnennel is best expressed by the equetlon derived
by Van Der Ziel. ' ' |

Ly, = 4KT dmax @ (Vo o) B¢ (89
The derivation of Bq.(9-9) will be given later when noise at
moderately high frequencies Wwill be discussed.

‘The excess channel noise originates from the random trap-
ping and releasing of the current carriers {electrons in the _
n-type channel) at the SRH centers or shallow level majority |
impurities ( doﬁors in the n~type channel) in the channel. The
mean-square channel noise due to carrier fluctuation is given by

i
L;n: 12af L./ fw‘z:7J(Nc.fc¥cP/N; a?.Z )(IJ/IdaXVd/Vdso) (9-)

Wwhere fc = fraction of the fluctuating occupied impurity
centers in the channel

fcp -~ fraction of the fluctuating unoccupied impurity
centers in the channel. :
No = concentration of SRH centers in the channel.

9-2C. Other Nolse Sources. , o

In a practical device there are several additional nolise
sources located at the various regions of a jﬁnction gate FET,
But the noise contributed from these -sources is substantially
smaller than that from the channel and is therefore negligible.
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The surface'nqise which is caused by the random generation and
Vtrapping of carriers by the surface states is an example. The
magnitude of the surface noise is -small in the junction gate FETs
while it is the dominant low frequency nolse source in the MOS
transistors. Fig 9-3 shows typical noise curves for high nolise
units TIX69I Si and TIX880 Ge FETs. The transistors were opera-
ted in saturation with the gate dc connected to the sourceifor
this experiment . In Fig 9-3a the K/@aw*Z’ dependeﬁée is evi-
dent with a tendency.toward 1/f spectrum at low freqnencles.At
high frequencies  Ieq for both units approaches a constant
level that is in close agreement with the respective the¢retical
- thermal noise level. Fig 9-3b shows the expected drain current

dependence of the nolse.

9-3. FPET Noise at Moderately high Frequencies:

The dominant noises are thermal noise at the channel, shot
nolse at the gate and the capacitive gate current resulting
from the thermal nolse of the conducting channel,

9-3A., Thermal Noiée in the Channel.
A schematic representation of the junction45ate_FET is
shown in Fig 9-4. Assuming that'the'_dc current I flowing through
the channel 1s constant, then a thermal nolse voltage developed
between x and x +A4x will modulate the width of the charinel
between x and the drain and give an amplified noise voltage at
the drain. By integrating over all sectiohs AX , the tdtal Qutput
noise voltage can be obtained. Letting R
‘ W) = W+ Aw
b = \13,+.'Ab

where HI and b are dc values before perturbation for the

(9-1)

bias across the junction and half channel width respectively.
AW and Ab are the fluctuations duerto thermal noise developed

petween x and X +AX .
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Fig.9-5: Equivalent circult of a fleld effect

rransistor showing the nolse sources.
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From chapter 1, Eq(l 11&)
W,-:. o (1— b/a) . (9-12)

. 2
So that (W,}—.AW) = Wo [4 - (M)J (9-13)
‘ - : a v

expanding Eq(9-13) and neglecting the term with Ak
seeer -
Aw=-2Ye (4-5 ) a2 (wewYeab (o)
"a ’ QA ) :

from chapter 1, E£q.(1-18)

g{w)= 9o [‘4‘%)»/1] _ : (9-19
and the generél_ current expreésion is : - |

I= 20b dW _ (w)d¥W (9-3)

dx x L .

From the continuity of current _

T= 20b, W _ 94 (beab)(dW:  dAw ) - 3-17)

ob, dx _. »Uo( >( d?‘ *’ dX ) (

Since I is kept constant

Abﬂ b dAW _io . i - : (9‘23)

_ dx * "Tdx T
Substituting Eq (9-14) into Eq(9-18)

d AW . i | d (Wl/Wo) - o - du (9_19)
i \ W 2 (W./wo)'/*[ - (wl/Wv)V"] -4
where u-= <\N) /WO)/L ’ S

Integrating between the 11mits‘ x and L. .
AWG _ A-ux 1 -Twie /wo 1% (9-10)
AW fou 1- (Wal/Wr»)V1

where AW, i1s the fluctuation in the section Ax and AWy is the

resulting fluctuation at the drain. W_(x) is the value of W at
the point x where the fluctuation occurs. Since AW, is caused
by thermal noise, its mean square value is:
x = kT AL Ax _ AKT Af AW, (9-21)
Q(W,) g(w\) dw, /dx ’ o
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Thus

— L ' - ’
Awg = kT a¢ [ 1- (w/we) * ] AW (9-22)
1 1 - (wd/ wad) e | V |
The total mean square open-circuit noise voltage is obtained by
‘Integrating over the length of the sample, between the limits W

and W ' : ,

s
d -

Tag [ (wge wﬂ AT ws’*)/wo +1A(Wd wli/wo] (9-23)
I [ twazwe™] |

,Then the short-circult nolse current mean square value bpcomes.
2 .
e et 94 : L - - (3-24)

aubqtltutlrg the expression for Sd as given by Eq(l 28), and
letting x=W /W , y=W /W , we get

= 4kT 9 Af E(’l Y)- l'l/3( 3/;)+4/1( ‘jg)] ' (3-25)

[{m ‘:’) 2/ (,x/z 3/:)]
when V., 0 x _»y , and Eq.(9-25) becomes

&L akT LY (1-y%) = 4kf9d°Ac (3-2¢)
Eq(9-26) shows that the device'giveé thermal noise for drain |
hias singe 240 is the ac output conductance for zero drain bias.
Letting
Q(wd, ws) - Q (xy) . R |
(e e 6 ] aan
( ’/:.)[ (’hg)- 2/3(13/:. _33/9.)]

Eq.(9-25) can be written as:

2

C oo AT g AF Q (x1y) (9-28)

At pinch off h =W, and therefore x=1 , and.the’current-eiﬁres-
sion becomes :
e AKT goay AT @ (14) - (9-29)

Here g = saturated value of the,apﬁarent transconductance gé

max |
Q (1) = 06 - 047 (usually) , . (9-39)




THESIS

ROBERY COLLEGE GRADUATE SCHOOL ‘ sace 133
SeBEK, ISTANBUL

Eq,(9-29) is correct for the saturated part of the characteristic
as long as the fleld strength in the cut off part of the channel
ls not large. -

e W . ‘1
4

%
The~therma1 nolse raesistance Rn of the device may be found 1
1

easily: _ : :
| . 4kTRNAFG,, - (9-31)
Equating Bq.{(9-31) and Eq,(9-28) N
| an 9m:lx Q(x,y) B (9*31)
AL SALUTALiOn  gom, - G — Rn = 2008 . (9-33)

Gmax

Rnz= 0t at Sat&rq‘-.‘bn'

. Gmax

The thermal nolse current source and regsistance expressions were
derived using 3Shockley's ideal model shown in Fig 9-1. But 'in

the actual FETs -the gate contacts cover only part of the chan-

" nel go that the apparent transconductance g and apparent output
conductance gd of the device should be used For easy reference,
the expressions for these apbarent parameters will be given :

! Im

9= : —
1 + Rs 9pmax +Rd 94
o | Ymax .
QMGX" i %
1 + Rsgmox ‘ (0-3%) ‘ j
g4 = —22° | ' B -
4+ R59m0X+Rdga ‘

: . " 4 + Rsgmax + RdGmax - )
Fig 9-5 shows the equivalent circult of a field-effect transis-

tor including the thermal noise of the two series reslistances Ré
and Rd of the channel, and the mean square nolse current source.

9-3B. Shot noise in the gate.

The shot neisesis caused by the two currents I, end I, . I is
‘the current due to the electrons arriving at the gate and holes |
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~cipal contributions to.Z;fwillvbe thermal fluctuations in the

.flowing through the gate, fluctuations in occupation of sufface

~ sary transistor. relations which were derived in ehapter 6 ‘are

m g “,

leaving the gate . I, is the current due to electrons leaving the

gate and holes arriving at the gate, Thus

§= 2q (I,+1,) Af | _ ‘. (9-.35)_

9-3C. Capacltive noise current in the Gate
- This noise can be represented by a current generator (e

‘between the gate and the source. This comes about because of the

capacitive coupling between the channel and the gate. i is pro-
portional to the square of the frequency and 1s larger than the

vshot noise component of ig over a 'wide frequency range. The fune~

tional dependence of this current source may be expressed as:

Jwmax

94 Noise in MOS transistors.

The main nolse sources in MOS transistors are located in
the channel and-gate of the device like in FETs. Fig 9-6 shows
a smail—signal equivalent circuit representation of the MOS tran-f
sistor with nolse generators zzin-the‘output circuit.ahd..f} in
the gate circuit. Like in the FET, the principal contribution to
Eﬁ will be thermal carrier fluctuations in the channel. The prin-

chanhel,coupled into the gate circuit, shot noise,offcurrent

states, and leakage noise. In addition paresitic*series resis-~
tances will add thermal nolse sources as indicated.

9-4A, Channel Noige

The thermal noise source expressions in the MOSAchannel are
derived by a procedure_Similar to that of the FET channel noise ,
Fig 9-7 shows a MOS8 transistor which will be made use of in the
following derivations. The current and voltage expressiens found

.in the first-order theory of chapter 6 will ‘be used. The neces-

T Y
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Rs bktag -
Tk
Source
Fig.9-6: Equivalent circuit for the MOS transistor
including noise generators..

Pig 9-7: Model for an MOS transistor to be used
in noise analysis.
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répeated‘here for easyvreféfence. The following quantities are
for unit channel width"The“Surface-charge density in the channel
is: ' '

Q(l) = _??; [ Vs -VT‘—- V{x)] .fof - V(x) £ Vg-»VT , | (5 a7)
Note that for an 1nver316n~type MOS,device VT_;VP; gso that we
can writte £q.9-37 as | |

g6 = 6%9_#_ ]:Vg_VP_—V(x)] for V) < Vg -vp B (9-37a)
ox ' o . :

The surface conductivity of the channel will be
G s RO E . - (9-32)

. So that the differentisal channel resistance can be written as

dr. = _dx o - (3-39)
4 8 (x :
From Eq.(6-7) the channel current is |
L= MEox [ Vq-Vp - V¢ Y| dv ' (9-40
M Eox P x |
d - Tox [ 3 ] ax )

and the drain current is

Tg= P2 [(Vg-VpIVd - 1, V4] | (39-41)

'where,ﬂsze__orz.ﬂ ; and the parasitic source and drain resistance
[-2,4 c .

are neglected.

-Vp s So that the satu-

When the drain current saturateé, Vd_:Vg

" rated drain current is:

o 2 _ . |
Igs = 2'6—,_3 (Vg -v) | " (9-92)
and the saturated tfanscondtxt:tance is:
Ioms = éf (Vs- Vp) : - . (9-43)
The drain conductance dIj /d Vd ‘vﬁf’hen Vd —» 0 becomes
| 9&0 = él"_é (VS "VP) = 9ms ' “(9“‘/‘1)

when both Vs=:0  and Vd

I

0 , the drain conductance becomes

’9doo = -

~®

Vy 4 ' , (9 ~45)
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To find the change in the drain current due to a veltage pertur-
‘bation in the channel, we proceed as follows:
Let Vo(x) The equilibrium potential distribution in the channe]

Vl(x) The potential distributian between X « 0 and X = X
. due to a perturbation %V introduced at X=X,
Vz(x) = The potential distribution between x-xo and x =L
. due to the perturbation :
The current change due to the perturbation will be by using

Eq.(9-40) _ |
AL = Bs ?@3"’?‘\"-(’)]'%" " [Vg-V?- »Vo(z.-)] .%t_’, }  o<m< x, | ‘

Al=Ps (?[Yg-vp—vz'(x) é}j._ [__Vg -Vp - Y, (x)] %%_ g xdx <L

Integrating Eq. 9-46 between the limits indicated, and adding ,

we get :
- [ |
-GV B YVe-Vp-ve § (9-47)

whefe SV;:Vé(xJ'- Vl(xa) _ the perturbation voltage.
The mean squared voltage'fluctuation caused by the thermal nolse
fluctuation 1nvthé differential channel resistance dr. is

SV = 4kTAgdre = HkTAg V. (3-49)
| “d
. Since id is constant in the channel, the mean- squared current

fluctuation in the drain current due to the voltage perturbation ?

at X = X, becomes _
= 4kTAf ﬂs 4 VQ_VP V(mo)g dv (9—99)

Now Eq.(9-49) can be 1ntegrated over the entire channel to give
the output noise current 3 ' ) ;

iy o= WTafgL L (9-s0)
where  p= V&/(Vg_vp) "~ , and

f1(p)= 1""IP"' Yap”

(9-51) E
1-Yap %
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The relations do not apply beyqnd  P =1 , that is beyond satura-
tion. But experiments have §Hown that conditions at saturation

do not vary much beyond saturation. as long as we do not go to very
high drain voltages.v'

At saturation P =1, and Eq. (9 50) becomes

L Ay =2 ’H:T Af gpns (9-52) 7
At de‘O : : »
‘ : 1
iq - 4kTA§Qd° = T Afg.g (9-52)
Atvdzo,andv_o' ' - :
Ld = lfkTAggdoo (3-54)

Fig 9-8 shows the variation of the function £ (P with P -

9-43' Nolsge in the gate:

S

The channel noise 1s coupled to the gate cireuit by means
of the gate to. channel’ capacitance CSC Thus the 1nput noise

generator Ld and the output noise generator La will be partly

correlated. The output

calculated separately,

twc_must be taken into’

The contribution
the gate noise current

‘be written as

noise is not the simple sum of :j and Z;
but the correlation existing betweeén the
account also. A

of the thermal noise in the channel to

can be. calculated as follows:
Making use of Eq.(9-37),
of the channel due to the vcltage perturbation §{V at x - x

the incremental change in charge density

ma
o b

AQ (x) = Q(x) - Qo(x)

-

H

€ox
Tox

‘2 Vo(x) -V, (x)} 0{xd Ko

3 Vo (%) ~ Vz(x_)f

(9- 55
LIRS R NS

A fluctuation in the channel charge will induce an equal and
opposite fluctuation in the charge on the gate electrode .
The net change in charge per unit channel width will be:

Ac, f Ao (x)dx

L i |
= Sox f Votx)dx _.f °
Tox {2 (>3

V, (0 dx —-f~ Vp(x)dx
Xo (9-5¢)
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Letting 1 and (1 _+ai) be the channel currents at equilibrium
and perturbed conditions respectively , We c¢an integrate Eq.(9-56)
as follows:

~ ’ e WSt o vl
Aq: % /55 % -/; [VS-VP - Vo{x)] Vy {x) e f {x )[VQ—VP—V)(I)] V,(r)dv
vy <o : o L Al
-—_fv( Dg-vp -v (*)'] Y200 dv } (9-57)
. e e Al |
Neglecting terms with $YAL , Eq{9-57) can be evaluated to be:
Aq = At ‘? Qo - Eoxl V(xo)} - T (9-s8)
» Id Tox S FE _
4 o v 2. 3 ‘
where Qo‘—‘ fﬂ_.éf_.. 4. 3 (_V9—Vp)i’_\_’i-;_ _vj__ g - (9-59)
Tox 14 2 3

The mean*squared'charge fluctuation can then be obtained by squas

ring Eq.(5-58) and substituting Eqns 9-45 and 9-i46 -

2 2_ 2 ) 2 "W 2

q =( %) vqkTAgf_s__é f\’d §Vg-Vp- vm} §Q,Tox_ V(x)} dv
Tox _ L'Id dd "Gox L

when (9-60) is integrated | : (9-¢0)

—

2
"= kTaf Caxb) (o)
' 9""1 : (9-¢1)
= AKTAL Cge ¢, (p)

ms X y
Va0 (1-pr 4+ 2 ) (1 sy (42

Yot

| where -‘Fz(P)""-' 1 : ?

-0 (-t 5 (- 14P) :
 {9-€2)
Pig 9-9 shows the plot of fz(p).
At saturation p =1 , and
(?z O-12x4kT Af S_é_c_._ [3-63)

. Ims
and the fluctuatlion current in the short-circuited gate circuit -

will b=

so that -
2 ‘ ' . o1
Lg = 042 X 4kT Ap w Coc (9-¢5)

Ims
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Pig 9-8: Plot of the function f, (p) Fig 9-9: Plot of the func-
where p =Vd</(V8-Vp) tion f,(p)
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Fig 9-10 : Plot of the function fj(p) where p =V_/(V_-V_)
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' - . v 2
o LT A Cgcta 4 4kT B[ Coe (s-c)
Gms 12 9ds ]
At V=V =0 S N - ' '
L | . | ‘
9 =1 qrrA( _3__ N . (5-¢7)
3doo

The'cross-prcduct f}uctuation zvyu¢,' y becomes by using
Eq.(9-58) ' ,
ﬂ "l i
bqbl.d—‘tkTA; =3 52\/9 -Vp - V(m} SQ.,—‘_zz‘- Vo) § oV (3-¢)
, \ Ton
Integrating Eq. (9 68) over the channel and multiplying by Jjw ,
 we get o

1.5 A.d = 4T Afjw Cgc “'3(?) | '(3-‘9)
where N | ’
_ (/ 673 1 1 2 y

f3(p)s i {P)l(z ‘_,4)(‘ p+dp*)- (i“sF*%P")} (9-1)

Fig (9-10) shows a plot of f3(p)
At saturation p-1 , and

if9iq = 4T AL 01 fw Cge - (5-71)
The correlation coefficient is defined as

1’1 o . .
— - T o (9-72)

- [z .2
ig 14
The correlation at saturation is calculated to be
= J0.39 | (9-73)

9-5. Nolse Parameters and Methods of Measuring Noise in

Field effect Translstors:

To enable calculations on networks which include field
effect transistors to be made , an equlvalent two~-port circuit
representation was decided upon. The theorem that forms the basis
for this method of representation ;s that any linear active two-
‘port.hetwork can be represented by a series noise'voltase‘gene-
rator and a shunt noise current’ganeratér at the input of an
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ideal noiseless network . Fig 9-11 shows such a circuit.

' This representation is™a good one for a number of reasons:
The ratio of the magnitude of the two nolse sources gives the va~-
lue of the impedenoe(ﬁ ) for a minlmum noise factor; the noise
factor 1s determined only by thege. two generators and by the cor-
relation between them, and is 1ndepeudent of the parameters of
the two.-port nolse-free network, the magnitudes of the two 1npu§
generators can be separated by measurements involving the varia-
tion of the source resistance, and the complex correlation bet-
ween them can be determined by measurements lnvolving the sodrce
reactance. |

The magnitude of the mean square noise voltage V2 arising
from these two sources and referred to the input of the device
can be obtained easily as follows:

" If two noise generators v and 1Z are considered ’ ‘the second

" being the Thévenin voltage equivelent of the current generator 1
and the source impedance Zé‘in Pig 9-11, ﬁﬁ& magnitude of the
total mean square voltage V2 is given by:

TOMTR, ¢ v ow(Zs)? | (9-79)
U (EZg) = 3 _\f-»(c:z,) } Q( v+ (Lz';)}' » _
= iv + ({Zs)} % v’ o+ (LZs')} (9-75)

= Uv” 4 (42s)(i2sF + U (iZs)  + v {izZs)

)

o+ Wt 12zsl* 4+ 2Re  (Zs U< )
If there 1s no correlation between the two sources vii==0
and : _ . : '
Ivrlizal® = Wit o+ WP TZs)? (9-7¢)
If a complex correlatlion coeff1c¢ent is def*ned as |

Y = Re(¥) + 9 Im(¥) = i 4 /\J \f)"lkl" (9-717)

and :
IRs*st (9'73'_)

Then

v+ (21" = IVV' + I»‘-i z* +2&M‘m )39\ Re(‘i) XsImN)}

(9-7)
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so that when Z_ is real (x_»0)

Vie Vo -‘1&TR,+IV_T’ + TTR + 2RIV KT ReY (9-20)
and when Z isfimag&nary . {as=o)." _

A IV LI T LIV oy yT S (VI (3-8
Letting the term due to the dorrel&tion = \Vel* , we have

BRIV zhv)‘m* %Rs Re (¥) - x,im_xg . (9-22)

we can writte Eq.{(9-74) in ﬁhe following form:
VRS 4kTR, + Wi* + T1Z1Y 4 e i? (9-23)

.To find the ncise factor exbression‘of this two port device
Fig 9-:12 1+ conszidered. The thermal nolse generator which is 1
~considered purely re31st1ve at the mament 1s represented by hkTR f
The rioise factor is given by: . ’ S

p _ Rean-square noige voltage at xy from all sources

mean-square thermal noise voltage at xy from the source

) ) _ alone.
From Fig 9-12b : ' Zi 2
3|'ﬂ“+)‘a‘ki+4kms+zmwl‘w* Re ¥§ g,,z.-,,, (3-24)
Zm ’
qkTR&kRsﬂ—Zml
Fz 14 <Z i +|¢11R5+235HV'11LI" Re ¥ } (3-¢5)
- 4kTRs . :
If excess nolse factor Pe 1g defined as _
Pe = F-1 , we can write . v (9-28¢)
Fe = lvi* . 1 +hw‘w‘ Re¥ 3 MI* Rs | (9-87)

4kT Rs 2kT 4kT
Eqns(9-85) and (9-87) show that the expressions for nolse facfor
are independent of uhe two port parameters. )
When we differentiate Eq(9-87) with respect to B, , we find that
the source resistance Rso glving minimum excess noise factor ,

Feo , is

\

2

‘2-

<

R = (9-19)

1z
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Fig 9-11. AGeneral noise representation of a two-port.’

-y \J
. ()
4T Rg S T , Noise
L free
$~ r‘ ':wo-?ol’t »
2mn
(a)
—_d -
i IZfRe
Ty N\ 7~ x
SN / T
4kTR, 2Rs i M1e1E Re ¥
gz:'n
Rs .

‘L? : Y

Fig. 9-12 Equivalent circults for the two-port of FPig 9-11
a) Circuit including the thermal nolse of the source
b) Equivalent circult at the input with respect to
~the nolse.
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Eq.9-88 shows that Rso is 1ndépendeﬁt of the correlation between
the noise sources for a purely reslistive source. Substituting
Eq.(5- 88) into Eq.(9-87), we find

Fco = Zl\l’f' + ?.Rso ‘ IU’lz ’Vt Re" J (9-#9)

_R§¢
QkTRso

Feo = :i;’: Re () § “ o (3-90)

Let us now consider the case when the source impedance ZS ‘is
complex. Rgo is dependent on the imaginary part of the correla-
tion coefficient because for a complex source impedance, we have

Fe = nrl Hl2Re 1t X2+ 2Rs TGt Re ¥ — 2Xs ¥ nm‘:«.:* Im ¥
- 4kTRs . _ ' (9-91)

when Eq(9-91) is différentiated with respect to Rsland equated
to zero, the expression'for R so is obtained as

l_v-'lz revah - ZX(\\H u.)".-[mx ) ‘ (9-52)

lLlz

R =

The total mean square noise voltage'can be measured by doubling
the nolse power output from a selective measuring channel by the
introduction of an equal and known mean square voltage in series
with the source. Either a calibrated noise generator or a sine
wave generator could be used. The principle of the’measurement_
is oﬁtlined in Fig 9-13. First the bias eonditlon of the FET or
MOS8 transistor is adjusted with the required source impedahce ,
and with the oscillator set at zero output. The frequency of the
-generator must be set at the center frequency of the filter.

The transistor clircuilt power gain must be checked at each
‘bias setting to ensure'that the nolse from the low noise ampli-. »
fier and subsequent apparatus is negligible when referred to the
transistor input. With the 3 db pad omitted , the noise output
of the transistor, after amplification by the low noise amplifier,
is applied to the wave analyzer, the output of which is indicated
.on the powemeter. The average reading is noted . Then the 3db
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zs - per ampl- analyzer Fovcter
o
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Audio L 1§ | Power
ascillator Rrhr\ Filker eter
well shielded
0777 it D
| Test fer ‘
luf  am ' fuf
| i ) = |
| Rs éku fox l Conditions:
M
l 1% [ . Vds: -50V
l Vg = ' |- 14 -6 ma
! 25 2o0uf 20,3 :
i : T ] “T | RS: {oMm.
! I

FPig.9-13 a) Principle of noise measurement

b) an actual system used in measurlng the noise
factor of an FET.
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pad is inserted. This causes the milliammeter deflection to reduct
Th° output of the sine wave oscillator is increased until ‘the
.readlng on the powermeter 15 restared to the initial value, The
output of the oscillator at this point s measured on the r__ rea-

ms
ding volmeter. Viw is calculated.

Vcw = -the rms oscillator voltage

2
| Vow = VY‘AF |
From relation in (9-93) , the applied voltage density (V'EVC;,AAF)

must be calculated. But to do this, separate measurement must be
made tc find the bandwidth A

9-6. Discussion of Experimental Besuilts.

Fig 9~14 shows a graph of noise factor against freqﬁency for a
fixed source resistance of 100 k& for two similar MOS transistors.
The characteristics divide into three regions. The general form
of these ncise factor characteristics look like that of a junc -
tion gate FET but the excess noise reglon starts to rise steeply
as the frequency is reduced at a frequency which is about 30

times the value for a good junction gate FET . Thus the MOS fran-%
 sistor is an 1nherently nolsy transistor compared with a junction
gate FET. At frequencies of about 10 kc and over the device shows
white noise., But at ffequencies of the order of hundreds of kilo-
.cycles per sec , the noise factor starts to rise again. |
Figs 9-15 a and b show varlations of excess noise factor with
source resistance at a frequency of 10 kc per sec and 100 kc per ;
sec respectively. ' ‘

Fig 0~Lo ia ‘a graph of the varlation of the components of
total nolse (see Eq.9-80) with source reslistance at a fre-
quency of 100 ho/o. Fig 9-17 shows the variation of V? { see Eq.
9-81) with source resistance at the same frequency. These last ;
two graphs ars used in calculating the separate noise parameters.
With the nelp of Eq. 9-80 the generator [vI* can be measured di- |
‘rectly by putting R = 0 because when R.=0 ; Ve = Yot . This .
value can be read directly from the graph of Fig 9-16. ' ?

i

W
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b) sinewave oscillator,at a freq.of . b) sinewave oscillator at a
10 kc/s
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a) noise diode
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THESIS

mge 14

Jovot

QoooL

{ooo}

{mean scfuare noise

[v? fiess dx 10718

o

8 ko Ko 2%
—* R (ka)

Fig 3-4¢ Variqtion of i’\;e Componen*.f;

by 4kTR

F (db)

o( 40{0\ Nnoise Vr with source

resistance ,at a freq. of 100 kefs

o)V
i ¢
d) ZR‘ Wittt Re X

o) i R e) wi* -

%

2

$ r)

Yoo

mean 'squcre noise -

[/ es)xo o

4o fo lzo0
Source reaclance (ka)

F»'g 9-17 . Variation of componenls

of fotal noise Vz' with source
reactonce at freq. 400 ke/s.
ay v?

i
by 24XV w? 1o ImY

) jarx*t
dy \v1*

fo : o2

Fig 3-11 . Noise F(sure

as

fﬁnch'on

of dec- conditions




THESIS S
mr COLLEGE GRADUATE m moe 150
BEBEK , ISTANDIA

. | —— e

The horizonta] 11ne e drawn in Pig 9-16 represents this value
of IV!. The value of R S0 can be found from Fig 9- 15 as shown .
Then by making use of Eq 9-88, and usling the value. of;vfand H
just found we c¢an find @i. Using Eq.(9-80) again, the residual
term Hg;(i} can be calculated. In » similar fashion, we can findj
the valﬁe_of imd) from Fig 9-17 , making use of Eq.(9-81). The
term Re (¥) can also be calculated by using Eq. 9-90 .

Purther investigations have been carried out to determine

- the nolse figure behavior as a function of fhe oparating dc con{

ditions. Ons se!t of the results  F (T4d,f) 1is presented in Fig
9-18‘. The fixed frequencies for the g5 BFY unit have been cho-

‘sen at, below, and above the frequency of the minimum nolse

figure, rhﬁ results show that the noise figure has wide minima
with reaspest to the drain current and that the shapes ‘of the cur-?
ves at the thres frequencies (30, 200, and 1600 kc/s) do not |
differ apprecisbly. The sample ‘ver2of shows lower noise than

the 95BFY but the general behavior is similar.

Measurements - have also shown that the nolse figure 1is
independent of the drain voltage Vd for the DPT201 .

The conclusion is that in order to achlieve a low noise
figure with the present types of MOS translstors, they have to
be operated from a large source resistance R ( > 100 k) and

~at low frequencies ( 20 kels & £ < 100 kc/s)
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CHAPTER 10

LINEAR FET AMPLIFIER CIRCUITS

10-1. Basiq_Fet\Amplifier Circuitss ‘ » :

The FET can be operated with either the drain, gate or
- source terminal common to-anut-and-output bircuité. The most
useful configuration is the common sourcé which ‘has. the. highest
gain. In the following discussions the P-channel FET will be con-
sidered unless ocherwise stated.

- 10-14. The Common Source Amplifier. .

_ - The circuit in Fig.10-1 is a basic common-source FET ampli-
fier with two flxed-bias batteries. A signal voltage generator vg
is applied to the 1nput and the output is taken between the drain
and the commoh»terminél . Since the FET‘characteristics vary much -
with temperature and device selection, fixed bias is not desirable
Several biasing methdds may be used., Fig 10-2 and 10-3 show such

set-ups. The analysis or"Fig 10-2;:Hhich:3hows a self biased
aheme, at low and medium frequencies can be made by using the
vlow-frequenby equivalent circuit shown in Fig 10-2(b) and 10-2c.

For low frequencies the effects of C_., and C__ are negligible .

sd gs
ZL includes the drain resistor Rd and the input impedance of ano-
ther stage of amplifier. If vo.is the output voltage, '

Vo= "ByVgs L (10-1)

The voltage gain of the amplifler 1is:

AV:=ZQ _ gmzL (10-2)
' Vgs v1-+ L84s

When'the product 'ZLgds« 1 , the galn reduces to
Av= - ngL - . : . . (10-3)

The oﬁtput is 180 degreés out of phase with the input.




Re |
Q\D"fg | =, vdd
: , ng TCs Vs

Pig.10-2.a Self biased CS

amplifier

P

i smvyﬁsés ‘ Vo

s

Pig.10-2b. Low frequency equivalent cir-

cuit of CS amplifler.

, c o | .
NN Vs 9ds : ‘
| A 5 . Vo 1
Y |
' Rs JL . i
' %
| i
Pig.10-2c. CS amplifier circuit with a source resistor -
- Cqd
Al
T |
RL - :
outpt !
'mfmt | G : Rq Cgr' Gl l %Rds %RL %
RS . S . i
P | o
Fig.10-3. CS amplifier and its small signal equivalent clrcuit.
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Eq.(10-3) is similar to the‘approximaté‘gatn of a pentode stage.
. The output admittance 6? the amplifier at low frequencies ,

without the load Z; 15 gy, . But with Zp the output impedance
becomes: ‘

%o = 2L f E (10-4) .

1 +ngdé ‘ ,

Fig 10-2c shows ﬁhe equiValent‘ciréuit of the self-~biased cir-
cult with a source resistor. In this éircult, the load current

1L is |
iy =~V : (10-5)
I m g8 l-hS'_T~h+R y
where Vos =Vg +1Rs | ‘ (10-6)
30 thay 1 N\ © (10-7)
1 +8pRo+ By 12y +Ry
and v =172 = - En'elL (10-8)
o~ A Y ; :
- 1+ng§+gds(ZL+Rs)
Ndw the voltage gain of the dmplifier becomes
A _ = g.ng'L- _ s~ 'SQZL (10-9)
v 1+g R (Z,4R_) 1+Z R
m £8ds ' “L*s m s

At higher frequencies the situation 1is more oohplex. The capacil-

tances ng and Cgs cannot be neglected. In such a case the modi-
fied voltage becomes » '
' . g2 41
AL cp, ((n"ga™) (10-10)
(gngd+-Av)

In general A; depends on frequency both in magnitude and angle.
‘It becomes frequency independent for Av=g1 . "The value of ng is
given by

Z,a=B -1 _ R (10-11)

But at medium frequencles R can be neglected and in such a case,

the product A ,
. m S | ~ (10-12)
gd o

Z -
n g8d = 3T

o
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Since 'gﬁzgds>1v o Eq (10?10) can be written as

( 1y jwcggsz (10513}

The 1oad1n3 that the PET presents to a generator can be calcula-

ted by dividing the 1nnut current by the voltage between the
input termlnals, thus from Fig.10-4

(z,)™* g o { Ve Ves Vo ). (10~-14)
Vo= =3 ('zﬁﬁ“‘&r—— |

gs gs

Yip =% [.C +C (1+8m

s L )J f10-15)

1'+gdszL

= Jw [-Cgs-g-ng (1 +A ):,

Eq.(10-15) can be expressed in. a more general way, for all

- frequencles as:
L
Al &

Vip= [ngsA »+' ngIJ . (10-16)

Ir the amplifier circuit conteins a gate continuity resis-

Tor Rg as in Fig. 10~ 3 s then the input admittance becomes
A!

yin- s R | + Xta (10-17)
R Z Z
g gs. gd

In terms of the chort-circuit admittance parameters glven
1n most data sheets

¥ n:jw‘ [Tbis - A.:, .brs] _ (10-18)

If ZL has a reactlive component,‘yin will contain a real

part. If thls reactance ls capacltive, the real part of Vi, W1l

be positive and if the reactance 1is inductive, the real part of
Vi, 1s negative. In the second case, the amplifier will be uns-

table and will oscillate at the frequency at which the 1maginary'
part of Yin is zero. The situation is particularly serious if the

load is a parallel LC circult, which looks inductive, resistive
or capacitive accordlng as the operating frequency is below, at

_or above the resonanca frequency of the circuit, For these reasons|

‘
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Fig. 10-4. C3S equivalent circuit with capacitances 1nciuded.

Rs
AN -

= (A\'r‘H) Cqd+Cqs

©

E
|
|
R
|
|
I
|
o

Sngnal source

Fig. 10-5. The equivalent input circuit ‘of the CS amplifier
Es- is the signal source’ resistor.

5 D . : : o ~ D
1L l =~ l l ’ T
Y& . . - '
+ '. | - & ‘

Fig. 10-6 Common gate'configufation.
A a) CG circult , »
b) CG equivalent circuit.
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the simple CS amplifier 1s used primarily at low frequencies and

with a resistive locad. For higher frequency-operations 1t 1s re-

quired to take precautions to reduee or eliminate the unwanted
feedback effects by neutralization cr by nismatching. The input

capacitance of the FET given by Eq. {10-15) forms a low-pass L-sec~

tion with the source impedance of tke signal generator driving
‘1t as shown in Fig 10-5 " The 3 db down frequency of this equi-
valent circuit is given by

co.ﬁT(A‘-fl ) gd"'trfj

It *s because of this Miller-effect that PETs cannot be
'operated in the C3 mode to yield nigh ﬁalues of A% ‘and at the
same time glve good frequency resyonse.

- (10~19)

10~ 1B The Common Gate Amplifier

This configuration seldom finds application. Fig 10-6a v
ShOWS the common. gate amplifier Ain which the gate is the common
terminal between input and output circuits. As can be seen from

the equivalent circuit Fig 10~6b, this configuration is unilate~

ral since ng and C8 are of the same order.}
The voltage galn can be calculated by summing currents at

" the output node D. v :
Vg = ~ vgssds-tv ‘5a3+ % _iJwC ) (10-20)

80 that the voltage gain is

A._Yo (g '*gds) ' - {10-21)
| V;g | % (gds-+ wc N
At low frequencles

v (10-22)

2y, TRy

where M= ngds

The magnitude of the common gate gain is approximately equal to
that of the common gsource gain when 8ds“3 ‘o But unlike the com~ :
mon scurce gain s there is no signal revcrsal et frequencies where

.
T R L T L K . . .

;
|
:
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_feaotance'are negligible.
The input admittance can be determined by summing currents
at the input mode of the equivalent circuit of fig. 10-6b.

_JwC vss + & vgs*‘gds ('55 - vo) (10-23)

therefore y | o
Yyp = ;g‘={8m.+gdg‘(leA)+Jw,Cgs:‘ | (10-24)
g8 _
: It can be shown ‘that at low frequencles the input impedance
w8 Just Z, - Bds‘*“H‘L . ~ (10-25)
_ T T A . ) _

For small RL and large M the lnput 1mpedance is approxima-
tely 1/5 , and does not exhibit Miller effect A bipolar transis-
tor in the common emitter configuration will usually give a better
galn with an impedance,only.a.little lower than that of the CG

FET stage. Therefore the“CG'oonfiguration is rarely used unless
the low noise or radiation resistance properties of the FET are
'neededu ' '

10-1C, Common - drain- Amplifier or source Follower.
The FET used in the common dralnconflguration is analogous
to the vacuum tube cathode follower , and the transistor emitter
follower, It is characterized by a high input impedance , low out-
put impedance and voltage gain slightly less than unlty,‘It is
very useful for impedance transformations when FETs aro‘being |
. used with bipolar transistors. -
 Consider the circuit of Figs 10 -7a and 7b. Summing the cur-
rents at the source node s , and the ‘"voltages around the input
loop, we get '

5mvgs‘¥=V0'(gds-F% ) - 3w cgs(vgd* v,) (10-%6)
, L - -
where chs==ng -V, y : o
A, Yo . l&griw C,s..’..": ‘ (10-27)
Vaa 1 "‘(5::{"5& jwc )R

At moderate froquencloﬁ'uhere 1fwc Bds , Or RL s the yglgagéQo
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galn becomes ‘
A, _ BB ~ (10-28)

2 *(Em‘fsds)RL'

§gai <1 - | (10-29)

1-+ng£
where By _ _BagPL
BdéfHL

The maximum »ossible source follower gain can be. found by taking 'i
the 1limit as ﬁL.qbo , giving ‘
| A, ";77’ | - . (10-30)
If u»1 (which 1s true for all available FETs), the gain
1s nearly unity and there is no phase shift, the source follows
-the gate.

The input'admfttance of a source follower can be obtained
as follows @

+C ) - e v

1 v Jw (Cds g5’

g = (10-31)

yin v Jw [ng gs (1 - A)] , (1}0"'32)

g .
- The source follower output-impedance can be calculated by
setting vg: 0 in Fig 10-7b and summing the currents at the source

node s. o :
1 =Y (1 484g + 3% Cplvg v, (10733)
yZO = -Y—g = RL (10'3“)
i, 1 +(gd-s+ gm)RL +'JWCSS
At low frequencies , :
z . Ry,
o = » -
1-+gmBL

when By —»e , the output rﬁ?&stange.begomes'
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Fig. 7 CD amplifier (a) and its smﬁllAsignal equivalent
eircuit (b) '

B
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in‘:ut - 16—

‘Q\
mO

Fig.8. FET amplifier with bias
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- lize the operating conditions against these variations. From Eq.
1-25 the drain current is

since 1

'z 1 ' (10-355

m I

10-2. Biasing MET Amplifiers . , »
The characteristiocs of the FET show variation between dif-
ferent samples of the same nominal type and also a dependence on

ambient temperature. Blasing techniques are employed which stabl-

Id_ 5 [1-2/3(_g.5)} vgs[i -2/3 _g_s_)_] (10-36)

do = —gugmax
3

s
. A
and sm=Go. [1 -(_ gs)__]
' W
o]
we can approximate the drain current beyond pinch of f by
| I,-I, -V g | (10-37)

The most generally used blasing techniqﬁe for (5 configuration
s shown in Fig 10-8 where an external bias source voltage V

. A _ g8
is connected to the gate through a reslstance Rg. A resistor Hé

may be used in the source cireuit.

The overall expression for drain currént in Fig 10-8 1is B » : ‘
Ig =140 = 8 (IdR +I B - Vgg) (10-38)
1, tao" BnVeg - ) (10-39)
1+8 Ry

where Ig:-gate}ourrent.
The drain current will vary with temperature T as follows:

gy _ ITdo /3T + (9m/aT)( Vgg - IsRy- LRe) - gm(ala/aﬂkg

aT (1 +9mR‘-")
To make the drain current 1ndependent of. temperature, we set

Eq.(la'ho) equal to zero and get the following conditicn B

" (4e-40)
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39'“ Vg | %ﬁ-_;‘l-‘l = %9}’3‘_ (1989 fIJRS)me _c%_l_fs_ Rg  (to=w1)
Note that the solution of Eq.(10-%1) wlll enable us to choose a
certain value of Bg for.satisfacters operation with zero tempera-
ture coefficlent only at a certaim given temperature., If Rs and
V. are equal to~zero,’Eq (10-41) reduces to

g8
L, 10 -42)
319“ = Ry 9 (gmls) (
assuming that Jdg&_ /3T 1s small -
Ildo ~ Rggw1319 ' v (10-43)
9T ‘
Ig varies exponentially with temperature and ‘its. temperature
dependence is glven by E
19 = Ig cxp ( TO’T ) S (40‘47)

where . Ig-—value of I at a temperature T' , and 8 is oonstant
For Si , 6 is less than 14°C .
Differentiating Eq (10-%) , We get

‘}li 19 _eﬂ, (I=x T ) 2 | ' (10-45)
a7 &
so that v
910'0 . Rg9m I . B 3 (10-46)
T = |
Rg = 214 - (10-47)
Im19 JT

For 31 devices , Idb ~0.75 % and approximately constant over
the atmospheric te%perature range for transistors of large pinch
off voltage. Thus Eq. 10-47 for Si devices may be written as

R _ 1k x'Id x 0.75 x 10-2
g 1 ’
m'g , | |
when the wvalue of the gate current at the operation temperature,

the drain current Id and‘the{transconduétanee gm,are known ,

(10-48)
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‘the minimum. value of BS to be used can be calculated from Eq.10-48.

~ When negative feedback (R ) 18 used te reduce current varia- |
tions worst-case " translstor paraaeters method of design 1is
used . If we neglect I Eq (10- 39) beccues

Ida.IBQ.i‘_v.ss_ﬁ‘.a S | (10-49)

1+ 8y R’s

We can see from Eq (10-49) that for larse values of v - and

Bs , the drain currant I is practically 1ndependent of Ido .

The worst-case blasing method can beut be explained by an example._
Example : Consider a FET type which has the following cha-

racteristics: ‘Worst transistor Average Best transistor
dolBA). ) 0.5 | 1 . 1.5
(mA/v) 0.5 ' 0.75 1

If this transistor type is to be ‘used to operate at 8 nominal
drain current I, =0.25 mA , find the value of R, to be used ?
a) If‘f‘Vg =0 , we can find Bs using the average values , and

Eq.(10-49
I

148 Rs = ig.g
' d
(2 +-0.75Rs')‘=u S
B, =;4.KJL : | i
For the minimum case .' | u
Id-_Ij935355==9§2'=0.17mA . This varies from O.ZSmA

by -32% while if Ry were zero , we would have -50% variation.
For the maximum case 1 _
Id:z;f%iiﬂ__:?p.j'mA. This varies from ?.25 mAvby.
20% while if BS were zero , we would have 50% varia-
tion from the average. '
by It V 0
) Sé#
Consider ng..j volts . _
Calculating R from the average case
(1-+0 75 B, ) 475
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0.75 R —12
R =16 Kn
For the mlnimum case

1, _g.s';-g,%g 0.22mA _-12% relative to 0.25 mA
1+0.5x1 ‘ v i ) -
For the meximum case _ ' : .
I, _ 1,54332‘ 3. u.g 0. 26aA u% relative to’ 0.25mA
d 1+1x1 17 ,

Graphic methods may also be ugsed to bias FET stages. Let us
11lustrata. this method by a hypotheticsl example. Let Fig (10-9)

represent the temparature corrected transfer curves. for a hypo-

‘thetical FET type. If we want to design an amplifier whose quies-
cent drain éurrent Igwill bé between points A and B , we draw a
line L such that it will cross the transfer curves above A and
below B as seen in Fig 10-9. The slopé of this line will give us
_ the value of the.resl$tance Rg. This line L may intersect the
gate voltage axls at a point in the region of forward bias as in
Fig 10,9. In such a cqsé; an external gate voltage which willl
forward bias the gate must be used. Instead of using a separate
dc source to supply the forxard bias, we can use a resistive di-
vider which will give us VséFand where ‘a' 1s the divider ratio,
Fig.10-10a shows such a configuration.. The value of the resise+
tance R, must be so chos®&n:.that the drain to sourée voltage willl
remain within the usable operating area of the ocutput characte-
ristics which is bounded by the voltage saturation characteristlc
at the low voltages and by the ldqus of points at which apparent
drain to source breakdown occurs at high voltages .(See Fig 10-10b
Usually the values of R and Vgg are increased to take care for
temperature variations of Ig ( the gate leakage current). Both in
Fig 10-10a and Fig 10-8., the resistance Rs must be bypassed by
a capacitor to obtain high ac galn,

The above mentioned metheds of.. stabilizatibn ¥Yield a re-
duction in the spread drain currents whether the varlation 1is
due to difference of characteristics between units or to tempera-

ture changes. Other methods may also be used to compensate for '3
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Fig. 10‘9, FET transfer curves.
_IdA
R1
¢ 2Rd
¢ Ho 1
———44 =v .
s = ¥dd :
] I‘l°m'm'
: ? Ra ” o Iamx -7 ? : EVd;, 2 Bydga"wgs\
S : . .
ﬁ Lamin - - TameL
! ~ Vdd T Vds
a - e b) '

Pig.10-10 a) CS FET amplifier using a voltage divider to suppl&

forward biss to the gate.
b) Output characteristics used to find the value of Rd.
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temperature changes. / :

The best way to compensate for the drift caused by gate
leakage current is to use .a matehed_pair of FETs in a direct -
‘coupled difference amplifier often'cellad * The long tailed pair”
dc amplifier, See Fig 10-11a. The clrcuit is symmetrical. Two
sources are connected together through small balancing resistors
,B and the output 1s taken as the voltage difference between the
twodrains. Pig 10-11b shows a simplified equivalent circuit to
be used for analysis. In this figure F_and F, represent ldeal 1
driftless units and current and voltage generators represent
drift. The equivalent input drift 1s«AV
qutput due to this input is AVo which ©* must be equal to zero.

-Writ\ngj’Kirchoff s voltage AdT»rule around the 1input loop.

AV _ AlVes -Vasy) A(Ts,;Ing (Rg +Rs) (10- 50)
AT AT AT -
Here Ah@sq—vgs;W&T1s'eQu1va1ent input voltage drift of the FET
fair and A(Igl— I.,) /AT is the egulvalent input current drift
of the circult, Thus we see that both AVS /AT and Al /AT should
be matched between the two FETs for minimum drift. AV s/AT for a

given FET is completely specified by Ido and Vp . (Vp 1s-pinch off

in, and the equivalent

voltage=same as W ). Matching these two quantities will therefore
ensure minimum drift at any bias point. As for the leakage term,
the drift can easily be reduced to negligible proportions by 1
matching the gate currents at the highest working temperatures
since the current Ig is in all cases exponentially related to
temperature.

Another technique of drailn current stabilization is the
tandem stabilization shown in Fig 10-12. In thils set up the sour-‘
ce resistor of the normally blased common source FET'amplifier ‘
is replaced by a bipolar transistor which has 1ts collector cur-
rent stabilized by any of the conventional means. Since the source
and drain current of the FET are equal, the stabllization of the
drain current is identical with that of the bipolar transistor .
To ensure satisfactory operation, we mﬁst avoid bcttomlng the bi-
polar transistor at the temperature at which the FET would have
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Fig. 10-11. Dec differencé amp’lifier and its drift eqixivalent.

~Ye supply

VAW

&

%Rz .
3 Re s KR Rb: ngz/ﬂ)‘!‘ﬂg

Fig 10-12, Tandem stablllzation using a FET and a bipolar transistor ]

-
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the lowest dréin current (maximum temperature for moat units).
When the bipolar transistor‘Q(ls stabllized

dlc =5 dlco ,‘ Ae + Rp Teo —: 91& ‘ ) (19-»51')
T 3T merhet-) - a 8T

where S = stabilization ratlo :
o RE=resistor in the emitter of the bipolar transistor ,
Rg=R R o /(B +R, )
& = common base current galn of the bipolar transistor .
Ic..bipolar transistor collector cut of f current at the
 temperature at which 014/9T 1s to be calculated
a -4 constant having the dimensions of temperature. 'al
is between 10 and 14°¢C for‘cdrrently available tran -
~ sistors : ' ' '
Bq. (10 SL) will be correct only 1f the voltage drop between base
and.emitter of the bipolar transistor ( of the order of 0.33v
for Ge and 0.6 v for S1) is negligible compared with the voltage
drop VCE across the emitter resistor.

VCE =5Vgg - Vgs - REIE (10-52)
where Vgg _ standing bilas applied to the FET gate
I; =emitter current -
, vgs - gate-source voltage for the FET at the required drain
current. Since IE=ID , and ID==Ido - Vgsg , Wwe can calculate

Vep from the following equation :

Veg = VES - Zdo. d - Bgl, (10-53)

provided that values of Ido , and 8n appropriate to the tempera-

ture concerned are used.A conservative design criterion for low

collector currents is to keep VCE above 1 VvV .-

10-3., Distortionm in FET Amplifiers :

The nature of the FET's square law behavior permits both
the harmonic and intermodulation distortion of a single stage
amplifier to be expressed in a- rather 31mp1e clcsed form. Harmonic

o




THESIS | | :
ROBERT COLLEGE GRADUATE 5CHOOL met 168
BEBEX , ISTAMBIR |

distortion in an FET ampllfier 1s determined by many elements 1in
the circuit; bias , operating‘voltage , load lmpedance , slgnal

<level, device ‘characteristics and varlations in input inmpedance.
It is a function of the extent to which the device transfer curve
departs from a stralght line. By definition, the harmonlc distor-
tion producedvby an amplifier whose input 1s a pure sinusoid 1is

D Tms value of all. harmonics in the output - (10- 54)

Ths #alue of the fundamental of the output

when two or more sine wave signals are summed in a non-linear

network, beat frequencies are produced. The distortlon produced

by these beat frequencies lis called intermodulation (IM)distortion
Iy Tpg Value of the beat frequencies » (10-55) 1

- mog-

Tos value of the complex input
10 -3A. Harmonlc Dlstortion.,

The single stage amplifier circuit of Fig 10- 13 may be used .
to determine the effect on distortion of variations in €g » Tgg
'RL and FET charactenisticsrvp » Byg 0 and 8 *

a) Transfer curve and conductances:

As the input signal varies, so do the two conductances 8
and g, which effect the gain of the stage.

Follow the instantaneous operating point up and left along
'the 1oad line drawn on the FET output characteristics curves in
Pig 10-14. Transconductance g increases as Vss approaches zero,

This variation in gm‘is reflected in the curvature of the trans-

fer curve for the FET. The curvature causes second harmonic dis-

tortion. Nonlinearities also exist because 84 also varies'with |
the instantaneous operating output current - 84s increases ss Vgs‘
approaches zerc, and as Id increases. From the galn equation

for the FET:

eo _ 9m ’ : (40-56)
-Eq. (10-56) shows that the effect of a change in gd s less for
1arge 1/R . As Vg lncreases , the decrease in & is partially

offset by a. corresponding decrease in gd At a certain operating:

K

;_[‘ .
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Fig.10-13. 3Single stage FET amplifier used to determine on distortion:

of various device and circult parameters

Vgs30

KL
14 T'
(ma) ’1'0
05t
’ + 15V o : S
\ +2V . : B
0 s . . - S :
0 5 fo 15 . 20V

————> Drain-source voltage Vds {volts)

Fig. 10-14. Output characteristics of the FET used in Fig.10-13 ,
| showing the load line -and variation of 84s and 8, 8s

one moves along thenload line.

{2 o : :
s
o W
ca\cu\ac yd
Lorrmmic 0r , l/ 4'-.-1 khz
dfsfor)‘ion 0-¢ . / - Yldg': 15v
o o 95: o
/‘9 " VP=2-3V
" Rs7-5K
00 A 30 '5‘0 7'° ‘npu}’ 53‘37_’0' ;5 (vov (‘rns)'

Fig} 10-15. Harmonic distortion vs input slignal. Calculated: curve
is plotted from Eq. 10-60.
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_This expression 1s valid for small signal dlstortion due only

_ tions are that the drain voltage saturation region i1s avoided

proportional to the input signal level. However distortion also

point the two distortion sources will nearly céncel to produce
a point of minimum dlstortion}% |

' When a sinusoidal voltage Vg 1s applied to the input, the
total instantaneous gate to source voltage can. be written as the
sum of the quiescent bias voltage VQ, -and the instantaneous 1nput
signal. (10-57)
Vg.‘.-— ng +V, sin wt

The total drain current, u31ng the square law approximatlon is
Ld: _:Eéj’ ('VQS"VF +Vqsmwt) : | (40-5’3)
.\;?’- : IR ‘
. , 2 ‘ ‘ -
= XYoo i ’(Vag—_ Vp) + .% +2 (Vﬂg-VP)VA'-”‘"“’L' Yy cos 2wt] (o
‘ Vob . - 2 ' |

Thus. FETs prdmise to generate only. second harmonic distdrtion
and the expression for percent second harmpnic distortlom is :

% D= 25V, . | (10-60)
VQS—VP
In a more convenient way, this can be written as

%D = 25_,1\‘ /7 . (10-61)

P

to the curvature of the transfer characteristic. Required condi-

and that the drain current flows during all portions of the cycle.
b) Gate bias and signal level:’
According to Eq 10-60 small signal distortion is directly

depends upon the difference between the pinch off voltage and the
voltage on the gate(see Eq.10-61). Fig 10-15 shows the total har-
monic distortion as a function of input signal. The reason the
distortion increases with the input slgnal 1s that the gate draws
current from the signal source on input peaks. Distortion is re-
duced by adding the equivalent of grid-leak blaes. The gate-return
resistor Rg shown in the amplifigrv¢ircu1t of-Fig 10-13, develops
a gate bias approximately equal to the peak forwa¥d signal voltage
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So long asz the 1nput capacitor remains charged, the gate ceases A]
to draw current on signal peaks. Thus, dlstortion becomes a func~
tion of freouency. Usually RC is chesen; about 1000 times the
period of the lowest frequency to be handled. Fig 10-16 shows the
harmonic distortion as a function of input signal with RC as a
parameter; ' ‘ | A

Eq.10-60 also indicatés that distortion increases as the
gquiescent operation ﬁoltageVﬁgappro&ches Vp . For Veg=0, distor-
tion is inversely proportional to Vp . Fig 10-17a shows a distor-
tion vs VQg plot of a FET amplifier for two values of lnput sig-
nal. Fig 10-17b plots éuiorhoﬂ .against. Vp for VQS_O The calcu-
lated and measured values agree closely in both plots.

c) Drain voltage: _ _ ‘

The effects of Vi énd'gds'on distortion are illustrated
in Fig 10-18a and 10-18b. The Vds effect 1s in reality a Bas
effect as may be seen from the B3 VS Vds curves of PFig 10-18b.
Dlstort;on‘ due to 84 becomeslargc dt-low Vds due to the very high
value of 845 while the distortion'at high Vds is due principally
to the variation ofvgm. At'a specific and fairly low Vds the two
distortions nearly cancel to produce a minimum in the distortion
curve ( Fig 10-18a). But:operatlon at the point of minimum dis-
Atortion s not recommended because 1ts location ls uncertain and
very near a region of excessive distortion . Operating an FET
with the drain voltage near breakdown has been reported as one
method for improuing blas stablility.

d) Long ,short and medium gates.

The phy31cal geometry of the FET also has an effect on
distortion. This is due to the effect of the gate length on the
value of g,  and the rapidity with which the device output charac=
"~ teristics shift form triode te pentode type as Vds increases,
FETs with longer gates show less distortion but have low satura-
tion voltages. Thus a compromise must be made between low distor-
tion and 1low saturation. '

e) Load resistance .

: Distortion decreases with increasing RL. The reason- for the
improvement with 1ncreasing RL is that the B4s induced distortion.
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Fig. 10-16. Harmonic distortion vs input signal with RC as a
| " parameter. .
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Fig.10-17 a) Harmonic distortion vs Fig.10-7 b) Harmonic distortion

quiescent voltage VQ&_.' Vs V»p with ng':O
(2N2608 FET) ‘ S -
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Fig. 18a. Harmonic distortion vs Vds' Drain to source voltage must
- remaln well above the pinch off voltage'fof distortion to
be small . '
{001
9&5 T .
(Mmhos)
{fot
1 1 1
b 1o 20 Vs fvolks) —»
Fig 18b. E4e vs Vds for three FETs with different gate lengths.

2N3578 1s a very long gate FET-

- 2N2608 is a mediwn gate-length device

2N3376 1is a short-gate device.
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has a greater opportunlity to cqynteradt gm distortion as the‘load

line becomes more nearly horizontal.

10-38 Intermodulation diqtorticn.

‘ The standard method of measuring I.M distortion of an
amplifier conslists of summing two sinusoids of known frequency
and amplitude ratio at the input and measuring the resulting
intermodulationconwponents in the output signal.

Id-_-Ido (VQS-—VP *VA sin Wyl + Vg smw,_t) © (10-62)
V P
?
when £q. (10-62) is expanded: and only the terms containing the
fundamenna- and intermodulation frequencies are considered, we
get .
A 0‘5 (VQg—VP) Vn sm\qt +V59\nwt )+Vﬂvb I_CO: (w,- w,_7£ - Cos(W"'Wz)t]

(10-6€3)

so that the rms values of the IM term and fundamental are divided:

M VnVB S - (10-64)

(ng vP) i 1(v +Vg-)

VAVB ; l Id,/Ta (10 -65)
VplZ (Vp2+ Vg )

where_IQs=dc drain current at operation point.

IM = 9m VaVp _ (10-¢6)
21aY2 (2 +vg) |

10-4 Hybrid Ampliflersi

Amplifiers which use FET's .and bipolar transistors alternar
tely can show very high power gain. They can be unilateral and
may also have other attractive circuilt features. The FETs are usual
1y used in the inpﬁt‘Stages because they have high input impe-
dances. Thus nine configurations are possible, but of these the
ones using CG input stages are not of interest because of thelr
low input impedance and low power gain. The types most widely used
" ape C8-CB , CS-CE, CD-CB, CD-CE, and CS-CC amplifiers.
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Fig 10-19 -10-21 show in outline form the hybrid emplifier setups
Note that C3-CB stands for,common source ~cbmmon base
' CS-CE"standsvfgr'cemmon.source ~common emitter‘
CD-CB ' stands. for common draln -common base
CD-CE stands for common drain -cqmmoniemitter

cs-ccC stands_for common sopurce ~common collector. H

O‘IE
Coe .
¢ ¢y 1, A [P,
-{. N 'J- : Re
R { Re |
9 W Ry
TCgs . gm'bsTC‘s Reh Cée -
S8 B 5.8
Q) |

v

tg 10-19., CS -CB amplifier
a) cascode CS-CB amplifier
b) the folded cascode circuit

c) the ac eguivalent circuit.
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nput

C . : h :
. G ‘[‘lll gd . Rbe . B' ‘“ C
. . . » ) N )
? Rg ) .[>C95 rds gF'v ::Cg'a: §R$IE RCB' ‘ . ’ RL
¥ N ImVuE

Fig 10-20. CS-CE amplifier
a) cascode Tolded CS-CE amplifier

b) ac equivalent circuit with the bipolar transistor

represented by the hybrid Wequivalent:

ou*Puk
tnput

pias

S ' )

a)

CD-CE cs-cc.
cp-CcB

Fig 10-21. Hybrid amplifier configurations




THESIS N
m COLLEGE | muwe scHooL L . PAGE I79
- emu.emm : x ‘ '

-

cuAPTE ?_a_: =
LINEAR MOS TRANSISTOR AMPLIFIEB CIRCUITS
" AND FIELD-EFFECT ATTENUATOR CIRCUIrpe

Depletion mode 1nsulated gate FETs have properties closely
similar to those of the junotlon gate type and can be used 1n the
same circuits. Only two. points of difference must be noted. Since
the gate 13 insulated the gate leakage current is mueh smgllier thans
"that of the junction gate FET and can be neglected in determining
‘bias conditions. For the present the MOSFETS are not yet oonsidered'
low noise device and therefore are not suitable for small signal '

- applicatlions. Enhancement mode units differ from junction gefe FETs

in the same way as the depletion units do, and’ in addition require
substantlally different circuits. ‘ o
II-~ I Single Stage Amulifiers ,

There are . three basic single-stame amnlifier configurations:
Common source, common gate,,and common drain.vln the following dis- -
cussions +the n-channel MOS transistor will be considered un ess other-
wise noted. , ’ ' ) |

‘The characteristics of each configuraf1on can be summarized-'
as follows: e
'»a) Common-source ampllfler stage | | |

 The oircuit set up is seen in Fig 11-1a. It is characterized

by a high input impedance, medium to high output *mpedance and a
. voltage gain greater than one. ‘ ’ . -

The voltage gain A without feedback s the same as that of.
the juncticn gate FET Cb conflguration.A )

’Av’s_ m Tas Rp -_f'_v . - l1y-1)
r"s_’_H’. .. . . L
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1r ' Et'5;rds

Ay =M IR ‘ ' (11-2}
‘If Bp = ryg

Ay = ml2 (11-3)
It Ry & Ty

AV i gmBL (‘}1*“)

When an unbypassed source resistor is introduced into the CS
circuit, it produces a;negatlve feedback proportional to the

output current. If A;'is the voltage gain of this circult,

‘A; o g t‘dsR’ .V' N , o {11-5)
raot (8Tt VB + By

where RS — unbypassed soUrce resistor.
The output impedance:of the CS circuit with unbypassed RS
becomes ' " ' N

Z, = Tgq + (gm-rds_-s- 1)RS._ o (11-6)

b) Common-drain ampiifier

The cireult arrangement s shown in Fig 11-1b. The input
impedance is nhigher than that of the C3. The cutput Impedance
\is 1ow and there is no phase shift, Voltage galn is less than
one sand dis:oftian is ;ow,»The'input sircuit capacitance is re-

duced. The voltage gain Av is

5

Ag# o : ‘ : (11-7)
T(ue) IR +1/9, ,
Ir My 1 Eq.(11-7) reduces to
1+g R : . .
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‘ﬁb] ‘
v .-—*MI- T
)

F,S 4.4 Pasic c,""“"}' Acahrnjqra};qhg . A @) Commor source

%) Coh’mon’dfai'rf c) Comwmon ..9ate

J

1¥V44d
D
2
C .
~——
Bk out

'F-f{g -2, T‘jp"ica\ cascade circusls using - n-channel  mos: transishors .
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When the resistance Hg is returned to sround, the input resis-

-y

tance Ri is:

J

Ri*'R (11-9)
€ v
When the resista ance F ‘e returned to the source, tne input
resioaance R{ iz i ' »
Ry Rg (11-10)
1 - A
A v
When the load 1s resistive, the effective input capatitance
Ci of the CD is reduced to \
cr = {y - & 131-1
| 1—ngf(*~ Av)cgs (11-11)
The output resistance’ P is
R, _ rdsRs {21-12)
(gmrdg-y)ﬂsf Rds
and the ocutput capacitance C! 1is given by
[ —:C +c (1= (y1-23)
o ~ “ds gs g -

v

¢) Common-gate amplifier

Fig. 11-1c shows a -CG configuration., It

impedance matching and also in nizh frequency ¢
a low voltage main.

A (g rdsﬁ-l) Ry

(g =Tast 1)R +rd + By

If g ry.» 1 and rdsss R;

"is used for
treuits, It has

(11-14)

{11-45)
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11-2, Cascaded Amplifiers.

MOS transistors may bBe uséd in many different cascade
arrangements eibner with other fleld effect transistors or with
bipolar trans1ators_or vacuum -tubes. Fig 11~-2 gives a few of the
more likely combinations. Fig 131 -2a has a nigh ihput and low
output impedance. In Figlll-EP, the MOS transistor is used: as
an impedance transformer for the bipolar transistor. With the
cascode circuits of Fig 11 -32 and b, advan,ages such as automa-
tic gain control, improved signal to noise ratio and reduced
fePﬂback capacltance are obtaineu.‘mhe output resistance of these
serieg cascode palr reaches 1its height, a conb*ant value, when
the drain to source voltage of the dr1v1ng unit just exceeds
the sum of the enhancement voltage on the gate of the driven
unit plus the pinch-off voltage of the driven unlt. Any further |
'1ncrease in the drain voltage of the driving unit causes the
’gate of the driven unit to become proportionately more negative
than its own source. '

11-3. ' Biasing MOS Trénsistora

Fig. 21- -4 shows the insulated gate *ransistor with a
wide variety of bilasing arrangemenug; The circults are so de-
‘signed that there 1s no power loss due tb‘biaslng e1ements.
‘Circuits  a, b, ¢, and d of Fig 11-4 mav he uged to obtain a
quiescent operatiﬂg point in- the enhancement mode . Of these ’
Fig 11-4b may be used when the larger drain currents associated o
with enhancement mode operation can be tolerated -i.e., an An-
ductive load or a low. value of resistive load.

. The circuit of ¢ prov1dps an 1ncreased degree of sta-
bility because of the negative fnpdback If1§ increases-due to a- e
change in tempersture, Vd decreases.oecause of the add;tional
voltage drop Aacross RdAand the positive gate voltage, Vg',-is‘:_‘
decreased. This tends to cancel out the initial drain current =
increase. o o x

Circuit (4) *s a very critical circuit. It ha; a nositive{
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antenna ' Mixer
— Vdd

AGC bus

nee bus - Yy

Fig #1-3 Cascode  civcuils . @) series cascode 5 b) parallel cascode.

& &
I
AN
4
- Frg M4 Transislor bias 'cifcup"'é' : ¥61‘  ~ n'-‘c\san'nel Mos transislors . -
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gate blas which is obtained from its internal voltage divider
formed by the gate to source and gate to drain leakage resistan-
ces. It is used when it i3 necessary to use the maximum input
resistance cavabilities of the HOS transistor. For an off set
gate depletlnn type transistor, w.th no accumulated gate charge
the positive bias thus obtained may be about 5% of the drain
suppiLy voltagé.'ﬁut in such a case since the zate is floating,

it must obe protected against damage due to electrostatic vol-

tages. Electrostatic grounding strap which may have'an-impedance”

to ground of several megohms'may be_used to protect the insula-
tion layer from being punctured. \

Circuits (e) and (f) are used. fo* operation in the dep-
letion mode. In circuit (f) if Id increases due to temperature
effects, Vd decreases because of the additional voltage drop
across both Rd and RS . The increased voltage drop across RS
{the negative feedbaék'resiStor) makes the gate to source vol-

tage more negative. The net result 1is to restore V4 to 1ts ori- o

ginal value., Clreuit ‘(f‘ may be used for low drain current
applications in which the load impedance is large and the loss

in dc galn due to R can be tolerated . In ac amplifier circuits,

B may be bypassed with a oapacitor, »

Circuit (g) is used for ’ero'bias operation excent for
the very large internal gate to source resistance which is of
the order of 10~ 5 ohms. Due to thialln,ernal resibtance, the
quiescent operating p01nt may be in the enhancement mode as for
" the circuit of Fig 11-4d. _‘

"~ Circuit (h) is .a combinatibnvof circuits(b)’and ().
positive voltageﬂis obtained from the»diVIder'across the supply -
voltage which functions to cancel the negative gate bias to a

"desired degree.

11.h. Some Practicail applications of MOSFETs in Communication:

Fig 11-5 shows some practical"amplifier stages . The neu- |

tralized common source amnlifier of Fig 11-5a del*ve*s the highesd

1
i
L
i
1

o
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theoretical and practical power galn. Neutralization is accom=-
plished if: '

-

(@]
&

e

(;1-186)

oY
()

™o

S

e

-

@}

ag

The power gain of a singie amplifier stage such as the one of

fig 11-5 , 1s glven by
)

BI\)

P . | (

g = )
+ 4 )(= +
k_d RT Rin

(11-17)

o

wherev RT==the unloaded impedance of the—input-and output tank'

e

circults at resonance

: o 2 o
_ ' ' -
Rin-f Rqu. 1/( ngc) Ro)k | (11 18)
Ré - loss_resistance ( ~ 250 ohms for DPT200)
Cgc = capacitanc§ thween gate-métal and channel {approximately A

0.8 picofarad)’
For high freqaency operabion, the  transconductance mea-
sured at LOW frequency (gm F) must be convert :ed to its high

frequency value 8Mpyp - This is- accompllahed by

gnyp = 8dpp /-(1-+jw£gcaé)’ N (11-19)

The high frequency transconductance maey also be’thained from

relation ship between. frequency and transconductance :

EoHF = gmLFk/ Jl +(f/fcogm) | (11-20)

where = f = operating freq. _
fcogm==transconductanoq‘cthOff fr q1ercy

=1/ (B(CL ).
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If several identical amplifiers are Qéscaded,vthe power gain
per stage reduces to -

o

P (gm> (r1-21)
4 .

=+ 5 +

( rd LAT in

with high § circults a typiecal power gain of 20 decibels at 100

oo Lo

megacycles per second can be obtained. The theoretical high -

frequency noise figure FoHF is
K’(fgc+'“dg) W : (11-22)

g

PouF =1+

_ m : 4
where K= device constant detefmined'by transistor geometry =2 |
Measurements for this c¢ircuit indicate a noise figure of 3 to
4 db at 100 megacyéles_per'secbnd.

Fig_11-5b'shows an unneutralized commbn-source amplifier.The .
resbnance,resistance ‘RTL fqrvthe loaded tank circuit 1s given
by: - ' : ‘
' ' RTL = 1 /'[('1/Rin + 1/RT)3 ' (11-23)

The drain terminal of the MOS transivuor is connected to a tap
on the output tank to provide a loaﬂ res 1s*ance RL of ;

The power gain per :stage for éaph of several 1dent1Cal,unneuf
tralized amnlifiers is 2 o

P, = g?- BTL 4 /[(g W Cqp Byp r)-27 (11-2_5)__‘

At high frequenoies (2 megacyclgs'andbabéve) , equation (11-25)
'reduces to

' ¢y
Pg,ﬁ,g /w dg

(11-26)

The common-gate amplifier of Fig 11~ 50 is similar to the grounded~
grid vacuum tube ampl*fier. Power gains of 15 db can be obtained
at 200 megacyc1e° per second ‘The maximum theoretical power gain
of this stage is glven by '

: Pgmax‘= g rd ) o o (L1-27} "
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Fig 11~6 shows a mixer-circuit conteining'MOSFET Compared with
the convential- transistor mixer, with respect to intermodulation
and interference from osclllator harmonics, the MOS transistor
mixer is superier. On.y the secend harmonics and frequenc1es
representihg Sum and diffTerence cempenentc of inceming signals
are generated. No intermodulation by ~products of the form
(1 + n)w - nw, or (L-+n)w - nw, , are present as in conventional
mixers . The gate voltage excur31on, however, should be limited
to a range over whieh the transconducnance'rlaes linearly with
gate voltage. | ‘ |

The Field- effect transistor ope*ated at 200 Mc is superior
to conventional tran51stors in cross modulation performance. The
FET and the conventional high frequency transistor appear to be
on par as far as noise figure 1is concerned but the nonventional
unit holds an edge 1in power gain. 7

Because it is a majority carrier device, the field effect
transistor , unlike the conventional transistor can be operated -
at extremely low, temperatures. For example, Wwith 200 Mc operation
at the temperature of liquid nitrogen, the FET's power galn in-

creases approximately L db and its noise figure drops about 2 ab. |

FET amplifiers that can operate‘ up to 300 ¥c have been built .
However, selected transistors must be employed in censtructing a
300 Mc amplifier..

11-5. Attenuator Circuits N
In junction gate and insulated gate field effect transis-

tors, if the drain to source voltage ils restricted so that opera—f

tion is in the non- -pinched off region , near the origin , these

devices behave like. electrically controlled variable ohmic resis-

tors, the gate voltage determining the actual magnitude of the
resistance between source and drain. This remnalns valid even when
the polarity of the voltage applled to the draln reverses as
shown in Fig 11—? prov1ded that the gate voltage is large compa-.
7 red with the drain voltage. When the field effect transistor

t
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is operated in thls ohmic regidn,,it can be used as a low dis-
tortion , voltage controlled attenuator. .

The primary advantages of the KOSFET in voltage-controlled
attenuator circuits ar= its low gate rower requlremsnts and widé
dynamic range. | ' '

A simple L-pad arrangément in which the transistor serves
as the variable resistance in the low side of the attenuator is
shown in Fig 11-8. In this circuit, thebmaximum attenuation 1is’
normally between 60 and 70 db and the minimum signai«reduction ,
is 1 or 2 db. Proper performance of this circuit 1s possible only
when the attenuator unit is followed by a . high-impedance lomd
such as a common-source MOSFET amplifier. .

In another version of the L-pad attenuator, the MOSFET>iS
placed in the series arm.'In ﬁhisvcase, the shunt arm must have
low impedance if the maximum attenuation of 60 to 70 4b is desired

Fig 11-9.0nd 44-10 illustrate several possibie circulit |
configurations.using,junctioh-gate and ihSulated‘gate FETs.. In
-Fig 11-9a the voltage attenuation ratio is

Av .
sziz _m Ll A ( Avfﬂal‘( )] (ll 28) s
_ . ,

where A/ _Yout _ “ds

Vin R'fRdé

and  “ds(max) _m

Ris(min)
In Figilé—éb, the'voltage‘galn is very nearly
| Av’='§g - o ~' | o (11—29)v
‘Eq. 11-29 can be made equai to or:éreater' than unity.

Fig 11-9c 1s a bridge circuit in which the minimum signal
output can be zZero when the bridge balances.
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Fig 14-9 . Atrenualors using "Fgr's N
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Fig 11-10 shows how- the FET can be used in low pass, high

pass and band pass filters. For the LE ﬂJrCulf the design condi -

tions are :

R, y 10 X oo | ' | : {11-30)
Roue $0.1 x | _ (11-31)
1 2

where Rin;:input impedance of emibtef follower QBQ'and therefore
a function of the emitter resistor HE . '
Ro t._output impedance of Q3

R -and R2 — source drain resistanoe of Q and QQ respechvejj

W= b - resonant or corner frequency
RHM C2
2
M -_—.-._C1~/C2 | |
If the damping factor is p »
F" M (. 1 ) | " ‘ (11-32)
L - K2 | | |
K2=svoltage gain of Q3 ST
so that o o , ) o
W - Klvgs ST : - (11-33)
R_-MC, L ”
o} 2

 Thus the fréquénby becomes a linear functign'df the FET gate
control voltage.
Fig 11-10b shows a basic HP RC filter and its FET subti-

tuted equivalent v*ezspe:f~t:1\r<aly . In Pig 11- -10b, if
2

M° =C /02 N=R, /R : " K, —gain of Q3
_1+M A (1 -K,) _ . (11-34)
P=35% ' 3% 2_’, R
and if C_ is made equal to C, ki _ R
e 1 - S H.R, C.C.

_ o v 172 172
"Fig 11-10c shows a band pass filter . '
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CHAPTER I2

-,

FIELD EFFECT TRANSISTORS IN NON-LINEAR
AND INTERGRATED CIRCUITS

12-1. Analog Switching Circults

Field effect transistors lack some of the advantages of
bipolar transistors ir thlis area when passive load elements are
used. The field effect transistors have some inherent limitations
such as high "on" or saturation resistance. The saturation voltage
i.e., the voltage drop across a transistor biased into conduction,
typically is an order of magnitude smaller for bipolar fransistorr
‘circuits. Thus the ratio of 'off' to 'on' output voltage may be
-much greater for the bipolar transistor despite a smaller supply
‘voltage. Also the switching speed of the unipolar transistor
eircuits is slower than that of the bipolar transistor circuits.
However, the field effect’transistor, especially the insulated
gate transistor operating in enhancement mode, contribute some
advantagpa to logic circuits: .
a) The PET eliminates the transformer drive that is usually S
‘required for analog gate circults that use conventional chopper
transistors. : »
b) Since FET circuitry does not have input-output off set vol- f
tage, transmlission at the microvolt-signal level is possible ..
c) Because FETs ‘are compatible with integrated- clrcuit techni- -
ques, switches can be made much smaller. _
d) Small shifts in the FET'S characteristics are not crltical
and therefore the switch has long term atabillty.
e) The high 1mpedance leyel of the unipolar transiétor-allows
lar§e fan-outs in logic circuits. One stage can drive an indefi-
nite number of stages in parallel because the extremely high gate
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input resistance of the driven stéges presents essentially no
static load to. the driving stage: But here a compromise must be j
made since although dc conditions impose essentially no limita- |
tions on fan-out in FET switches, transient requirements restricﬁ
fan-out. - 4 ‘
f) Complementary field effect transistors have many advantages

such as high circuit s»abllify, low power dissipation a m153MW¢ty 5‘
.t:ans'-cﬁf’sgmmerrg n\ms\'.eqwn\"‘turn on" and "turn off" switching times are
obtained. , | v - ' |

12-2, 'Equivalent Circuits,for_Analog Switches.

- The off and on conditiohs may be represented by a set of
equivalent circuits as shown on Fig 12-1. The circuit of Fig.i2-2
illustrates the off condition. Resistors Ra and Rb represent
the source-to-gate and drain-tobgate resistances ﬂwough which
FET leakage current flows beéause of the reverée biasing of the
- gate. Capacitor Cé is the stray capacitance. Resistor R is

} , OFF
the source-to-drain resistance. The source to gate and drain-to-

T+ ~

gate capacitances are Ci@ﬂﬁ and CO(Nw)- .

During conduction, the circuit of Fig 12-1b applies. Here
RC represents the psath for.the floy of leakage current IL from
the reverse-biased isolation diode. Its value is a.few hundred
megohms. Resistor Ron is the source to drain resistance during
~conduction, and,ﬁg is the_signal source resistance.

In the design of analog switching circultry, a choise must
be made between the use of an FET with a relatively small value
of ci(oFF)'and a. high value of Ron on the one hand, and'aé BET
with a larger Ci(oFF) and a‘smaller SonAOn the other } The first
type of FET provides a switching waveform with a faster rise time
than does the_second. The second is better fpr handling very’
accurate vo1tages.

FET analog switches may be aeaigned in a wide variety of
circuit ccnfigurations. Six nonfigurations that can be applied
in the design of complex Qwitchlng funutlons are shown in Pig.

|

!

;

12-2. Pig 12-3 shows some basic logic rircu1ts and their analogou
' |

1

<
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S.P.s.T. . S M}ernadc 5.p.5.T.

h ) ]

5.P.D.T. ) c : Alternate 5.f0.T. ¢

SP.ST. Singe-pele, smgle throw. - DRsT= Double- pole, single-throw

S£.0.T2 Qmsle.po‘e, double throw . BRPT: Oowble - throw, double ‘pole |
#:‘3 . 2. 2. Moduylar ahq1a3 swirches - a)iQw compack des.én of ‘ ;
| Complex  swilching  funchions. i
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composite complementary circults respectively.
12-3. Integrated Circuilts

Digital logle circunits in satellites and other aerospace
equipment must Dbe smaii and must sperate on limited power,

Due to their sfruo’ural simplicity zand the fewer proces-
sing steps required and also due to the possibil}ty of direct
coupling of digital stages; the insulated gate FETs can be used
in integrzted circuits. Another advantage of the'uhfpolar tran-
sistor over the bipolar transistor in monclithic integrated cir-
cuits is that it takes considefably‘less bias power. Becanse of
the resulting low heat dissipation, high packaging density is’
possible. » A ‘ o

‘The ladder-like array of MOS transistors was developed
‘as part of the integrated circult concept{ The transistors in
this type of array are completely symmetrical. Each diffused
reglion can serve as either‘source or drain. Sections of such a
transistor ladder are isolated by groundirng a scurce drain  or
gate electrode, Fig 12—4b_shows how the clrecuit of Fig 12Z-ba

can be realized.

12-4, The thin Film Transistor _ _

Weimer has proposed another surface FET which ls known as
thin-film FET ,(TFT). MOS transistors are also surface FETs and
the electrical characteristics of these types are quite similar
but fabrication techniques are'entzr ely different.

In the TFT the ohanne‘ is formed of a thin layer of poly-
"rys,a1line cadmium QUiDh’de. This layer is deposited over'metal
source and drain electirodes by~vacuunvevauo”**ion, typically to
a thickness of“iL{. The source and drain electrodes may be evapo-
rated gold and are separated. by some 5-50. . The insulating f1lm
over the semizonductor 1= silicon monoxide, and over this a gate
is deposited (also a gold»film) Thug the *ransi stor consists of
fcur superimposed layers _,The op erat'on of VPJ" transistor is in

. the enhancement mode but differs from that of the silicon FOQ
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device because of the relatively ;arge energy gap of the mate-
rials used (such as CdS). Relatively few thermally generated
carriers exist and the device is therefore dependent on majority
carriers injected from the source electrode, Exaqtly nhow the
current flows through the polycrrystalline semiconductor and 1s
modulated by the gate is dot'yet clear. The picture is compli-
cated byathe fact that thé’semiconducting layer consists of many
small crystallites thus introducirg the complications of grain
boundaries and surface defects. Many charge carriers injected by
the source electrode are held by the surfece trapns and other
immobile sites, and,thosé‘which are not held contribute to the
density of mobile carriers. The initial slow rise of drain cur-
rent Wwith gate voltage folloWedvby é rapid rise at a large posi-
tive bias seen in Fig 12-5 supports the theory that surface traps
_and states are being filled. But . €45 units  do nol reguire

a large positive gate bias for satisfactbry operation. '

A TFT circuit can in principle. be deposited upon any
part of éh exlisting deVicé;offering a few sq. milimeters of free
space. If the surface'is.a metal,.a preliminary cecating of insu-
lator can be applied as substrate for the TFT,

With the developed techniques complete circuits conteining
hundreds or thousands of active elements deposited in one evapo-
ration seqﬁence is feasible.

' ?13 12-6 shows a three-stage direct coupled thin film
amplifier. Direct coupling.is,possible since thé insulated gate ‘
TFT does not draw apprecizble current,

Fig 12-7 shows a direct-coupled flip flop based upon the
TFT.By inverting one of the triodes in the flip flop the cross
connections are simplified. ' :

| Fig 12-8 shows "AND' and 'NOR' gates derived from’TFT-.The
semiconductor itself is used as the lcad resiétor for the NOR gate

To adequatély’design,build,and use Such'lntegrated devices
a new type of engineering skill will have to be developed ,
Questions such as stabiliﬁy, need for(encapsuiatlon and'ability
to meet design tolerances have yet to be clarified for the TFTf 'i
. before its place in cércpit.design can fully be assessed. A._ | _1
) ‘ :
|

. ‘ i
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APPENDIX A

THE D-C CHARACTERISTICS OF FETs WITH DIFFERENT IMPURITY
DENSITY PROFILES

The following general aquat*ons will be used in deriving
the d-c. theory of fets with different proflles. In the following
discussions devices with n-type channel and p-type gates will be
considered. |

A.simplifying assumption to be used is that the depletion
layer boundary for P-N junction is abrupt at yp and I o where
yp and y, are the location of the depletion-layer edges in the
S op- type and n-type regions, respectively. _

The potential V of the p-type gate with respect to the
n-type channel is obtained from Poisson's equation and 1is given
by , - v j _ S

. . In : :
- [Ty dy )
. € 5P< ‘ ) : ‘
where
q - magnitude of the electronic charge
e = 8.85 x 10-1?-x'relative permittivity .
N(y). Ny - N,
Yoo 9n= location of the dppletion-layer edges

P
we know that the -net depletion- -layer charge is zero, so that

Yn
d (A-2)
JLP Niy)dy = | :

Since the gate-channel P-N junctions in an FET are reverse-biased
the gate currents are very small. Therefore we can consider the
gates as eqguipotentials. making use of Shockley's gradual channel
approx1mabion, and also assuming that any variation in the channel
w1dth are due to voltage: drops caused by current flow 1n the chan-

nel , We can write the drain current 'Ia expre531on as 3

1,--2 dvf q" N@dg - , i(g;s)
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where Z - channel/width
4p= electron mobility ~

Multiplying (A-3) by dx and integrating from source to drain, we
get '

Va ( Anz . (A-9)
T4- _f V) dv
d v 9 ) ¢
because from Eq. (1-2) we know that
g(V) =2 [ quy Niy dy
It will be useful to repeat here, for convenlence, that

v, = g + Vgs

Vg = 8 +(Vgs - Vas)

Vgs;=The potential of the gate with respect to
the source
V4, = The potential of the drain with respect to
. the source _
g - Contact potentlal of the P-N junction(V_= g5 0)
This is a negatlive gquantity for an n-type chang
: nel and positivq-quantity for a p-type chénner
Note that in the simplified Shockley derivaticn # was neglected.
If W is the gate—drain potential required to produce channel
pinch—off when the gradual solution is used, Eq (A-4) will be
valid only for IVd|.<lWol For |V ]24Wo|,Awe can modify Eq. (A-4).
as follows ‘

= [ gt eV (A-5)
. Vo
only here, in the expression for g(V) the channel length L must
be replaced by the effective lengtn Lq equal to the value of
x at which pinch¥off occurs. | . -
The mutual conduotance gﬁ'#xpression 9an be obtained as .

follows:

Im = 31,1’ ._._4_ 3V5 + Eﬂ.i‘i‘. (A-€)

3V9s PR avgs DVd avss '
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Vd\_ < Wo\ , this bc"c‘.'ome’.s

For |
97.71‘;‘ Q(VS) - Q(VJ) —> G max = _9(\/5) (A-'}-?
For ‘Vd\ 2 {Wo
la '
9?‘7'\: }E;-j; thN(E’)dy | (A_g)

Linear -juncl:'mn_ 53mmc{»ricall Device

A-1

C onsider Fig 1-2b . The device is sgmmgtr;cél aboul y=a
From Eq(A-'” and (H'Z)',
3 3 '
Yp, =0 YOO (A-9)
Wo '

where  Wo 2. 23@1Nn
: - 3e . : .
Wo expression s obl:cix}r;d LS ‘pu\:txhg Ypa=a n Eq.(A-1) .

1ntc§r¢ﬂ.in5 Eq. (A-4) we Sel: _ |

, B , ' 5'/. 7

14 Vd 3 [(Vay? (v 3] (A-10)
lew)T ) - () o

Ido | W; —W—O- -1 Wo Wt-)
'W\-;c\'c I4o = -L az'ﬂ“n“n Wo (A-11) | |
: 5
S : L . »
For _\V-dl?lWol (ky fcp\ac.m.s V4=Wo 1n Eq. (A—193)
1 /I 4_5 Vs +'i (}{?—)5/3 o (A-ﬂ.) ’
d do = ""i‘ Wo 2 o o A
From Y:q (A-7) and (A-%)
9o = ‘Zﬁ:‘in_h (A-13)
L )
(A-1¥)

. Y
9m/€o: 1 - (V>/W.°) 2 |
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i
3

A-; - AquPt Lingar aSng-ctricaL Device
Consider F:é 1-3%a . ‘ . - . )
From Ec‘,(A—1) ond (A-2) 'H«c gat—e Yo channel 'Pote_'n’:n‘a( cam

be obtamed 1n Termms of the space clnamse widths  as
go\lqw's : » y .
Vi) = - ﬂNn 9na _ : ([ A-15)

Jaec '
Ve = - ﬂN_n‘-(iqf+ﬂ_r)_43_ayn,2 ) ‘ (A-16)

2ae 3 -3 '
Al:‘ P\;ch-off Vix) = Wo - , 9n1? Ypa SO thal ~ from (A-15)
ard (A-14) ' ' '

Yn, = Yp, =@ - (A
WO_ = - Nhal o (A~1Y)
L_'se 5 |

7 Now Eq,(A~1s) and (A-16)  can be writlen in bferrms of Wo

YA 2 .
eaet(ml i) e
. B 1 1/ - A :
e 900 G [(ama)- (8)V] e
W%efc Go = !MHOZNW K 1 : (A‘l))

L .
Yms = deplebion boundary of gate 1 ot the source.
The dram current Iol, can be _o)o}‘a);ch frdm Ec’. (A-4) )53' '
C\ﬁanging '!)?c variable v to Y with ‘Hne. ard of the
equalily  Ve)/Wo = (Yny/a)>  and  Eq.(A-19).  For |Vdl 3w,
5

| Ij- Go wa% [ﬁ"l(.‘ﬁ) /3-f Z(Q.gLi);— 5 ( _3L*_5_>q] (A-22)

a
Since I;‘o = 2 CoWo )ch draim currenl » the P;r'vc),-off.fgs.'on.
may be written as: | ; _ B = l’
| R 1 LT Ko B
Lo 9 b \a e /4 :
Ypis con be obtained .from ”E‘c,.(sf\— 19) ,dﬁJ ‘ | | .
Whos 2od ()3 () e
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APPENDIX B

- DETERMINATION OF SOUKCE, CHANNEL AND Dhali RESISTANCES OF AN
FET '

If a positive voltage is appllied to the drain of an n-type

FET, while the gate 1s open circulted, then the gate will float
at a potential approximately equal to that at the spurce‘end of
the channel. The reason for this can be explained as follows:
Since the gate is open circulted, the net gate current must be
zero., If the gate were to become much more positive than the
source end of the chanhel,‘avconsiderabk fraction of the length
of the gate would ve biased in the forward direction and a 1éfgé
current would flow into the gate. If on the other hand, the gate
were more negative than the source end of the channel;'all of
the gate junction would be 1in the reverse directidn and saturation
current would flow out_of.the gate, Thersfore the gate must -have
a potential very close to that»of the source end of the channel
(in fact the potential is slightly more positive). Thus the opeﬁ
circuit gate potential is closely eQual to the potentisl drop

in the source»resistance'ﬁs and'if-the'current IS i3 measured,
the value of RS can be determined. An slectronic voltmeter with
‘a high impedance can be used fo measure the open-circuilt voltage.
To determine the value of Rd y the soufce_and drain cgnnéctions
are interchanged, and the experimen§ repeated. Then RO can be
determined from the measured value of the sum of Rd R Ro , and
‘ RS . This sum can b? determined from the.ratio of Vd’to Id for
values of V, sufficlently small compared to W_ of the FETs I, :

vs Vd characteristic curve,
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" APPENDIX cC

FIELD EFFECT TRANSISTOR CAPACIi TANCES

The space C\hc\nac, rgaion.s bch’chn- 4 and x+dx con—

’l‘.mfw a C)uarge, S
d@ = 2p, (a-b) dx ({c-1)

= 2pa (W )R g

The +o"'a.lv clmrsc Q per ~um‘" Wnc”‘k k_fs' then

L, ‘

| Q’:foiﬁ'a[_\‘%’l‘,) Jx | (c-2)
. WJ ¢1>

: ng, a_f i(w)(W/wo), dW (¢-3)
W g(w (W)

2poagWo [ (- u o ()
1 7z o
\N\‘\&TE -lj: Wd/Wa ) 2= WS/WO ) q:

it

"

] 3 3
1 - &,_[wd_ws 2w /2] (c-5)
L ) W'/z.
. - Wo

5o H«at we  can gr.‘l’c Q. as
Q. M[%‘(f/;__ z’%)_ji_ (51_ zz):l ‘ (c—é)~
ALENS o

The small signal @qpaci‘\dbéés' per uni}t wiclH) are . definc(:l as

ng: _9__@__: -3-9. 93 4. ga.az , (;-7) o
avj.v | 2y 9\/9‘- dz  JVg I
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Caqe 4 [92  90Y
P W ( dy i 91') |
Cgd--92 _ 00 Iy 1 2 (c-9)
avd 95 &Vd Wo Qg
Ona‘ C s = C 9- C d - LQQ_ | (C—Q)
) ’ ¥ Wo 0z
PCfgoYm{nS_ ‘Hﬁ& d.‘FFeren}iqinn s ,wWe gcl: o
Cgs 2 anL ¥2,(9'Z> (c-10)
Wo
Cod = 2po0L f3 (y2) (c-11)
, Wo. ,
W\here_ ‘r (gz): [/ ( 3/1 : 3/3_ 4/ )]1 z_ {_’(Hz) z -—Z)'
[; (3,7_)] ' (c-12)
PR s 4 (5 (1 +{,(az)( _y)
faly.2)= 1 .
o I {" sz)] . -
Nole Yhal {O{, 5ajfura}'i_on. 5:1 , ®° that
o Vo
(1,2) = 2 (41-2».‘)
v {1 2 (‘H’ 1= .b') (C-13)
¥3(1’17 = 0 ‘
énd when 2 becomes eq\m) b zero  while y=1
{, (1.0‘7 =2 (c-1%)
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APPENDIX D

MEASUREMENT TECHNIQUES FOR ADMITTANCE PARAMETERS FOR FETs

Fig.D~1 shows the bridge configuratioﬂs for measuring the
admittance parameters. Measurements in thne frequency range 15 kc/s
-5 Mc/svmay be made using a radio freQuency bridge.. Measurements
for 30 Mc/s and oﬁ can be made with transfer function and immit- -
tance brldge. |

The arrangements for the mnasurement of the input admittance
Y14 and the output admittance Yo, are shown in Flgs D=1a and 3
D-1b respectively, and the connections for the reverse transfer
admittance'y 12 measurement are shown in Fig D-ic . In all these
measurements, the value of Y read at null , gives us directly
the value of the adml“tances in question. Por example', in the
case of Fig D-lc when a null condition 12 obtained at the dedec-
tor terminals, The input is effectivelv short-circuited to ac

since the voltage between source and gate ls then zero. Under :
these conditions, the admittande»indioated by the bridge is given
by . . . .

The measurement of the forward-transfer admittance is more
difficult. Since

and the real pért of g is greater than the real part of y2 in
the useful frequency range for most of the dev1ues a direct mea-
surement of Yo, is not possible. Therefore the set up of Fig ,
D-1d is ugsed : At balance
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Fig.D-1. Bridge configurations for measvring the admittance
' parameters ‘ » '
a) Arrangement for measuring y. .
b) Arrangement for measuring y,,
¢) Arrangement for measuring y.,
d) Arrangement for measuring yll+.y2i
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