RIGH-FREQUENCY Y~PARAMETERS OF THE MOS TRANSISTOR

By ROBERT 5. HOPKINS JR,

A thesis submitted to
The Graduate School
of
Rutgers University
in partial fulfillment of the requirements
for the degree of

Deoctor of Philosophy

Written under the direction of
Professor Domnald A, Molouny
of the Department of Electrical Engineering

and approved by

247 4/%%
// JZi

U Mfé&z
Jb 2 e

New Brunswick, New Jersey

June, 1970



ABSTRACT OF THE THESIS
High-Frequency Y~Parameters of the MOS Transistor
by ROBERT S. HOPKINS JR,

Thesis director: Professor Donald 4. Molony

In this study the MOS transistor is treated as a transmission
line with three coupled lines rather than as the more conventional
two-line device, Two of the three lines represent the resistive channel
and the gate which is capacitively coupled to the channel The addi-
tion of the third livne, representing distributed capacitive coupling
between the channel and the drain, accounts for le, the reverse

transfer admittance, Very good agreement is found between theoretical

G and measured G,_. It is shown that G >0,

t t of
he real part o le, 12 17

12’
indicating positive feedback within the device,

The unilateral power gain is formulated from the y-parameters and

and shown to be, for a silicon-on-sapphire device,

1 ox 1
Uy == —_—) E ==
g v3 (0 ) ds'l"sesu?*_

where iy is the mobility in the bulk semiconductor, v . the saturation

' sa
velocity of the carriers, Eds the dielectric strength of the oxide,
L the channel length, T the thickness of the semiconductor film, e
8 ebe

the dielectric permittivity of the oxide, and ¢ the dielectric
8

permittivity of the semiconductor. It is pointed out that since

ii



present silicon devices operate close to the limits v and E the

“ds’
device can be improved only by decreasing the film thickness or de-
creasing the channel length. More important is the advantage to be
gained by using semiceonductors with higher saturation velocities. It
is shown that the unilateral power gain is inversely proportional to
the semiconductor volume, thus a silicon-on-sapphire device is expected
to be more useful at high frequencieslthan a bulk silicon device.

As a result of the internal positive feedback, the unilateral
power gain would become infinite if the drain diode were entirely
eliminated from the device. It is pointed out, however, that the
dicde is an inherent part of the device. It is showm that decreasing
the silicon film thickness of silicon-on-sapphire devices will decrease
the effects of the diode, thus improving the gain.

A circuit model is derived which has the proper y-parameters for

all frequencies where the device has a gain greater than 1.
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Introduction

The pufpése of this work is to describe the y-paramters of the
MOS traunsistor undér normal operating conditions at high frequencies.

A model 1s proposed in Chapter IIT to account for the reverse trans-
admittance le, which has not been adequately described in the
literature, This model is formed by introducing distributed capaci-
tance from drain to channel in the model proposed by J. R, Burns.

An equation for the unilateral power gain is formulated from the
new y-~parameters in Chapter V., Basic physical limitations incorporated
in this equation help to predict the best performance that one should
expect from the MOS., It is shown that the drain-to-substrate diode
has an extremely detrimental effect on the unilateral power gain,

A circuit model fhap yields the proper y-parameters at all but
the highest useful frequencies is derived in Chapter VI.

Chapter VII gives data that shows the model is a good representa-
tion of actual device behavior,

Since the field-effect tramsistor (FET) is a relatively new device,
a brief history and an outline of how the device is made are included
here to introduce the device. Actually, the FET dates back to the
1920*5_2 J. E. Lilienfeld filed a U. S, patent disclosure "Device

3 4,5
for Controlling Electric Current'" in 1926° and two more in 1928. °° The



materials he worked with included a copper-sulpbur compound as the
thin-film semiconductor material and glass as the substrate,

In 19356-Oskar Heil obtained a British patent entitled "Improve-
ments in or Relating to Electrical Amplifiers and Other Contrﬁl
Arrangements and Devicesﬁ. This patent described the use of a control
electrode very close to a semiconductor layer of tellurium, iodine,
cuprous oxide, or vanadium pentoxide., The function of the control
electrode was to modulate current flow through the thin layer of semi-
conductor,

W. Shockley and G. L., Pearsomn in 19487 proposed a structure of
germanium with a thin insulating sheet and evaporated metal on the
thin insulating sheet. They theorized that by changing the voltage
between the metal and the germanium, the conductivity of the germanium
could be changed, By experiment they found that 90% of the charge
induced in ;he germanium resided in traps at the germanium-insulator
interface. The other 10% was induced mobile charge and did contribute
to conductivity.

n 19528 Shockley devised the junction gate field-effect tranmsis-
tor, a device that avoided the surface effects. The field was created
inside the semiconductor; thus, the surface had little to do with opera-
tion. Shockley called this device "unipolar' since only majority
carrvier flow occured. HBe also used "field effect' because conduction
through the device was determined by a transverse field set up by the

control electrode,



P. K. Weimer in the early 1960'89 developed the thin-film transis-
tor (TFT). He used cadmium sulfide as the semiconductor which was
deposited on glass under vacuum.

S. R. Hofstein and F. P, Heiman applied Weimer's ingulated gate
concept to silicon technology. 1In 196310 they reported a new type
of FET built with a metal-oxido-semiconductor (MOS) structure, The
oxide physically separated the metal control electrode and the silicon.

The major difference betwoen the MOS end Shockley's junction gate
FET is in application of control voltages., The junction gate device
médy only have control voltages that bhack-bias the junction. The MOS
may have both positive and negative control voltages.

The device of Hofstein and Weiman can be properly.referred to as
an MOS, FET, or insulated gate FET (IGFET). 1In this paper it is
called MOS.

To fahricate the MOS, one begius with a piece of bulk silicon,
either p or n type. P-type is described here, It is necessary to
reverse p and n in the following erample to fabricate the other dévice.
All veltages would also be junverted, Two highly conducting n-type
electrodes are diffused into the bullk, These electrodes are called
the source and the drain. The source is grounded and the drain is
held at a positive potential, . The bottom surface of the bulk silicon
is also grounded and is refervw! to as the substrate., The region be-

tween source and drain is calloed the channel. At this time there will



be no drain current since one cssentially has a back-biased diode
between the n-type drain contact and the p-type substrate, An oxide
layer is growﬁ over the channel and a metal plate is evaporated to
cover the entiré oxide layer. This metal plate is the control electrode
and is referred to as the gate. This structure is shown in FIG, 1-1.
If a positive potential is applied to the gate, holes will be driven
down into the substrate from the chamnel and a layer of electrons
(inversion layer) will form just below the oxide. These electrons
will participate in current flow between the source and drain, Chang-
ing gate voltage changes the density of electrons, and thus changes
the current.

The MOS, as shown in the following chapter, is & square law
device, The drain current is a linear function of the squarelof the
gate to source voltage, As a result, the MOS has excellent cross
modulation distortion characteristics, It can be used quite easily
as a detector. DBiasing is simpler than with a bipolar transistor
because the insulated input draws ne de¢ current. The MO3 lends itself
to large-scale integration because it has an extremely simple structure.
Since the MOS can be operated with clither positive or negative gate
voltages, and since it is possiblc to bias an MOS in such a way that
it acts like a resistor, integratwd circuits of MOS structures can

be fabricated with no resistors and no capacitors.



The MOS has a major disadvantage in integrated circuits because
all the devicer have a common substrate. Tt has been shown that the
substrate has a gating actionl1 similar to the gate electrode., Thus,
there is feedback to every other device from any one device. The
substrate will also affect high~frequency response of the M0S, The
MOS has been fabricated in another structure shown in FIG., 1-2. A
thin film of silicon is grown on a sapphire substrate. The device
is fabricated on this film the same way it is fabricated on bulk
silicon. 1In this structure, every device in an integrated circuit is
totally independent of all other devices. Because of the lack of the
conducting substrate, the drain channel electrostatic coupling will

have changed, thus the output conductance will also have changed.



CHAPTER 17T

Basic Theory of the MOS

The information in this chapter introduces the basic properties

of the MOS., A similar treatment may be found in Field Effect Transis-

tors by Wallmark and Johnson.

For this discussion it is assumed that the semiconductor is p-type
and uniformly doped. Furthermore, the contacts are n-type and the
gate insulator thickness is much greater than the inversion layer
thickness, The thickness of the inversion layer is a few Debye lengths.
Typically, the Debye length is 103 to 1002, and the insulator thickness
is lOOOg; hence the channel, or inversion layer, ig merely a sheeﬁ
charge, The entire voltage drop between gate and channel appears
across the insulator. As a result, the channel conductivity is a
simple calculation. By use of the "gradual channel approximation',
which assumes that the rate of change of the drift field is much less
than the rate of change of the gate field, the one-dimensional Poisson's
Equation and Gauss' Law may be used to solve for the mobile charge
in the channel,.

The potential at some point x in the channel (see FIG 2-1) is

given by V (x). It is obvious that

o<V (x) g_VD {2-1)



where VD is the volrage from drain to ground. Crounded source opera-
tion is assumed, If VG > VD, the electrie field termimating on

charges in the channel is

VG =V (%)
EZ {x) = —"—E”“""”“ - Ess (2-2)
ox

where VG is the voltage from gate to ground, T is the insulator
ox

thickness, and ES is a built-in field resulting from charges per-

8
manently trapped at the semiconductor-insulator interface (surface

states). Applying Gauss' Law

o () = -¢ | Ez (x) {(2-3)

ox
where g {x) is the charge in the channel per unit area,
The familiar equation for the resistance of a block of material

is

L L
R=g ==, = 2-4
Py~ Pyr (2-4)
The resistivity, p, is given by
1
= 2-5
P e (2-5)

where n is the carrier concentration, e the electrenic charge, and y
the mobility, Combining (2-4) and (2-5) and inverting to obtain

conductance,

G =n ey “E* (2~6)



The quantity neT of equation (2-6) is equivalent to a sheet charge.
Thus, the conductance G(x) of an infinitesimal channel section of

width W, 1ength Ax, and mobility y is given by
= E'w— 2 -
G&x) = -5 (x) 7 (2+7)
Chm's Law gives the current passing through the infinitesimal element

as

i=6G(x) A v(x) (2-3)
This same current must pass through every slement since there is no

shunt, Then

V., -~ V(x)

G AV(x)
= —————————— 2_9
ID E:m{ W { Tox Ess } A% ¢ )

It is more convenient to represent E as a volrage, Thus, define
S8 .

v =E T - (2-10)

and call VT the threshold voltage, VT is the gate voltage at which

conduction just begins and may be positive or negative, Then

g pW
0x AVix)
= -V =y = ?2-11
ID Tox { VG T G } AV ( )

Throughout the remainder of this paper it is assumed that VT = 0.

To account for the threshold voltage, it is necessary to replace VC

k)

with V_ - V_ everywhere V_ appears.
¢ T e ¢ P



Integrating (2-11) from source to drain

L kD) e, WW
J I dx = J — [v_ - V(x)] dv(x) (2-12)
o D o T G
ox
e M
ox 2
I = ox T oo B} 2-13
D ZToXL [ D VG VD ] ( )

As the drain voltage is increased, the electric field in the

oxide near the drain is reduced. From (2-2),

v, -V
G D

T
00X

E, (L) = (2-14)

In fact, when VD = VG, there is mo field and thus no inversion layer

at that point. Increasing VD above VC, the point in the channel at

which E (%)} = 0 moves toward the source. Label ¢/  the distance from
z s

the source to the E (%) = 0 point. The remaining distance to the
z

drain is labeled £d° Then

L +4 =1 (2-15)

The region ﬁé is depleted. All drifting charges upon reaching f .
are injected into 'gd and move to the drain in this high field regiomn.
The potential at ﬂs is VG by definition of ,ES. From continuity

of current,

43 _e fa M av 2-16
jo ID dx = j [vG = V{(x)] dv(x) (2-16)



e Ui
QX 2
- - 2-17
p o 4 VG ( /)
oX 3

I
This equation for ID has two variables, VG and ﬁ . Obviously,
]
£s varies with some combination of VD and VG. It is extremely difficult
to calculate Zs because of the complex nature of the field in the
drain region. Various attempts have been made to calculate f . In
_ 8

general, however, it is found that

fs %L (2-18)

and, therefore

€ W
OX 2
= 24 . -
DS 2T 1 VG (2-19)
0X

I

where the § denotes saturatiou, The transconductance and output con-

ductance in saturation become

al eox o

g = ——— [ == —_—— ¥ (2-20)
T L

no avG Vb ox ¢

ol

= — = 0 2-21
Sps BV ly (z-21)
D G

This device is a square law device and the characteristic curves in
saturation are flat. This Is shown in FIG. 2-2, a plot of equations
(2-13) and (2-19) with various constants assumed. ¥FIG, 2-3 shows the

I-V characteristics of an actual device,.



The potential in the chaunel as a function of x will now be

derived.

limits on the integrals,

ox i
I dx = - dv
Jrgae= [ 25— [v_ - veol aveo
ox
€ Y
2
ID X + Comst, = —= [VG Vi(x) - 1/2 v7 (x)]
ox :
5 -ZTOX -2T
vV -~ 2V = I + €.
(=) G VG pWe DS pWe Cons
ox ox
Completing the square,
2T 27
2 2 2 oxX
v -2v_V + = - - t
(=) o (x) VG e IDSX Ve Const,
(e)'4 ox
2T G 2T con tT
V(x) =, { N T S o e }
W®ox v HEox v
G G

Substituting the boundary condition v(0) = 0

0=V { 1 + ﬁ/}“_ 0 -
G x

Thus, the sign is negative and

27
0X Const.
- =
We Y
K f5)4 G

ox Const }
We 2z
H Cox v

G

11

Begin with (2~-16), which assumes saturation, but drop the

(2-22)

(2-23)

(2-24)

(2-25)

(2-26)

(2-27)

(2-28)
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Now substituting from (2-19) for IDS

V(x)=vG{1-/1-f} (2-29)
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CHAPTER TTT

DC Output Conductance and Capacitance

The assumptions made in this chapter are the same as in the

previous chapter, Saturation is also assumed sc that, from {(2-19)

and (2-20)
e LW
_ _ox 2
Ins 31 1 Vo (3-1)
[s).4

e pW
[ D9

o T L G (3-2)
0OxX

By definition CGC is the total gate-to-channel capacitance and CD is

the total drain-to-channel capacitance, Then

¢ WL
DX
Sec T 7 (3-3)
OX -

The model of Hofstelin and Heim&nlo is used to calculate CD .
The field lines between the drain and the underside of the chammel as
shown in FIG. 3-1 are semicircles. Hofstein and Heiman say that this
feedback effect must be calculated by an incremental technique, but
as a first assumption the model presented should suffice, Then the
incremental capacitance from the drain to a section of channel dx in

length is simply

e W

d(CDC) dx (3-4)

- m{L-x)
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Then

¢ o= | G ax (3-5)
- ° m(L-=x)
- GWS_W a | I‘%ZS ] (3-6)
Utilizing (2-15)
Cng =%E £a | z;“ 1 (3-7)

Now ﬁd is the length of the space-charge-limited region and depends

upon VD and perhaps VG. In practice it is found that
E-L- ~ 10 - 100 (3-8)

This is a large range, but the log of this number reduces an error

of 10 to an error of 2, Thus,

C . ~el (3-9)

A change in the drain voltage of ﬁVD causes a change in the

average channel charge per unit length of

C__AV
C
AQ = D - D (3-10)

This change in charge secs an average channel field in the active

region of



Thus, the change in drain current can be written as

I = o
Alpg THQE v
or
AT C v
=M_Il_5_1 _ D¢ G
8ps T Av v L. 1 M
D G

Substituting (3-9)

e Wy
5

By combining equations (2-20), (3-3}, (3-9), and (3-14),

Defining D as the ratio of C to C

DC GC

C

p = 2
C
GC

Finally

=D

®ng o

15

(3-11)

(3-12)

(3-13)

(3-14)

(3-15)

(3-16)

(3-17)

Now g and Eps will be calculated using a new model given in
mo b

FIG. 3-2, This model provides the capacitive coupling of the Hofstein



and Heiman model, but keeps the capacitance distributed.

the method of Chapter ITI,

C C

“ GC _ e _
o (%)} T _(VG V{x)) - (VD v(x}))
cC V. +c v
-1 GC G DC D
== (¢ ,+c [ - V(x)]
L c + C
G DC CGC DG
Substituting D as defined in {3~16)
V4DV
)= ¢ (1+p) [ - V)]
G L "GO 1+ D

efini and V__ a
Defining CT n ST s

= 1 +D
CT CGC ( )

v +DV
- G D

VST 1 +1n

equation (3-20) becomes

C
o(x) = - —E (Vyp = VD)

VST will be referred to as the steering voltage.

16

Following

(3-18)

(3-17)

(3-20)

(3-21)

(3-22)

(3-23)

The calculation for the saturation current can now be completed.

£s Cr oY

- 5T -
L Todx =g jo (Vg = VD) av(x)

(3-24)

The limit has become VST since V{x) = VST is the point where the in-

version layer terminates,
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Completing the integration and assuming as before that ,E ~ L,
8

the current is found to be

e
T 2
I ==y (3-25)
2 .
DS ST
we 10
0¥ 2
1 + -
ST (L +D) v, (3-26)
[a )4
Thus
+
=§£| e (VG DV)( L, (3-27)
fmo vy 2 Y140 1 +D
¢ D 1
I W 4+
o . = “os = e D, (2 ) (3-28)
3V 2 Y1+ n
DS A . D 1 +D
=D g | -2
€mo (3-29)

Note that this model gives the same relationship between gDS and
gmo as the model of Hofstein and Heiman., The value of D in terms of

geometry can be obtained from (3-3), (3-9), and (3-16) and is given by

6sTox
b= -

P (3-30)

ox
Expanding (3-26)

e W
ox L 2 22

= + 2DV vV 4+ 7 -31

IDS 2LT 1 +D (VG P G D D \D ) (3-31)

oX
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The primary difference between (3-31) and (2-19) is that Vb appears
in (3-31). The term linear in VD gives rise to a tilt in the I-V
characteristics which agrees with experiment. The term with V
becomes non-negligible when VD ﬁ»ZVG/D. For typical devices this
means V_ ~ 30V . However, if V_ is large, or D is increased, this

b G D

. . 2 .
model will give an output current dependent upon VD « This also
is in agreement with experiments by Richman,

For future reference V(x) is needed. TFollowing the procedure

of Chapter II, it is found that

V) = Vg, {1 - /1 - } (3-32)

This model has cone fault that should be discussed. The incremen-
CDC
tal capacitor, —z*-, has been assumed uniform over the entire length
of the channel, Actually, the incremental capacitor should be given
by a Taylor series as
c
c

—i*- = ao -+ alx +—azx2 + a3x3 + ... {3-33)

Here it has been assumed that a_, where i # o, is small compared to
i
a8 . This is not strictly true, but it does serve as a first approxima-
o}

tion.
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CHAPTER 1V

High-Frequency Behavior

The modei proposed in the previous chapter may be used to cal-
éulate the y—paraméters of the MOS as a function of frequency. The
model is a transmission line consisting of three lines: one is
resistive, the other two are capacitively coupled to the first.

By writing mesh and node equations, two differential equations are
obtained. Next, by utilizing the concept of a steering voltage,

the differential equations are manipulated into a form that has been
solved. This solution gives the steering current that must then be
manipulated back inte its original components to yield the y-parameters,

FIG, (4-1), used in writing the differential equations, is
identical to FIG. (3-2) except that a different notation is used.
‘Several different currents are specified and each is explained below.
The drain current is composed of twe parts, Idl and Id2' Id2 is that
portion of the drain current which flows through the drain-to-channel
capacitance, Idl is the drain current which flows only through the
channel, 1I(x,t) is the current in the channel as a function of position

and time. I dis the gate current and T is the source current.
g 8

The current entering node i iz given by

Coct 5
I(X:t) = I(}{,t) - AT (X,I’.) ER ‘—“"'i:""— é"t— (UG({;) - V(X,t))
CD hx
o or () - vy = 0 (4-1)
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C C
AT(x,t) _ GC o } DC o3 )
i L At (VG(t) V{x,t)) + L 5t (VD(t)
V{x,t)) (4-2)
In the limit Ax -»0
C . ¢
dI(x,t) . GC o - DC 8 -
- L >t (VG(t) V(x,t)) + L >t (VD(t)
\I(Xat)) (4'3)
c. V. () +C_V (t}

1 D GC 6 DC D )
=1 Cgo v 5 L c +C T V)] (4-4)
GC De
- L [- 2 - -
"1 CGC (1 +D) - [vST(t) Vix,t)]} (4+5)

Summing the voltages around the mesh j gives

V(L) = VG, E) + V(x,€) + 8 V0, £) = Y (E) - RAX T(x,t)=0  (4-6)

T{x -
é..._l.(?;:_‘.:.)_ = R I(X,t) (4_7)
AX
In the limit Ax = 0
a_vg_,gl - R I(x,t) (4-8)

Note that the diagram in FIG. 4-2 satisfies (4-5) and (4-8). This

three line problem has been transformed into the two line problem
1 )

of Burns. Define

¢ =it (£-9)



Then

I(x,t) = c gyéiLEL

Alse
C = L g (x,0)

Utilizing (3-18)

C c
GG b
3 ["E_'(Vc(t) - V<x,t>)+-~zj-(vn<t) - V(x,t)]

%— Cog (1 +D) LV (8) = V(x,t)]

Taking the derivative of (4-10)

3L(x,t) _ @é_ V(x,t) +G azvgx:t!
ox

2
Fa)d ox ax
pC. (1 + D)
GC D - AV{x, t)
n [ax (VST(t) V(x, t) - +
2
(Vg (6) -V, 0)) Sl
axz
Define
V (x,t) = VST(t) - V(x,t)

G E) | 3V, t)
. ox% X

Equation (&4~5) Dbecomes

21

(4-10)

(4-11)

(4~12)

(4-13)

(4-14)

(4-15)

(4-16)

(4-17)
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C. (L +D)
al({x,t) _ _GC 3, 3 -
- L ot V o (x,t) (4-18)

Equation (4-15) becomes

(1 + D)
(v _ Mo 3 - 2 =
- - Sl A CHOE A 'S
- az -
+ ¥V (x,t) > V (x,t)] (4~19)
O9x
Equating (4-18) and (4-19)
2 2
Lo V(x,t) = (;é'ﬁ (x,£)) + V (x,t) L V(x,t) (4-20)
u at ax aXZ

This equation must be solved for ﬁ(x,t). The form of equation
: 1
(4-20) is identical to the equation solved by Burns. The solution of

(4-20) is given in full in the Appendix, Only the results are given

here,
. (4-21)
1dl(8) =8 (1 + D) Ve (s) i T 3
LT s 0 Yiass @
2 3 (4-22)
2 s 4 a 2 s
R S —) ...
3 wo * 45 (mo) 405 (LUO)
iST(S) =g (1 +D) Vg (s)
2 3
L+ R o B (—) +
15 @ 45 4455 . Tt
LV
0 = ok (4-23)



Sy = Y £) -
VST(L} ST( ) VST

23

(4-24)

It is necessary to separate iST(s) into its two compenents i (s)
: 24

and i _{s). Trom FiG, 4-1

dz
CDC
idz(x,s) = 5 —i" Ax (VD(S) - ¥(x,8))
L ¢
1,,(8) = Io . _%g_ (V (s) = V(x,5)) dx
C

=5 C__V {(s) - =
CD()

L
s I V{x,s) dx
D L o

¢
1Gx8) T8 T Mk (V,(8) - V(x,s))
T, sC
MO ID LGC (VU (s) = V(x,8)) dx
C
i} “ec ot
= SCGC VG(S) - s L JO V(x,8) dx

Rewriting {(4-27) and (4-30)

L J"ch ) dx = V_(s) - —— i__ (s)

- ] w = s - 1 s
? sC dz

Bodo b DG

]_ TJ

. JO VGe,8) die =V (8) = o L (s)

GG

(4-25)

(L-26)

(4-27)

(4-28)

(4-29)

(4-30)

(4-31)

(4-32)



Thent from (4~31) and (4-32)

c
DC ., , . . _ 3 )
o) = ig(e) = SO (Y (8) = U (5)) (4-33)
GC
or
D ig(s) - idZ(S) =35D CGC (Vé(s) - VD(S)) {(&-34)

From comparison of FIGS, 4-1 and 4-2, it can be seen that

ig(S) i (s) =i (s) (4=35)

ST

Simultaneous solution of (4-34) and (4=35) yields

i (s) +sD CGC(VG(S) - VD(S))

, . o7 -

1g(s) = L + D (4-36)
Di (8) +sDC_(V (s) -V (s))

_ __ ‘st GG D G .

L8> = 1 +0D (4=37)

The y-parameters are derived from (4-21), (4-36), and (4-37),
but first, a parasitic agpect of all MOS structures must be comsidered.
The drain-substrate interaction in the device shown in FIG. 1-1
behaves like a reverse-biased diode. As a result, the drain sees a
gseries resistor-capacitor to gound.13 The capacitance is equal to
the diode capacitance, The resistor comes from the resistivity of
the substrate which is electrically connected to the source. Thus,
is increased by the term

Y92
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' ] Cds

4 e -
22 I +s8 R C (4-38)
s ds

¥ =y

The silicon-~on-sapphire device of FIG. 1-2 does not have the
silicon substrate so it would seem that the parasitic RC is.not present.
However, this is not the case., With a bias applied to gate and drain,
there is a region at the.source end of the silicon that is not de-
pleted since the potential of the chawnel close to the source is
nearly zero. Thus, the same situation exists as above. There is
depletion capacitance from the drain to the non-depleted source region
and resistance assoclated with this source region. As a result, (4-38)
applies in all cases. The R and C may be different but they are
present,

For convenlence define

1
A (s) = 7 3
d 4 s 1 5.4 4
+ - m—!—"""—"‘ — — - L ) -
Y w45 & T aass (w ) (4-39)
2 3
2 s 4 s 2 s
__—'-+_ - Ml - LI N
3 wo 45 (w ) 405 (wc) *
Ag(s) ) 4 s L s . -93+ (4-40)
15 % s G 255 ¢ L
8] O
Then (4-21), (4-36), and (4-37) become
. _ n -
1,(5) =g A (s) {Vg(s) D le(s)} (4-t1)

]
~—~
o
s

i

"D g A () {vg<s) +D vdcs>}+ s T D {\ (s)-v M}
(4~42)

d2



D C
. _ GG )
1g(s) gmoAg(s) {Vg(s) + D Vd(s)}+-s T+ 1 {Vg(s) VD(S)}

Taking the parasitic RC into account

s Cdé
3 " T isro V()
s ds

Finally

id(s) = idl(s) +-id2(s) + i, (s)

a3

From the definition of the y-parameters

a1 (s)
Y11~ arscall
ng(s) Vd(s)

3L (s8)
ne 5y |
an(S) Vg(s)

BId(s)
Yo = sy |
21 ng(s) Vd(s)

aId(s)

0 " 5y |
22 3V, (s) vg(s)

Equations (4-41) = {4-44) yield for the y-~parameters of the MOS

C
GC
= -+ —_—
yll gmo Ag(s) ° 1 +D
b C
=D A(s) - s Ge
Y19 Ero o 1 + D

26

(4-55)

(4-L6a)

(4-46b)

(h-46c)

(4-47a)

(4-47b)
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GG
= -+ c - l{,— 7
Y21 7 %no Ad(s) D &g Ag(g) 14D (4-47c)
s C
2 DS D
= 5 -+ -+ - {ynady
Y22 D &mo Ad(s) D gmo Ag(s) 17 s CdSRS 51+D CGC (4=474d)

Experimental results relevant to equations (4-47) are considered
in Chapter VII. It is shown that these equations are a good repre-

sentation of actual device behavior.



CHAPTER V

Unilateral Power Gain

.. 14
Mason has described the unilateral power gain, the maximum

neutralized power gain, as

28

2
e Y51 = V5] (5-1)
h(G)18gy 7 8560
Utilizing equations (4-47)
2
a0
- QD[;e {A (s)lre {A (s) + DA (s) + i -RelA (s)4DA
L g } a‘® ég(s) Dg (l1+sC, R )} e{ d(s) g(s>}
mo ds''s
Re}Ag(s)}J (5-2)
5 .
g A (s)
- jate) | d l — (5-3)
. ds
“ Re {Agcs)} Re { 1 +sC,R }
de s
2 22 2
= gmo Lo Cds Rs ’Ad(s)'
T4 2 2 (-4
Re{a (sj}
W Cds RS .
2 3
lAd(s)I = A,(s) A, () (5-5)
where Aa*(s) is the complex conjugate nf Ad(s)
(5-6)

Define Ag(s) = P(s)/D(s)
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Ad(s) = 1/D(s) (5-7)
2 1 . 1
Then lAd(s)l Y 5o (5-8)
- P(s) D(-s) .
Re {Ag(s)} Re { D(s) D(<s) } (593
Re {P(s) . D(-s)}
= (5-10)
D(s)-D(-s)
Then
g 1+ 2C R 2
LN}
U = Zo - ;S 5 1 (5-11)
w'C, R Re {P(s) . D¢ s)}
7 3 A
2 2
P(s) - D(-s) = [ =4 By 4 s <w—> Taes ) e
Q0
9 3
4 1 .
(L~ o=t G- ;——455 c—) . (5-12)
' o 0
9 9 4 4
. _.8 .8 b s S _S.
Re {P(S) ) D('S)} T T 45 Qﬂo) T 4 (wo) 13365 (w )+ 2025 G )
4 A
3 5 2 s
T 6075 (wo) 13365 (o ) teee (-13)
4 2 4
= = %y 4 .00021 () +... (5-14)
45 UJO wO

The second term is truly negligible,

Thus
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. . & w 2
Re {P(Jw) : D(-Jw)} = (5-15)
+ [{0]
0
1+ 2C ZR 2 2
U= 43 ' D ds s fQ (5-16)
16 gmo 2 2 w
w C R
ds s
Define
1
ws "¢ R (5-17)
ds s
Then
2
1+ () 2
w t
_ ﬁi =] o]
v 16 gmo 2 4 (5-18)
C R w
ds s
In general, ws}>w so that (5-18) becomes
° 2
)
_ 45 1 0
v= 16 Zmo 2 4 (5-19)
Cc R w

ds s
This theory has been based upon the existence of a drain to
channel capacitance of wvalue DCGC' Note, however, that equation
(5-19) is essentially independent of D. Both &0 and ) have a small
second order dependence upon D, This factor D does play an extremely
important role, though, in thé derivation of equation (5-19). This

can be seen by an examination of the demominator of equation (5-1).

[+ = - "“2
DEN = &4 (G11 G22 GlZ GZl) (5-20)

1t should be obvious from esquations {(4-47) that

G12 =D G11 {5-21)

=DG.. +a -2
Cop T D Gyy TGy (5-22)



where
2 2
® Cds RS
= 5-2
Gds 2 2 2 : ( 3
1 +w G R
. ds s
Then
= - =7
DEN 4 (D G11 G21 + Gll Gds D Gll GZI) (5-24)
=46y Gy

The cancellation that occurs in (5-24) occurs only because of D,
What is happening is that the MOS has positive feedback from drain
to channel. Note that G12>O indicating positive feedback,

Consider briefly the possibility that either C, =0 or RS=0.

ds

Then Gds=0 and as a result DEN=0. The pdsitive feedback causes
the unilateral gain to become infinite if there is no resistive load.
This result clearly indicates the extremely detrimental effect of

the parasitic drain diode on the unilateral power gain, As stated

in the previous chapter, this diode is present even in silicon-on-
sapphire devices. Thus, rather tham discuss what would happen if the
diode were not there, it would be more constructive to attempt to learn
more about the diode,

Consider & piece of semiconductor of thickness T, width W, and

length L. Very highly conducting semiconductor of opposite type is
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placed on one end. The depletion capacitance when back-biased with

V volts is

B gel ' :
C =WT v (5-26)

where ¢ is the dielectric permittivity of the senmiconducteor, W is

the carrier concentration, and e is the electronic charge. The
resistance of this structure, assuming depletion depth is much smeller
than the structure length, is

L 1

- -2
® T ar ppel (o-27)

where b is the mobility in the bulk semiconductor. Then

(5-28)

2
C R = WTL
ZpBV

In the case of a bqlk silicon device, the highly conducting con-
tact is the drain and the other ﬁontact is the bottom of the substrate,
Since the drain is a much smaller contact, an extremely complicated
fringe field exists making it virtually impossible to apply equation
(5-28) in a meaningful way,

Equation (5-28) indicates that CZR is proportional to the volume
of the semiconductor. Since a silicon-on-sapphire device has signifi-
cantly less volume of semiconductor th.'n a bulk silicon device for the

2
same transistor parameters, it would appear that € R ig smaller for
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the siliceon-on=~sapphire device. If T is defined as the thickness
s
of the silicon film, equation (5-28) becomes

2 es '
CR=W TSL 5*"}7—— (5~29)
He'p

This equation is not strictly true because of depletion by the gate
and, as was mentioned earlier, the decrease of resistor length due
to depletion by the drain. Omnly the non-depleted semiconductor con-
tributes to the resistance,

Keeping these deficiencies in mind, equation (5-19) may be

rewritten for & silicon-on-sapphire device as

2 Y w 2
- &3 Hp'p o (5-30)
UT%% Bow Tl e 4
s 8 w
Substituting for w and g
o mo
v 3 vV &
a5 M3 Y st b Cfox 1 (5-31)
8 6 ) 4
LT T s W
0%’ s

Here by has been kept separate from |, since they refer to different
mobilities, p being the mobility in the chanmnel while by is the mobility
of the semiconductor bulk,

Equation (5-31) gives the unilateral power gain as a function
of basic parameters, Thus the equation immediately specifies what
mus L bé done to increase the unilateral power gain: imcrease , VST’

V., or ¢ ; decrease L, T ,T or ¢ ., Increasing the voltages increases
D ox OX" g 8



fields which are already approaching critical values, To increase
a voltage, a dimension must also be increased, thus producing no net
change in U.- As 2 result, eguation {5-31) is not much help in un-
derstanding gain limitations., Physical limitations must be specified
in the equation for U.

One of the limitations is the carrier saturvation velocity. For
low fields v = yE. For very large fields v = Vear® Thus there is a

limitation

y = (5-32)

Lo 5
The value of v ar for electrous in silicon is approximately 107 meters
s
per second. Another limitation is the dielectric strength of the
oxide. Thus

v

. |
— = =33
o B, (5-33)
ox
max

8
E is about 6+10 volis per metcr for Si€.. Assume that V = V_.
ds 2 z D

Equation (5-31) becomes

%% sat 1 0% 1 (5-34)

The quantity v 1_/L is called the transit time. This factor
sat
enters (5-34) since it requires g finite time to move energy from the

source end of the transistor te the drain end, Either a shorter channel
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length or a material with higher saturation velocity will give larger
U. The bulk mobility and semiconductor thickness enter (5-34) since
these parameters represent loss in the bulk semiconductor due to

the charging of the drain diode. Eds enters representing the maximum
gate to chammel coupling. Increasing € ox will increase this coupling
while increasing es increases the effect of the drain diode,

An attempt has been made in this chapter to use the y-parameters
to determine the high-frequency limitations of the MOS. The uni-
lateral power gain was uged as the "figure of merit". Egquation
(5-34) can be used to predict the highest frequency at which the MOS
will operate with a power gain. Present devices operate close to
the limits of v and E, . Thus for a silicon device, since y_ is a

sat ds B
property of the material, the present limitations are the dimensions
of L and Ts. Decreasing either will improve the device according to
the formula

374 1/4

L 1 -
wg @ () (TS) (5-35)

It should be ncoted that decreasing L. will force the device to operate
in a mode different from that assumed in deriving the transistor
parameters, Thus it may be found that decreasing T decveases the uni-

lateral power gain since the entire device behavior may be altered,

It appears that decresasing TS is truly a good way to improve the



the device. The limitation at present is the lack of technology
for actually making a thinner film of semiconductor. It is obvious

that the ultimate limit would be in terms of atomic layers,

36
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CHAPTER VI

Circuit Model for the MOS

A circuit model for the MOS which is good to frequencieg as
high as 4 wo, a frequency where most present devices have a power
gain less than 1, is derived here. Consider only those terms in
equations (4-47) of order s, The coefficient of the s term in
the dencminator is changed from 4/15 to 1/6 to help make up for the
loss of all the other terms. 1In some of the equations, the effect
of the s2 term in the numerator is ag large as the effect of terms
of lower order, thus some correction is needed, This is a compro-

mise between terms using & and those using A Then the real and
2

d’
imaginary parts of the y-parameters may be written as
1 2

1 {0
9 gmo(mg?

11 2
1+ ()
6y

= -1b
11 + w2 1 +D CGC (6 L )

— - o -
Gy, = ) R (6-1c)

C (6-1d)
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1 ) 2
g {H—D(—“—)}
mo 9 wo

¢ = (6-le)
1
2 l+(w)2
6w
1 )
—_ 1_ D —
B _ 6 gmo { 4 } ®o D c (6-1£)
= _ -y —— -
1 -+
2 1+ ¢ [43) )2 1 D GG
60
1 w2
D 1 + — - 2
gmo { 9 P (w ) } w2C R
c - (o} + ds s (6-1g)
22 w2 2 22
(= +
L (6w ) ! w Cds Rs
o
1 W
des 6 D gmo {1 - 4D W D
Boo T 2 2 2 FoTTTD G 67T
i +wce R 1+ ()
ds s 6wo

These equations are given so that they may be compared with the exact
equations for the y-parameters, The circuit model derived below will
have precisely these y-parameters, FIG. 6-~1 compares these equatious
with the exact equations of Chapter TIV.

In deriving the circuit model, recognize first from equations

{4~47) that the term s 1%5' c a whrich appears in all four y-parameters

is a capacitance from drain to gate. A capacitance from input to

and Y__ and will appear ag -sC in

t 1 a | in ¥
output will appear as +sC in 11 92

le and Y21' Recegnize also the RSCds term as being a series RC from

drain to source.

By defining A
i

&3

as A with terms higher than s deleted (and 4/15
g

changed 1/6) and Ad‘ as Al changed in the same way, it can be
¢
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recognized readily that A ' represents a series RC while Ad' repre-
&

sents the voltage across the C in the same series RC., Thus Yll is

ted b eries RC whe =2/3 ¢__ and R=1/(4 and g A’
represented by a series where C=2/ . R=1/¢( gmo) nd g A,

in YZl represents a current generator from drain to source of value

2
g v, where v_ is the voltage on the Y, . capacitor, Also DA '
mo i 11

1

2 2
in Y, is a series RC where ©=2/3 D'C__ and R=1/(4D g ) while the
22 GC mo

term DAd' in Y22 can be represented as another current source from

drain to source of value Dg v, where v, is the voltage across the
mo

Y capacitor,
9 ©4P

There are two terms in the y-parameters not yet realized for

1

this model. These termsg are DA in Y, and Y_ .. By recognizing

12 21

that Ag' is really the current through a series RC, le can be

realized as a current generator from gate to source of wvalues iZ/D

where i2 is the current through the Y series RC. Likewise, DA '

22

in Y21 can be realized as a current generator from drain to source

of value Dil where il is the current through the Yll series RC.

This circuit is shown in FIG. 6-2, Note that the le current
generator 12/D is really amplifying the current that flows through

the Y22 capacitor since 1/D>1, The polarity of this generator produces

the positive feedback mentioned in Chapter VI. The ngov generator

2

produces the dec output conductance of the MOS since at low frequencies

v,=v_  and thus, i . =bg v _. The Di. currcnt generator attenuates the
2 Va » a8 1 &

current that flows through the Y capaciteor since D<l, This current

11
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will be significantly smaller than the other parts of the drain

current for normal devices, thus this generator could be deleted

in using the model. Likewise, the current 12 is so small that the
Y22 RC could be deleted except that 12 is the current that ig amplified

t duce Y_ _,
0 produce 12

1 .
Dawson 3 has proposed a circuit model for the MOS bhased on
empirical evidence, This model ig shown in FIG., 6-3. Setting Cl:

2/3 CGC’ CZZDcl’ and ngZngo’ gives the parameters

2

1 W
o & (o
_ 9 "mo Yo (6-22)

11
L+ (B2
6w

o

2 W 1 w 3

3 “mo Wo 5S4 b (14D) gmocwo)
Bll = D 5 {6-2b)
L4 (= =)

Dg (5
2 (6-2¢)

12

L 0.
54 D (14D) c°mo(mo)
Bipg = - 14D 2 (6-2d)
1+ (— 2
6  w
Q

1 th
. {1+”D(*’“)}
mo 9 mo
¢ = G-2e
21 1+D w. 2 ( )

P+ (~— —)

6 0
o
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3
1
E (l-HJ) {T + —Zg:, D(L+HD) (w ) 6-26)
B = 2 iy N o
21 1+ (l+ﬁ W
6
8]
2
1 o 2 2
D 1+ = =
& 0 { S D (wo) } w Cds Rs
= + 6-2¢
22 L+ (D __LQ-)Z L+ olo % 2 (6-23)
6 w w ds s
O
‘ 1 D 3
4] (1Y
= ) e - -21
® Cyq 2 P et 3a, T, D(Hﬂ)g oldg) (6720
By T 9 7 " 2
1+w ¢ R 14w
1 + Q.
d s ( 6 wo)

By assuming typical values of D (D«.1) and assuming w Cd domi -
8

nates in BZZ’ all parts of (6-2) and (6-1) are essentially identical
with the single exception of BlZ' Equation (6-1d) gives 312 o while

3
equation (6-2d) gibes B12 o . The experimental evidence given in

the following chapter indicates B_, ow. This, of course, could be

12
the result of parasitic capacitance, but the data from some devices
is extremely close to that predicted by (6-1d). By adding a capacitor
of value 1/3 DCGC from drain to gate in the model of FIG. 6-3, for

typical values of D, this model will give essentially the same results

as the model of FIG. 6-2.
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CHAPTER VTT

Measurements

The theory proposed in this thesis accounts for le. Both Yll

1 13 .
and Y21 have been well described by Burns, Dawson has described

quite well the effect of the drain diode on Y22. This theory yields

results almost identical to those of Burns for Yll and YZl’ and the

drain diede was included here to obtain good results for Y22° Thus ,

medasurements of le must be made and compared to values predicted

here to confirm or deny the theory,

The theory states that G is given by

12

G, =D G, (7-1)

At frequencies up to w this becomes
o}

L 2
W
E h— ?—'2
G2 "9 DB ) (7-2)
)
From equation {3-17)
D= 7~3
gDS/gmo ¢ )

Equations {7-2) and (7-3) give

2
G, =t D (7-4)
12 -9 ®ps Yy
0
Low~frequency measurements of g, g and C can be substituted
DS mo GC

in (7-4) to predict high-{requency performance of 6 However, it

12°
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usually is found when measuring G12 that B12 is so much larger than

G12 that accurate results caunot be cobtained for G12° Thus & device
suitable for the measurement must be found.
The intrinsic part of B12 at frequencies up to & w is
o]

approximately

- .2 i) x
B12 3 gmo wo (7-3)

The parasitic, or extrinsic, capacitance must be minimized, The ex~
trinsic capacitance has two distinct components ~-- the first is that
arising from inter-electrode capacitance in the device; the second

is that due to the header, capacitance between the bonding pests, etc.
Assume the first is proportional to the gate area, LW, and that the

second is constant, Then

. W f e -
312 3 gmo o leLh mhz : (7-6)
o
where Kl and K2 are constants, Form the quantity R as the ratic of
-312 and Glz'
-B w KL w K w
12
R=—a"—'=3“9+9]5"€*~"9-+9]3-62“—9- (7-7)
12 w cc ¢ ec

It is desired to maximize G12 and minimize R. From (7-7) mea-

surements must be made at very high frequencies to reduce w /w, This
o}

converniently increases G , 8ince G

2
o (w/w Y . Assume the measurements
12 12 o

are made at g so that ¢/i: =L. In that case
o o
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GlZ 9 D gmo 7-8)
KILW K
R=23+8§ = 49 —— (7-9)
. b
CGC DCGC

1 W
= — —— _+ -
Gy =g B, Ty Vgg (L+D) (7-10)
L
K. L K
R=3+86 L + 9 Z (7-11)
es ESW

Equation (7-10) illustratcs that as large a bias as possible should

be used., The only other variables are W and L,

=k, +k L + -
R ) 5t k4/w (7-13)
where kl’ kz, k3, and k4 are ceonstants, From this informatcion the

table of FIG, 7-1 can be formed. From the table it is obvious that

to optimize the measurement of G L must be decreased and W increased,

12°
Since decreasing L increases p , decrease L to the point that mea-
o}
surements can just be made at w . A table similar to that of FIG. 7-1
o}
agsuming 4 constant instead of m/mo constant would show that decreasing

L makes measurements more difficult. Thus it cannot be permitted

that g become so large that it is impossible to make measurements at
o
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Measurements were made on several transistors, Only three gave
useable results for G, . 1In all other cases, R was a large number

12

because of parasgitic capacitance. The measured le is given in FIG,
7-2 through FIG. 74 for the 3N142, the 40468, and a triode fabricated
by Dawson, For the theoretical curves, it is assumed that all extrin-
sic capacitances are zero., Thus the discrepancy between measured

and theoretical B is due to the extrinsic capacitance. It is con-

12

sidered very significant that the measured and theoretical G12 are

so similar, The parasitic capacitance does nop affect 612'
FIG. 7-5 gives measured snd theoretical values for all four
y-parameters for the 40468, FIG., 7-6 gives the theoretical unilateral
power gain from equation (5-19) and compares it with that obtained
from calculations using the measured values of FIG. 7-5 in equation
(5-1).
The actual measureﬁents were not y-parameters, but were scattering

parameters., The conversion from s-parameters to y-parameters is

given below.

- +
(I-s);) (IFs,,) +8p, 8,

1
- 7-14
Y11 750 DEN (-1
1 12
- s == 7-15
Y19 T 775 pEw (7-13)
8
1 S
_ 1 2 16
Y1 25 DIN (7-18)
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+ - 4
¢ oL (LHsyy) (Lmsy) 45y, 89y (7-17)
22 50 DEN '
where
i = + + - - -18)
DEN {1 Sll) {1 522) 512 521 (7-18)

The factor 1/50 enters because of the 50 () system. The s-parameters

are defined as

811(22): Reflection coefficient of the input
{output) with the output (input)
terminated in 50.

312(21): Ratio of power tramsmitted through

the device to the power incident at
the input (output) of the device,

The components used in measuring s-parameters are a vector
voltmeter, two dual directional couplers, two bias-tees, a jig for
the device, two variable—length~liﬁes, and five 500 terminations.
The voltmeter is & sampling RF voltmeter with two inputs. Magnitudes
of each input and their relative phase are measured, The sampling
rate is 20 KHz and the frequency range is 1 MHz to 1000 MHz. The
dual directional coupler is a device that separates incident and re-
flected power on a line, The dual directiomal couplers used have
a VSWR of 1,1 and provide incident and reflected powers attenuated
20 db, The frequency range is 100 MHz to 2000 MHz. The bias-tees

permit application of dc voltages to the device under test. The



47

VSWR is less than 1.2 and useful frequency range is 100 Miz to 3000
Miz. This set-up is illustrated in FIG. 7-7,

The first step in measuring s-parameters is calibration of the
eguipment, To medsure 511 it is mecessary that the distance from
the generator to the probe measuring the incident power be identical
to the distance from the generator to the device under test and back
to the probe measuring the reflected power. To establish this rela-
tionship a short is placed at the point where the device is to be
measured, A variable«length-line ig placed between the dual direc-
tional coupler port that has an output proporticnal to the incident
power and the probe that measures this power. The length of the line
is adjusted so the phase difference of the reflected and incident
voltage is 1800 since the reflecction coefficient of a short is -1,
The magnitude of the two voltages should be equal. 1If the twe dis-
tances ére equal, changing the frequency of the generator does not
change the phase reading of 180°. & rough setting is obtained at
lower frequencies and the "finme tuning" is done at the highest fre-
quency. The calibration for 822 is identical to the procedure described
for s . except all references are to the components on the cutput

11

side of the device, The calibration for 551 consists of imserting a
feed-through at the location of the test point and adjusting the

length from the generator to the probe meaguring incident power to

be equal to the length from the gencrator through the point of test
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to the probe measuring power coming out of the device. The proper
setting is obtained when the phase meter reads OD.

If the test-point is widway between the dual directional couplers,
the last adjustment is already correct, In this case, only one
variable~length~line is mnecessary. The equipment used for the mea-
surements were the HP 8405A Vector Voltmeter, the HP 8745A S-Parameter
Test Set, the HP 608F 10-480 Mz signal generator, and the HP 6124
450-1230 Mz signal generator. The Test Set contains all components
in FIG. 7~7. Rather than use two variable-length-lines, the instrument
employs a switching arrangement that permits proper application of
the generator, location of the variable~length-line, and location
of the measuring probes, Once this single line is adjusted, no re-
adjustments are necessgary for any s-parameter.

The s-parameters are obtained from the measured voltages and

phases according to the relationship

s, ) = lo_ /v (7-19)

VR NN
r ii’y, =0
i Jz
Arg(sll) = Angle indicated on vector voltmeter
when V_ ., is on prebe A and V . is on
ii ri
probe B.

Similar relationghips apply for 519 321, and Spoe
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CHAPTER VIII

Conclugions

Burns suggested in his Ph. D. thesisl that the ocutput admittance
of the MOS be studied because of lts increase at high frequencies. Tt
is pretty well accepted in the fileld that this incrcase is a result
of a diode from drain-to-substrate, 1t has been proposed here that
this diocde is present even in zilicon-on-sapphire devices: Dawson13
has shown that the outputadwmittance of the silicon-on-sapphire device
increases at high fredquencies, As discussed in Chapter V, this diode
geriously inhibits the unilateral power gain of the MOS. 1If the
diode were absent the gain would become infinite. However, this
diode appears to be an inherent part of the device. One way to de-
crease the effect of the diode is to fabricate the device on sapphire
rather than on bulk silicon and make the silicon film as thin as
possible,

Further work should be done to explain fully the effects of this
diode. The only effect of the diode in the unilateral power gain is
the term RZC which is proportional to gemiconductor volume to first
order, However, the bulk silicon device should have a smaller R than
the same size device fabricated on sapphire, even though it has
greater semiconduclor volume, becausce the area through which the

diode current flows is greater. A€ the same time, C
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increases because of the greater area, It would appear that ¢ in-
creases faster than R decreases, thus the device on sapphire would
appear to be better. However, this is far from conclusive evidence,

13 ) ) '
Dawson has shown that decreasing the area of the drain decreases

2 s . )
C R. He has alsc shown that a silicon-on-sapphire device hag a
2 i - .

smaller ¢ R than the same device on bulk silicon. No strong relatio
ship has been shoun, only trends. The extreme fringing field
encountered in the bulk silicon device and the complicated depletion
characteristics of the silicon-on-zapphire device certainly require
more study. 1In view of the fact that this diode is so detrimental
to unilateral power gain, it demands that the mechanism be fully
understood.

The expression for G derived here is positive, indicating

12

positive feedback, This fact was also confirmed experimentally, It

is interesting to mote that so little attention has been paid in the
. 15

past to the fact that G12>0. In 1966 Fischer proposed a model for

the MOS. He published data showing G12>O for two different transis-
tors and said "...whenever Vi, Was large enough to be detected at
high frequencies, it was found to be positive. No simple lumped
network could provide enough phase shift to make yer positive, "

The data sheet for the RCA 3N14Z indic :tes that G12>O at very high

frequencies. Tt appears that most experimenters, though, have nor

50

5o
id
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been able to measure G because of the typically much larger B

12 12

which swamps out Glz. Chapter VIT describes the type of device

necessary to be able to measure GlZ'

One interesting result not yet discussed is the behavior of
Y at higher frequencies. It was shown that if it were not for the

22

drain diode

G22 =D G21 (§-1)

Since G2 becomes negative at higher frequencies, it is expected

1

that G22 would also go negative. Tt may never be possible to prove
this, though, because it is not clear that the diode can be made small
enough to see this effect,

it is also.interesting to comﬁare the model of Dawson given in
Chapter VI with the model presented here. There is a very strong
resemblance between Dawson's model and the incremental model of
Chapter IV - the incremental model is very much like many of Dawson's
models casecaded, Thus it is not surprising that so many of the y-
parameters from the two models are similar. What really becomes
interesting, though, is the fact that Dawson's model does not have
a term in B12 proporticnal to w, vet the model presented here does,
The distributed model has two @ terms in B _-~ one is approximately

12

+2/3 BC__; the other is - BC__. The result is -1/3 DC__. The con~
GG GC GC

clusion scams to be that the distributed nature of the model presented



here keeps these two terms from being identical as seems to occur
in the bulk model.

More wofk need also be done in trying new semiconductor materials
for the M0OS. Since the unilateral gain is approximately proportional
to the cube of the saturation velocity and since the mobility of the
non-depleted semiconductor enters the unilateral power gain equation,
significant improvement could be wmade in this area.

The primary theme that has been presented here is that there is
capacitive feedback from the drain to the channel and that this feed-
back can yield extremely high power gain if the drain diode effect is
reduced. The idea of capacitance feedback was first presented by
Heiman and Hofstein, but only for de calculations. Johnson16 proposed
an empirical model utilizing this capacitance to account for a
positive G12' Dawgon rgfined Johnson's model somewhat by incorporating
the de drain conductance in this feedback, The goal here has been
to propose a physical model with a distributed capacitance and show
that the capacitance does truly give rise to a positive GlZ'

It is suggested that the following areas need more study to
develop a more comprchensive model for the MOS: the physics of the
drain diode in both the bulk silicon device and the silicon-on-~sapphire

device; development of different semiconductor materials which have

greater mobility and carrier saturation velocity.



10,

11.

12,

BIBLIOGRAPHY

53

Burns, J. R., "Transit Time Effects in the MOS Transistor', Ph.D.

Thesis, Rutgers, 1968,

EEE, “Evolution of the FET", Vol. 15, No. 8, August 1967,
pPp. 36-37,

Lilienfeld, Julius E., U.S, Patent 1,745,175, filed: October,
1926, granted: January, 1930,

Lilienfeld, J.E,, U.8. Patent 1,877,140, filed: December,
1928, granted: September, 1932,

Lilienfeld, J.E,, U.8, Patent 1,900,018, filed: March, 1928,
granted: March, 1933,

Heil, Oskar, British Patent 439,457, filed: March 1935,
granted: December,1935,

Shockley, William and G, L. Pearsen, '"Modulation of Conductance
of Thin Films of Semiconductors by Surface Charges,” Physjcal
Review, Vol. 74, 1948, pp. 232-233,

Shockley, W., "A Unipelar Field-Effect Transistor," Proc. IRE,
Vol, 40, November, 1952, pp., 1365-1376,

Weimer, Paul K., 'The TFT - A New Thin-Film Transistor,"
Proc. IRE, Vel, 50, June, 1962, p. 1462,

Heiman, F. P,, and Hofstein, S. R., "The Silicon Insulated-Gate
Field-Effect Tramsistor,' Proc. IEEE, Vol. 51, Sept., 1963,
p. 1190.

Hofstein, S, R., Field Effect Transistors, edited by J, T. Wallmark

and B, Johnson, Prentice-Hall, 1966, Chapter 5.

Richman, P., '"Modulation of Space-Charge-Limited Current Flow in

Insulated-Gate Field-LEffect Tetrod s, TEEE Trans, Electron Devices,

Vol, ED-16, No. 9, September, 196Y%, pp. 759-766,



13.

14,

15,

16.

54

Dawson, R, H., "UHF MOS Integrated Circuits,'" U.S, Army
Electronics Command Technical Report ECOM-0252-1, Quarterly
Report, Octoher, 1968,

Masom, ‘S. J., "Power Gain in Feedback Amplifiers," Trans, IEEE
PTGCT, vel. C9-1, June, 1954, p, 20.

Fischer, W., "Equivalent Circuit and Gain of MOS Field Effect
Transistors," Solid State Electronics, Vol., 9, 1966, pp. 71-81,

Johnson, H., "A High-Frequency Representation of the MOS8
Transistor,' Solid State Electronics, Vol. 54, No. 12,
December 1966, pp. 1970-1971.




55

APPENDIX

Solution of the Differential Eguation

Expanding (4~16) and using (3-32)

- X
£) =V L) = £y +V r 1 - = -1
VO, €)=V (6) = U (8) + V(6 5 4-1)
1
=v, () f1-% (A-2)
ST L
For small signal inputs a Taylor series expansion will yield
V(x,t) =V -2yl (A-3)
: ST L2 © N
V(o,t) = v + reon (A-4)
’ st o2 % "
Carrying out the indicated differentiation in (4-20) yields
2
1 Be(k £) ST l delx,t) { X 1
= = + 1-= 4 = £y .
24 /—'* Ty T } Vsp i T o et )}
v 2
ST 1 1 3 elx, t
{~ r = —Jd«l} (4-5)
2 3/2 2 2
4L (l—zﬂ 3%
L
Keeping only first order terms in e(x,t)
1/2 2
¢ X e 1 e 1
== 7 i _ W 2 -6
ot War {(l % 2 1/2 3x 3/2 } (A-6)
ox% X 2

L{1 —E) 4L7(1 ﬂf)
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Make the substitution

z =1 -i{- (A-7)
v /) |
R R U s-5)
ot L2 522 J—: oz 423/2
Define
BV
T
w, =TT (4-9)
L
Finally
e 462 1 3 1
) e [
e {7, T e eem—e ST ...
3t % {'Jz o Jz_' 2z, 3/2 e} (4-10)

Taking the LaPlace transform of both sides of (A-10), transposing,

3/2
and multiplying by z / ﬂuo

2 3 e 3e 1 3/2 s

— 4 T £ e —_ = =11
z 5 z 7 A z o Y e 0 (A-11)

az

The solution for & becomes
& 5 3/4 4 st 3/4

7 = = + N S -1

e{z,s) ClI2 (3 Im Z )] CZI 5 (3 - z )] (A-12)
g a] —; o]

where I, is the modified Bessel function of the first kind and of

3
order 2/3.



To apply the boundary conditions, they must first be understood.
. 1 . . . . )
Obviously E‘g (o,t) is the input forcing function of the effective

gate. Thus

%e (0,t) = VST(t) (A-13)
where

Vo (8) = Vo + v (e) (A-14)
and

. o - v () + D v () .

ST L +D

The wveltage at the end of the source region ,E is constrained to
s
be the effective gate voltage., Thercfore, since V {x,t) represents

the voltage across the effective gate capacitor, V (L,t) = 0, Thus

e(L,t) = 0 (A-16)

. 4 g 3je
Since T _(0)— e, and = 5 “ /;ﬁ@o as X—p L,
2 3 w

C. =0 (A-17)

¢ = -ST T (A-18)
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Therefore

4 5 3/4
2f3 (3 w 2 )

Letz,s) = v (s) . (A-19)

2
O
2/3 3 wo)

From (4-10), (4-13), (4-16), (&4-17), and (A-3)

I(x,t) = -T*j* Coe (11D) {VST NE f“ +;176<Xst3} a_i {VSTE

1
+ 5 e(X,t)} (A-20)

= T c, (1+D)v41_~'+ e(xt)}{

L iST

l_aegx,t)} (a-21)
2 o=

=

Keeping only first order terms inm e(x,t)
2

v Vv
't : {_ ST, L [ ®oelx,t) ST
I{x,t) = z C 1(L+ﬁ) - 2 VST 1 L -~ —x
41N L

e(x,t)} (A-22)
Considering only the time dependent portion
D p) = d_ AN
t) = C 1+ v . 1 - B, t -23
6o0) = 2 e am) S v [ 1 E eGne)) (a-23)
i(z,s) = “uz' CGC (1+D) g;' (UST 2 e(=,s8)) (A-24)

2L



Making use of the Bessel function indentities

d = l‘_ . r oo
dn Iv(z) =3 (Iv+1(.¢) + I\)-l(é)) (A-25)
2_\11 =1 -1 A-26)
T2 =1 () -1 () (
[ 1/3(§"v[*—‘ﬁ R
G
i(z,s) = 2 Gc(l D) VSTVST( s} / o (A-27)
o

2/3 3 34 )
Using (3-27)

1-1/3(§'¢ =%
: s 1/4 Yy
i(z,s) =g (14D) Vv_ (8) { - (A-28)
mo ST UJO 4 =
T3 Gy Q;?

is cobtained by taking the

The portion of the drain current idl

limit of 1 (z,8) as z— o. TFor small values of the argument

AW
Z,
Lim lim 2
Z =0 Iv(z) z—wo (w1} (4-29)
Thus 1
A 3/4  -1/3
g v () [ Sz 2[5
1im mo ST ) 23 \/ w
idl(s) = {A~30)
AR ] 4 & 2/3
VENE 0)



. 1/3
gmo(l*ﬂ) VST(S) (u:)

1/3

)_._" 2/3 3)«/_3

Using the relationships

v[—ﬂ(v) = rﬂ(v+l)

(

SURT N

and
2n-+y

o (Z;)
L= ) ol [ ()

n=o

one obtains

idl(s) = gmo(l+D) v {s) B
4455 (w )

The nth term is given by

=
W

&
_ 3
iy (n=1)

(=) - (3n+2) term

_term
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(A=31)

(A-32)

(A-33)

(A~34)

(A-35)

The source current can be cobtaived by taking the limit of i(z,s)

ag z —#1,

- ~] /3 3 A uJ )
15(8) = gmo(lﬂi) VST(S) «/; F
¢ >/% 3 )

Using (A=32) and (A-33) the resull io

(A-36)



2
2 s 4 8
1 +——+ ——
I w 45(;1))
Q ]

iS(S) = gmo(1+ﬂ) VST(S)

R

15 w 45
o o

The nth term in the numerator is given by

S
4 g

(n) = -1

term 3n(3n:is- b term

From FIG, 4-2

Top(s) = 1,(s) =1, (s)

=)+ ...

then
2

2 s & g
==+ = (=) +
3 wo 45 (wo)

, - 4 o

1ST(S) gmo(l D) VST( ) . .
1+ == 24 = ¢
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(A-37)

(4-38)

(A-39)

(A~40)
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