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ABSTRACT

The application of MOS integrated circuits has been primarily
limited to the digital field because the requirement for high packing
densities is more pressing than in linear circuits and there are fewer
problems resulting from lack of dc operating point stability and
because of device non-linearities. In addition, the stray capacitances

associated with integrated circuit coupling capacitors introduce severe
4 bandwidth limitations. The paper discusses circuit design techniques,
suitable for p-channel single diffusion enhancement type all-MOS

eircuits, which provide solutions for some of the above problems.
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Terminology of Field Effect Devices

There are two types of field effect or unipolar device; junc-
tion and insulated gate. In both types, the flow of majority carriers
through their conducting region or channel is controlled by the gate
voltage. There are ohmic contacts to the channel, referred to as
the source and drain. In a junction gate device,the gate is isolated
from the conducting channel by the depletion layer of a reverse biased
junction, while in an insulated gate device, a layer of insulator is used.
Typically, in an MOS device, the gate is metal, the insulator silicon
dioxide and the conducting material lightly doped semiconductor. The
junction field effect device utilizes the depletion region of a reverse
biased p-n junction to control the effective cross section of the channel
area, while in an MOS device, the control of the channel conduction is
achieved by changing the surface carrier density by an electric field

normal to the surface of the semiconductor.

Insulated gate devices may be subdivided in two ways; deple-
tion or enhancement and p or n devices. The depletion device is
distinguished from the enhancement device by there being conduction
in the channel at zero gate bias, while in an enhancement device,
there is no conduction at zero gate bias. An organizational chart of

this terminology is given below.
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Field-effect
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Junction field-effect Insulate gate field-effect
transistor device
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23. Vo Threshold voltage
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I Introduction

A recent development in integrated circuits has been the
successful application of metal-oxide-semiconductor field effect
devices. These have advantages over bipolar and junction gate
ficid effect devices, in that, only a single diffusion process is
required in their fabrication, no special isolation processes are

needed and they yield a much higher packing density. - Their prac-

tical application has been in digital circuits rather than linear circuits
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because, in addittion to the immediate economic gains, the requirement
_J for high packing densities is more pressing and the present lack
: of dc stability of their operating point is less of a problem. The
a main objections to applying MOS devices in linear integrated circuits
J are:

(1) The square law characteristic of MOS devices distorts
the signal being amplified.

(2) Instabilities of threshold voltage.

{3) Bandwidth limitations due to stray capacitances between
integrated elements and the substrate and inherent device
limitations.

All these will be discussed in detail later. However, there are

economic advantages to be gained from their use in linear integra-




grated circuits and it is possible to design stable MOS circuits to

meet a variety of linear applications.

The thesis starts with a brief history of field effect device
development and is followed by a discussion of the theory of their
operation, their electrical characteristics and equivalent circuits.
Then, circuit designs directed towards integrated circuits with
several useful circuit configurations are presented. The thesis
concludes with an assesjment of the position of insulated gate field

effect devices in semiconductor integrated circuits.



II A Survey of MOS Device Operating Principles

II-1 History

Early efforts to realize semiconductor devices operating on
field effect principles were undertaken by J. D. Lilienfeldl in 1928.
By 1935, patents had been issued both to Lilienfeld and Heil2 for their
independent efforts in United States and Great Britain respectively.
These devices are shown in Fig. 1 (2) and (b). The light area marked
3 in Fig. 1 (b) is described as a thin layer of semiconductor such as
tellurium, iodine, cuprous oxide, or vanadium pentoxide; 1 and 2
designate ohmic contacts to the semiconductor. A thin metallic layer
marked 6, immediately adjacent to but insulated from the semiconductor
layer, serves as control electrode. Heil describes how a signal on
the control electrode modulates the resistance of the semiconductor
layer so that an amplified signal may be observed by means of the
current meter, marked 5. In modern terminology, one might describe
this device as a unipolar field effect device with insulated gate. A
slight modulation in the current through the device was observed, but
because of the limited knowledge of the physics of surfaces and thin
films at that time, little advance in the development of these devices
was made and interest in them faded with the continued development of

the vacuum tube.

~




Copper Sulfide

Aluminum Oxide

Aluminum

(a)

(b)

Fig. 1 The historical field effect device structures (2a) The metal oxide
semiconductor device proposed by Lilienfeld (b) The metal oxide
semiconductor thin device proposed by Heil
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Later in 1948, Pearson and Shockley revived the interest
in "Field effect' devices. The device geometry in the experiments
of Pea;rson and Shockley was similar to that proposed by Lilienfeld
and Heil. They also attempted to modulate the resistivity of a
piece of semiconductor material by means of an external field plate,
but failed to demonstrate the changes in conductance expected from
the number of additional charge carriers in the semiconductor
material calculated from the capacitance of the structure. The rea-
son for this lack of correlation between the simple theory and expe-
riment was that most of the charge induced in the semiconductor
was trapped in surface states and only a small percentage of the
additional carriers added were free to move. In 1952, Shockley
proposed a field-effect transistor structure which bypassed the
problem of surface states. Shockley used a reverse-biased p-n
junction to modulate the mobile charge in the relatively lightly doped
n-type portion of the junction. The electric field was now almost
completely immersed in the semiconductor buik and the problem of
surface states was avoided. While these experiments were not
successful in making a practical insulated gate field-effect device,
they did lead to the invention of the bipolar and junction field-effect
transistors. Accordingly, for several years, there was no further

work on device structures with external field plates.




It is only recently that a significant effort has been refocused
on the insulated gate field-effect device. In 1960, Kahng and Atalla
proposed a silicon structure in which an insulated gate was used to
induce conduction between two normally reversé-biased junctions,
and in 1961, Weimer described the development of a thin film insulated
gate device utilizing cadmium sulfide as the semiconductor material.
In 1962, Hofstein and Heiman described the use of metal oxide semi-
conductor structure in a field-effect device with an insulated gate
fabricated on single crystal silicon. Unlike the junction gate field-
effect transistor, the new device allowed both enhancement and deple-
tion of the charge in the channel, and permitted operation with zero

bias.
11-2 Physical Construction of MOS Devices

A perspective and cross-sectional view of a typical MOS de-
vice are shown in Fig. 2 and Fig. 3. The heavily doped regions are
the source and the drain electrodes. The gate is separated from the
channel by an insulating layer. The insulator of the silicon device is
thermally grown silicon dioxide; hence the name metal-oxide-semi-
conductor field effect device. These devices can be made on either
p or n-type silicon giving complementary types. However, for simpli-

city, only those constructed on n-type silicon will be considered.
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Contacts are made to the substrate, the two p+ diffused regions
and the isolated aluminium layer or gate. The aluminium layer, the
silicon dioxide layer and the semiconductor form a paralleﬁ plate
capacitor. Hence if a negative voltage is applied to the aluminium
gate relative to the substrate, there will be a negative charge at the surfa;e
of the semiconductor. The positive charge at the surface of the semi-
conductor is obtained by repelling electrons from the surface of the
semiconductor and attracting holes either from the p+ regions or from
those formed by thermal generation in the n-type silicon bulk. The
positive charge induced in the semiconductor will fill any negative
states at the silicon-dioxide/semiconductor interface and neutralize
any negative impurity centres at the surface of the semiconductor.
Excess holes will form free carrier centres. Thus, if a field is
applied to the holes along the suriace, conduction wiil occur. The
transverse field can be obtained by applying a voltage between the two
p+ regions. If the right-hand region (or drain) is made negative with
respect to the left-hand region (or source) there will be a hole flow
from the source to the drain. Thus,a charge on the gate results in a

charge near the surface of the semiconductor which is free to move

at right angles to the electric field producing it and the quantity of

3
i
i

charge, hence the conductivity of the channel thus produced, is con-
trolled by the gate voltage. Such a transistor in which conduction is
?jg by holes is known as a p-channel MOS device. The complementary
3 type in which conduction is by electrons is known as an n-channel

MOS device.




10

II-3 Fabrication

The fabrication techniques used to produce MOS devices are
similar to those used for modern high speed silicon bipolar transistors.
The substrate material for an n-channel device is a lightly doped p-type
silicon wafer. (Reversal of n-type and p-type materials referred to in
this description produces a p-channel device.) After the wafer is po-
lished and oxidized in a furnace, photolithographic techniques are used
to etch away the oxide coating and expose bare silicon in the source and
drain regions. The source and drain regions are then formed by dif—
tusion in a furnace containing an n-type impurity (such as Phosphorus).
If it is to be an enhancement type device, no channel diffusion is re-
quired and if a depletion type device, an n-type channel is formed in
a separate diffusion to bridge the space between the diffused source

and drain.

The wafer is then oxidized again to cover the bare silicon
regions, and a second photoldthographic and etching step is performed
to remove the oxide in the contact regions. After metal is evaporated
over the entire wafer, another photolithographic and etching step
remove . all metal not needed for the ohmic contacts to the source,

drain and gate.

A series of illustrations of the process is shown in Fig. 4
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(o) 77777 77777777]  The P-type water is cut, lapped, ond polished.

0 G777  The silicon dioxide masking loyer is grown.

Photoresist is applied over the silicon dioxide.

The photoresist is exposed to ultroviolet
light through o mosk to form the
drain -source diffusion window pottern.

Wy,

The resist is developed ond the posed resist is
removed. Then, using on etching solution, the
windows are cut through the masking oxide.

(e)

(t) Wm The remaining photorestist is removed.

4 The N* drain ond source regions are diffused
2

lg) WW into the wofer through the windows,

The wafer is covered with photoresist ogain,

. T | The photoresist is exposed to ultraviolet
(i) =% light through o mosk that leoves the areo
Y, above the channel region unexposed.

The resist is developed and the unexposed

( ) ¥/, '+ Y/ + 7/
i W W ; resist is removed. The oxide directly cbove
// /% 7/ // Z1  the channel region is then efched awoy.

— —
(k) W/M% The remaining photoresist is removed.
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iy,
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L
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resist is removed. Then, the contact
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The ining photoresist is d.

9

Aluminum is evoporoted over the surfoce of the wafer.

{r)

b

The cluminum loyer is covered with photorestsf

{s)

///// 7.

The photoresist is exposed to ultroviolet light_
through 6 mosk to form the desired
metalization (electrode) pattern,

(t)

1.7

The resist is developed and the unexposed
resist is removed. The unwanted
metal is then etched oway.

(u)

,.[J

/,////’/// }977}/

The remaining resist is removed. The wofer
is alloyed and mounted on o header.

Wire contacts are bonded on, the

header 15 capped, and the ennre
structure is hermeticolly sealed.

Fig. 4 The process of fabricating MOS devices
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1I-4 Types of MOS Field Effect Device

The properties of the two basic types of MOS field effect device
introduced in the section on terminology are now considered in detail.
(1) Enhancement-type: The gate must be forwazrd biased tc
produce active carriers and permit conduction through
the channel. No useful channel conductivity exists at
either zero or reverse gate bias. Charges induced by
the gate voltage below the threshold value are immobile
and do not contribute to currents that eventually flow in
the channel except for leakage current. These are some-
times called threshold devices.

In an enhancement-type device the gate electrode
covers the entire channel, overlapping both source and
drain regions. Any channel region which is left exposed
contributes a very high series resistance to the device
since there are few carriers in the channel at zero gate

bias. The overlap results in a substantial capacitance

from gate-to-source and gate-to-drain unless special

g provisions are made.

From now on, for the sake of simplicity, only p-channel
] enhancement-type MOS devices will be discussed if not

otherwise specified. The principles of operation and the




(2)
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design techniques that follow can also be applied to its
complementary types except for the change of battery
supply voltage direction.

Depletion type: The channel region between the source and
drain is made of material of the same conductivity type.
Charge carriers are present in the channel when no bias
voltage is applied to the gate. A reverse gate voltage is
one which depletes this charge and thereby reduces the
channel conductivity. A forward gate voltage draws more
charge carriers intc the channel and thus increases the
channel conductivity.

Unlike the enhancement device, the depletion unit does
not require the gate electrode to overlap both source and
drain regions as illustrated by the offset gate geometry shown
in Fig. 5 for a high-frequency unit. The unmodulated por-
tion of the channel near the drain electrode introduces
some series resistance in the saturation region. The addi-
tion of a series drain resistance merely increases the
drain voltage at which drain current saturates. So long
as the small signal output resistance of the device is
large, with respect to the unmodulated drain resistance,
there will be little deterioration in circuit gain. However,

any series source resistance introduces degeneration and
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Gate
Source Drain

/. Dicoy Lyoaide / 7777,

. N type

Fig. 5 In depletion type field effect device, the gate need not
overlap source and drain. Offset geometry reduces feed-
back capacitance from drain to gate when the device is ope-
rated in current saturation region
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'is undersirable. Thus, the gate electrode is frequently
allowed to overlap the source region,

When the gate electrode is offset, in this way, the feed-
back capacitance is reduced, since the active channel
length is forced to coincide with the portion of the gate
electrode which lies over the channel. The only inactive
part of the input capacitance results from the overlap of
the source electrode. The exact distribution of active
gate capacitance between source and drain is difficult to
determine, but the depletion of majority carriers near the
drain end of the active channel considerably reduces the

feedback capacitance,when the device is in saturation.

II-5 Theory Of Operation

To derive a simplified theory of the operation of insulated

gate field effect devices, certain assumptions will be made. These

are:;

(1) All the carriers induced in the semiconductor are free
carriers

(2) The induced charge is determined only by the capacitance
of the silicon dioxide structure

(3) The mobility of the carriers is constant.
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The channel sheet conductance §, at a point, X along the
channel is a function of the channel voltage at that point, V(X),

the applied gate voltage Vg, and the threshold voltage, Vg

o
I

= f(Vg, Vs V(X)) when (Vg - V(X)) > VT

(1)
5§=0 when (Vg - V(X)) s VT

The channel current per unit width, I, at this point in the channel
is therefore:

I=8E =£(Vg, Vp, V(X)) —%;— (2)

Since the current must be constant from the source to drain,

integration yields;

1 pV
lgs = = Jo D H(Vg, VT, V(X)) aV
where 1 is the channel length, Vpis the applied drain voltage, and

I4s is the drain current per unit channel width.

MOS devices are constructed with a shallow charnel (the
channel depth in the silicon is much less than the oxide thickness),
which is about 1000 zgx The voltage drop from the surface through
the channel into the semiconductor is small compared with the
voltage drop across the oxide and may be neglected. Thke channel

sheet charge density, p,is then given by:
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p=Col Vg - Vo = V(X)) for V(X) = (Vg - Vq) (4)

Where X is the distance along channel from source to drain., The
channel sheet conductance is given by:

0 =poP= CoholVy = Vo = V(X)] (5)
Where C is the oxide capacitance per unit area and pgs the carrier

mobility. Combining equations (3) and (5) yields:
C
Iy, = [.E"il@.][(vg-vT)Z-(vg-vT - Vp)2] (6)
For Vp = Vg - Vo, the saturated current Ig is :

- Cop 2
Ids--——z-f-(vg-vT) (7)

As Vp approaches Vg - VT space charge dominated currents
are generated in the drain region. This space charge region becomes
dominant over the gate controlled charge at the point in the channel,
where the voltage is essentially Vg-Vp . From this point it extends
to the drain where the voltage is V). The current appears to saturate
because the length of the space charge region is generally much smaller
than the over-all channel length. The source region of the channel,
or that region from the source to the junction with the drain space
charge region, therefore predominates in determining the current.
Since the region length‘is fairly constant and the voltage drop across

it is fixed at Vg - Vp the current flow is essentially fixed as shown
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in Fig. 6. Further increases in drain voltage above Vg - VT are
absorbed across this drain region with only a slight modulation of
the source region length. The saturation of drain current is therefore

basically dependent on geometry.

If the saturated current is differentiated with respect to gate

voltage, the transconductance gp, is obtained:

_C

g = 22 (Vg - Vi) (8)

Equations (4) through (8) apply for shallow devices.
II-6 Electrical Characteristics

Output characteristic curves for the four types of MOS device
are shown in Fig.7. In the saturation or pinch-off region, the dynamic
output resistance of the device may be approximated from the slope of

the output characteristic curves at any given set of conditions.

Typical transfer characteristics for p-channel MOS devices
are shown in Fig. 8. The threshold voltage shown is a critical para-
meter in circuit designs. One type of MOS device currently on the
market has its threshold voltage specified between -1.5 to -6 volts.
This can result in a considerable variation of channel current. The
reasons for the instabilities of the threshold voltage are discussed in

section II-8.
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Fig. 6 Cross sectional view of MOS device showing the inversion layer
depletion layer
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Fig. 7 Output characteristic curves for n-channel MOS device
(a) Enhancement type (b) Depletion type
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(2) Depletion type

Threshold
voltage

-VaGs

(b) Enhancement type

Fig. 8 Typical transfer characteristics for n-channel MOS device
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II-7 Regions of Operation

The basic current-voltage relationship for a p-channel en-
hancement type MOS device,operating in the common source confi-
guration is shown in Fig.9. At low drain to source potentials and
with the gate bias large enough to produce channel conduction,
the resistance of the channel is essentially constant and the current
varies linearly with voltage, as illustrated in region A-B. As the
current is increased beyong point B, the voltage drop IR in the
channel produces a progressively greater voltage difference between -
the gate and points in the channel successively closer to the drain,

As this potential difference between gate and channel increases, the
drain current increases much more slowly with the further increases -
in drain to source voltage and saturation is reached, region B-C.
Further increases in drain to source voltage beyond point C produce
no significant change in drain current until point D, when the device
enters the breakdown region, and the drain current may increase

rapidly.

The saturation region between points B and D in Fig. © is
the region in which MOS devices are especially useful as high im-

pedance voltage amplifiers. In the ohmi: region between A and B,
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ID Breakdown
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Fig. 9 Current-voltage characteristic of an MOS device showing the
three possible operating regions
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the linear variation in channel resistance makes them useful in vol-
tage controlled resistor applications such as the chopper unit at the

input of some dc amplifiers.

The maximum allowable drain voltage is limited by avalanche
multiplication of channel current. The gradual breakdown becomes
greater for increasing gate voltage and drain current. The soft
gradual breakdown characteristic is caused by the generation of hole
electron pairs in the high field of the drain region by impact ionization.
Since these holes and electrons act partially as a shielding plasma, the
onset of severe avalanching is spread out over a wider voltage range

than the asymptotic sharp breakdown to the substrate.
Possible applications of this gate modulated breakdown phe-
9 10
nomenon have been considered by Atalla , Hofstein and Warfield ,
' 11 12
Nathanson, Szedon and Jordan™ and Shockley and Hooper .

11-8 Instabilities in MOS devices

MOS devices operating with electric fields in the order of

106V/cm in the oxide have shown instabilities of characteristics
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which have been related to the motion of ions and molecules in sili-

con dioxide and other insulating films.

The suggested mechanism of this jnstability is as follows.
Assume that the oxide layer contains mobile polyatomic molecules,
which may be easily dissociated. The application of a negative po-
tential to the gate electrode of a p-channel device will tend to move
the positive ions toward the gate electrode and the negative ions to~
ward the silicon surface. When the gate bias is removed from an
enhancement device a field in the oxide layer remains which is oppo-

site to the original field that caused the migration, as shown in Fig. 10.

The details of this mechanism are not well under stood. How-
ever, the foregoing discussion indicates qualitatively, in schematic
form, what might be hagppening. It has been suggested that'the type
of ion moving in the silicon dioxide layer is a positively charged

oxygen vacancy, which allows only positive charge in insulating layer.

This effect may be observed by examining the transfer cha-
racteristic of a p-channel enhancement device before and after the
application of a large negative gate bias for an extended period of
time. Initially, the transfer characteristic appears as shown in the

right hand curve of Fig. 11. After the application of gate voltage, the
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Fig. 10 Migration of ions in the bulk of the silicon dioxide layer can
cause a drift in the device characteristics. (a2) Oxide field causes

ions to drift (b) Finite electric field exists when gate potential is
reduced to zero
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Fig. 11 Transfer characteristic curve shifting of p-channel MOS device

due to drift
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curve drif\ts to the right and the instability can be quantitatively cha-
racterized by the voltage shift AV. This quantity increases with tem-
perature, time of application, and electric field strength. In
some units, drift is observed until a maximum value of AV is observed,

while in other, AV seems to increase continually with time.

Recently, there have been considerable fabrication improve-
ments aimed at reducing this drift, that is, when this type of insta-
bility was first observed values of AV as large as 5 or 6V were ob-
served; now it is possible to limit the drift to less than 0.5V by
diffusing Phosphorus into the oxide layer before metalization of the
device. Silicon dioxide is an open lattice structure having a mean
lattice spacing of about 8 A. The addition of Phosphorus forms a
glass like structure which is more dense than silicon dioxide. This
may reduce the mobility of the ions, ' producing a more stable oxide.
More recent work has indicated that many of the impurity ions are
introduced when the gate electrodes are fabricated and that stability

can be improved by clean processing alone.
I11-9 Comparisons

MOS devices presently offer a number of advantages and

disadvantages compared with double diffused integrated circuits.
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Advantages include:

(1) Low power consumption in switching circuits, especially
when complementary switching pairs are employed.

(2) Extremely high input impedance (1014 ohms).

(3) Good square law behavior. Although the device is non-linear,
its law is accurately known and can be compensated.

(4) It is possible to make devices with desired levels of operating
bias.

(5) The input impedance stays high and constant both inside and
outside the normal operating range.

(6) Resistors, capacitors and cross-overs can be readily fabri-
cated as part of MOS arrays.

(7) Outstanding packing density. An MOS device generally
occupies one square mil compared with 24 mils for a typi-
cal double diffused integrated circuit transistor.

(8) Low input capacitance. This can be in the fractional pico-
farad range for arrays.

(9) Choice of operation in the enhancement or depleﬁon modes.

(10) Fewer manufacturing steps. One diffusion is required for
MOS circuits compared with at least four for double diffused

bipolar integrated cir cuits.
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Disadvantages include:

(1)

(2)

(3)

(4)

Delicate gate insulation. e.g. Electrostatic charges accu-
mulated by walking in crepe or rubber soles on a dry day
are sufficieht to permanently rupture the silicon dioxide
layer between the gate metal and the silicon bulk. This
happens if the accumulated electrostatic voltage exceeds
the breakdown voltage (130V) of the gate and poses a serious
production handling problem.

Limited compatibility with non-MOS elements. High output
impedances can cause either speed or power loss in cases
of extreme mismatch., Special circuit techniques are nece-
ssary to eliminate such problems.

Power limitation. Present MOS devices cannot handle
large powers.

Dc drift. The instabilities of MOS devices pos e major

problems in dc biasing and ac gain of linear amplifiers.



e S

32

III Equivalent Circuits for MOS Devices

In this chapter, equivalent circuits consisting of linear ele-
ments and ideal rectifier diodes for MOS devices are presented.
First, piecewise linear models are developed from graphical termi-
nal characteristics. Then, nonlinearity is removed for the small
signal model by considering the diode operating states and remai-
ning parameters adjusted to give a more accurate resentation of the
operating principle of the device. Frequency dependence is also

taken into account.

III-1 Piecewise Linear Circuit Model

Typical In-Vp characteristics of an MOS p-channel enhance-
ment type device are shown in Fig. 12. The curves can be divided
into three portions: (A) Operation below saturation (B) Operation at
saturation and (C) Breakdown, as shown in Fig. 12. At low drain to
source potentials, the channel resistance is essentially bilateral.
This linear resistance varies as a function of gate voltage. Above
the threshold voltage, the device is useful as a high impedance vol-
tage amplifier. We are therefore interested in portions (A) and (B).

Circuit models will be developed for these two portions separately.
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(1) (2) (3)

Fig. 12 Regions of Operation




34

(A) Operation below saturation
As presented in section II-5, the input of the device may
be represented as a capacitor. Below the threshold vol-
tage, the device acts like a resistor, the resistance being

a function of the gate voltage V_ and a simple equivalent

g
circuit is shown in Fig. 13. Before saturation is reached

the drain current Iy, is given by

2 .2
ID =|.LOCO((Vg - VT)VD - Vd/l (6)

consequently,
2
Rp=1 /|~l-cC°(Vg -V - VD/2)
Thus in the region under consideration

2
A=1 /l-"CCO

(B) Operation in the saturation region
The main feature of interest in these characteristics is
that ID is function of Vg and nearly independent of V.
This suggests a circuit model of the type shown in Fig. 14.
Dgyp, and Dy, are the p-n junctions formed between drain
and source and the bulk n silicon. The gate voltage is
jdentified as the control variable. The proportionality
constant for the controlled source is the transconductance
of the model, defined by:

held
gy = %ig/9 Vg 3here Vp is a constant
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Fig. 13 Equivalent circuit of MOS device before saturation
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Fig. 14 Piecewise linear equivalent circuit of MOS device
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The circuit model shown in Fig. 14 is useful in problems
where a simple representation of Vp - Iy characteristics
of the device is adequate. If a better approximation is re-
quired, a large resistance ry placed across drain and
source will give the output characteristics a constant slope,

as shown in Fig. 15.
III-2 Small Signal Model

Up to this point, the discussion of the device characteristics
has been.concerned with graphical representations of the terminal
characteristics and equivalent circuits which include non-linear ele-
ments. In this section, specific operating points will be selected and

small signal equivalent circuits will be developed.

Consider the large signal models in Fig. 15. Diode Dy, and
Dgp can be eliminated by postulating that the bulk is usually connected
to the source and the diode Ddp is back biased. Since the resistances
from gate to source and gate to drain in practical cases,are never in-
finite, there are leakage resistance paths across the insulating oxide
from gate to source and gate to drain. These can be represented by
Tgs and Tgd, as shown in Fig. 16, Furthermore, if the bias point in
the saturation region is known, we may choose values of g and rg

which reflect the local behavior of the graphical characteristics.
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Fig. 15 Incorporating r4 in the equivalent circuit
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Bulk

Fig. 16 Equivalent circuit of MOS device
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Now considering the operating mechanisms, there is capaci-
tance distributed along the metalized gate and the conducting channel.
The capacitance distributed along the active channel resistance must
charge and discharge through the channel resistance. This distribu-
ted network can be lumped in the form of series capacitance C. and
resistance r_. connected across gate and source as shown in Fig. 17.

which
The voltage across C. controls the mobile charge and is the most
important modulation parameter and the series resistance r¢ is the
lossy element. Thus, the equivalent circuit can be further improved
by changing the controlled source. That is, the controlled source is
dependent on the voltage across the channel capacitance, which in

turn controls the charge. Consequently, the high frequency perfor-

mance is a function of the time constant associated with r_ and Cc.

The capacitance ng' is the intrinsic gate to drain capacitance.

The small signal equivalent circuit of the MOS device obtained
by the above method is similar to the one given by Heiman and Hofstein1 .
Charge control characterization of field effect devices has been pre-
sented by BoothrodeI. The equivalent circuit of Boothroyd is similar
to the circuit of Fig. 16 simplified. The two equivalent circuits are
related in Fig. 18. The small signal equivalent circuit will be employed

to calculate the gain, input and output impedance etc., in Chapter V.
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Fig. 17 Improved equivalent circuit of MOS device
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Q/T

o Cin o0 VG 8 gmVe

ID=(Q0+QG+QD)/T =Q/ 7t ID=ngg

Q/T = gmVg

1/T =g8m/Cin

Fig.18 Charge control model
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I1I-3 Gain Bandwidth

The upper frequency limit of semiconductor devices is closely
related to T, the transit time of the carrierzz. In a field effect device,
current is carried by majority carriers which drift across the channel
under the drain to source field. Using th; simpliest type of analysis,
T can be calculated for the field effect device under the assumption of

constant channel mobility .

T = 1/\)d
Vd=|.1,on/l
T = 1% /ugVp

where V4 is the average drift velocity in the channel and VD/1 is the

drift field.

The gain-bandwidth product is defined as

GBW = Cijp /278

However,
2
8m =K oCian/l
2

g,,/Cin =B o Va/l

Therefore

GBW = gm/27Cyy, = 1/27T
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Although parasitic elements and external circuits may reduce
the actual speed of operation, Cin/gm for an jdeal field effect device
is a useful figure of merit. An MOS field effect device of 10 p m channel
length typically will have an upper frequency limit in the range of hun-

dreds of MHerz.
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IV Amplifier Design and Stability

The preceding chapters have been concerned with the physics
and electrical characterization of MOS devices. In this chapter, the
design of simple amplifiers is discussed. As indicated in the intro-
duction, the most significant single problem results from dc insta-
bilities of the device ( treated in section 1I-8 ). The MOS device is
treated both as an active element and a load, Fhen solutions to the dc
instability problems are presented. The chapter concludes with a

discussion of the stability of multiple stage amplifiers.

IV-1 Basic Amplifier Configurations

There are three basic single stage amplifier configurations
for field effect devices: common source, common drain, common
gate. Each has characteristics which recommend it for use in par-
ticular applications. In the examples which follow, a p-channel MOS
device is used for illustration, but all the results, except those rela-

ting to polarity, apply equally to n-channel MOS devices.

The three basic amplifier configurations are tabulated below:
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IV-2 Realization of load resistor using MOS devices

Three ways of connecting an MOS device as a load resistor

are shown in Table II and the choice of the particular configuration

is governed by the application and area of silicon available. A and B

are the preferred connections because of the small area used, but

the higher impedance of type C sometimes justifies its use.

Ty} Con. R, |Application Comments
Common 'Small area used, but small
' 2 source signal value of resistance is
21 inverting lower than large signal value
Al poCoVD | amplifier
P Large resistance in the order of
Comfrion rq
drain Similar area to above
rg amplifier Small signal resistance is
B larger than large signal value
Large resistance in the order of
Common rg But because of capacitor C,
source it requires a much larger area
> ry amplifier than A and B. The resistor R
C can be of the type in A.

Table II MOS devices as load resistors
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IV-3 DC stability of Amplifiers

As indicated in section II-8, the threshold voltage of MOS
devices drifts with time, temperature and bias voltage. Since the
common source and common gate configurations have voltage gain,
precautions must be taken to stabilize theworking point in these
configurations. Two methods will be discussed below, (2) source
current stabilization and (b) output voltage stabilization. Both of
these methods can yield equally stable amplifiers, but they differ

in their power supply voltage requirements.

The dc stability of a circuit depends on the supply voltage,
the threshold voltages and their respective stability. This is illus-
trated in Fig. 19 where

i= (VS -nVT+VN) /RL

Vg - Supply voltage

V - Total of all the variable voltage components

i. e. supply and threshold voltages in series

n - Number of threshold voltages in series
The stability is improved by arranging that Vg -nVp is much larger
than VN,Then i= (Vs-nVT)/RL . Hence it is preferable to use a con-
figuration where there is a minimum number of threshold voltages in

series and where this total voltage is small compared with the supply

voltage.
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(2) Source current stabilization

The source current may be stabilized by a similar technique
to that used for emitter current stabilization of bipolar transistor.
A typical circuit is shown in Fig. 20. The analysis of this circuit is
as follows:

Is = ID
Ig = (Vss-VG )/Rg

The source current is equal to the drain current and since
the effective gate voltage drifts with the threshold voltage Vgg - Vg
must be large. Source current stabilization presents a further diffi-
culty, in that, when integrated, the source by pass capacitor must be
large if the amplifier has a low frequency pass band, because the
signiﬁcant time constant is that of Rg and the by pass capacitor.
Furthermore, there are several resistors in the circuit all of which
suffer the above mentioned limitations of MOS devices. In this cir-

cuit, there are three MOS device threshold voltages in series.

(b) Output voltage stabilization

A simple and effective way to stabilize the output voltage is
by dc feedback to the gate. This technique is applicable to any in-

verting amplifier, but the single stage, illustrated in Fig. 2l , will
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Fig. 19 Equivalent dc circuit of MOS amplifier
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Fig .20 Source current Stabilization
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Fig. 21 Output voltage stabilization
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Fig. 22 Feedback circuit using type B resistor
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be discussed first. The circuit, as shown, stabilizes the dc output
voltage to the same value as the gate voltage at the chosen value of

drain current.

Vout = Vo #VT +igRp
iF =0
Vout = VT iAVT

Thus, variations in gate threshold voltage are reproduced without
amplification at the output. Only one capacitor, a coupling capacitor,
is used and its value is determined by the feedback resistor Ry and
the ac gain. Since the current is of the order of 10-14 amperes, Ry
can be many megohms, hence the coupling capacitor can be small.

C=(A+1)/2nRgpf

Several MOS realizations of the feedback resist;)r are possi-

ble:

(a) An MOS resistor with a long narrow gate may be constructed.
However, this presents several fabrication problems outside
the scope of this thesis.

(b) An MOS device, of conventional geometry operated with the
gate at circuit ground, has a diode equivalent circuit shown
in Fig. 22. This technique of realizing a high value resis-
tance requires electrical isolation from the n-bulk of the am-
plifier. Air and dielectric insulation are satisfactory, but

add steps to an otherwise simple manufacturing process.
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(c) A solution which overcomes many of the disadvantages of
(2) and (b) above is illustrated in Fig. 23. The feedback
resistor is a conventional geometry MOS device with the
gate and drain connected together ( Table II type A ) and
constructed in the same bulk as the amplifier. There are
two current paths connected to the gate of the amplifier,
the leakage current of the source p-n junction to the bulk
or circuit ground and the source to drain current of the
feedback resistor. In normal operation, these two currents
are equal and of the order of 10-9 amperes at room tem-
perature. The feedback resistor is thus operated close to
its threshold voltage, see Fig. 24. As the amplitude of the
input signal of the amplifier is increased, the dc value of
the output voltage changes to keep the average value of the
two gate currents equal. This effectively holds the maxi-
mum negative excursion of the output voltage at the quie-
scent value of the dc output level. The transfer charac-
teristic at two levels of input signal are shown in Fig.ZS.
The effective value of the feedback resistor with Vp = -5V
and a junction leakage current of 10-9 amperes is of the
order of 5 x 109 ohms. Thus, if the coupling capacitor is
20 pF and the gain 9, the low frequency cut-off is in the order

of 20 Herz.
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WV
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Output

Fig. 23 Feedback circuit using type C resistor

Operating
point

Fig. 24 Operating point of type C resistor
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Fig. 25 Transfer characteristic of MOS amplifier
(Scale H- lv/cm V- 1lv/cm)
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IV-4 A dc Feedback Stabilized MOS Linear Amplifier

The MOS device is a square law device, i.e. drain currentis
proportional to the effective gate voltage square. The transconductance
gm Vvaries directly with the gate voltage gm =poCng/21. If a linear
resistor is used as a load, distortion will arise . A solution is to use
another MOS device as a load as shown in.Fig. 26. The non-linearity
of the transconductance will be compensated by the non-linearity of
the MOS load in such a way as to maintain the voltage gain to a cons-

tant. The proof is as follows:

1/2
gm = (213510C0a /1a2)!/
1/2
Ry, = (11,/2143510Co1) /
A= ~-gmRj, Co = KEqyly /tox

1/2
A = - (1pwaEoyatoxL /1 WL EoxLioxa) /

If My and M, were made identical except for the width, then
A= - (walwp)t/?
Gate voltage is the parameter most likely to change due to the drift

of threshold voltage and the reasons why the threshold voltage drifts
have been discussed. As can be seen from the equation above, the
voltage gain is independent of the gate voltage Vg‘ An amplifier can be

designed with stable voltage gain that depends only upon the geometry of

the devices used. The gain is proportional to the square root of the channel
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Output

Input - { ! | >

Fig. 26 A dc feedback stabilized MOS linear amplifier
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widths ratio of the active device and load provided other parameters
are identical. If the channel widths are equal) the circuit becomes
a linear inverter with a gain of one. A feedback resistor from the
load to the gate will accomplish the dc biasing. Since all the com-
ponents of the amplifier can be made by MOS techniques, manufac-

turing can be relatively simple.
IV-5 Multiple Stage Amplifiers

As stated above, dc output voltage stabilization may be applied
to multiple stage inverting amplifiers, such as the three stage ampli-
fier of Fig. 27. However, the increased gain demands theuse of a
larger coupling capacitor e.g. in a typical amplifier, each stage may !
have a gain of 10, resulting in the coupling capacitor of approximately
100 times the capacitance of that required for a single stage, thus using
100 times the area. Since the physical dimensions of the feedback re-
sistor can be small, an integrated MOS amplifier, dc stabilized stage
by stage as shown in Fig. 28, is more economical of area than one
stabilized over several stages at a time. Furthermore, the parasitic
shunt capacitance of an MOS feedback resistor limits the overall gain,

in addition to causing ac stability problems.
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Fig. 27 Multiple stage MOS amplifier using only one feedback resistor
for dc stabilization

-V
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i I g ) )

/
Fig. 28 Multiple stage MOS amplifier using dc feedback stabilization
stage by stage ’
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V Pair Circuits

Amplifiers can be made from cascade connections of the single
stages discussed previously. However, a coupling capacitor is needed
between each stage. The stray capacitance introduced by the integrated
realization of the coupling capacitor, as shown in Fig. 29, will severely
limit the bandwidth. With a single stage gain og around 10, this results
in a small gain-bandwidth product. In order to improve the gain-band-
width product, two stages per coupling capacitor must be considered.
Two stages of MOS device will have a possible gain of a 100 which may
be traded in favor of bandwidth. Thus it is worthwhile to explore the

possibilities of pair circuits.

All possible combinations of basic amplifier configurations,
i. e., common gate, common drain and common source, can be exa-
mined as a three dimensional matrix form, shown in Fig. 30 (a). The
first device is represented in columns and second device in rows. The

third dimension is in terms of cascade, series and parallel.

The three dimensional matrix simplifies into the two dimensio-
nal cascade matrix, since the matrices for series and parallel connec-
tions consistg only of two basic pairs as shown in Figs. 30 (b) and (c).

These connections increase the ID (maximum) and VDS (maximum)
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Fig. 29 Integrated MOS circuit and its stray capacitances
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Fig. 30 (a) Matrix showing all possible combination of two
MOS devices
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Fig. 30 (c)
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handling capacity of the devices, respectively. In integrated circuits,
this is equivalent to increasing the channel width or length. Thus,
these connections are trivial and will not be considered further.
Strickly speaking, the series and parallel pairs are only a subcase of

the cascade connections.

The cascade matrix; shown in Fig. 31, will now be considered
case by case:
(11) Common gate followed by common gate circuit - A slight manipu-
lation of this circuit shows that it is equivalent to two MOS devices in
series and thus, is trivial.

(12) Common drain driving a common gate circuit - This can be recog- ‘

nized as a conventional differential pair shown in Fig. 32.

If the parameters of the two MOS devices are alike and if the
external gate circuits are also alike, there will be perfect symmetry
and balance. Then, so far as dc is concerned, the common source
resistance RS can be replaced by a resistance of 2Rg in series with
each source. This gives a stability factor close to unity, for each
side, provided Rg is sufficiently large. Similar changes in Q; and Q,
will balance in any output taken between the two drains.

Although some degree of balance might be expected from
devices fabricated on the same chip, it is preferable to establish the

dc operating point of each half of the differential pair separately.
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with biasing

Fig. 31 Pair circuits



68

Typical circuits are shown in Fig. 33 (a) and (b). In circuit (a) R
establishes the current for the sources of Ql and QZ' and the circuit
operation is similar to any conventional differential amplifier. A
third MOS device in type B or C connections (see Table II) can serve
as a current source instead of a resistance and this will improve the
common mode rejection.

These differential amplifier configurations are compatible
with single diffused fabrication techniques. Few, if any, capacitors
are needed, the key to economy in integrated fabrication. Further-
more, the primary parameters of the differential amplifiers are
functions of ratios between device parameters, eliminating the need
for close tolerances in individual components.

(13) Common source driving a common gate circuit - This can be
recognized as a conventional '"cascode' amplifier as shown in Fig. 34.
The transconductance of the pair is determined by the transconductance
of the driving unit providing that the driven unit does not limit the over-
all current. The '"cascode' amplifier may be used to improve the
siganl to noise ratio and reduce the feedback capacitance of an ampli-
fier stage.

The input impedance of the pair is determined by the input.
device and the output impedance by the driven unit. If the conducti-
vity of the driven unit is kept above that of the driving unit, so that

no current limiting occurs, the output impedance of the pair will
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always be equal to, or greater than, the normal output impedance of
the driven unit operating alone. If, alternatively, the driven unit be-
gins to limit, the output impedance of the pair may be increased by
several orders of magnitude. This limiting results from the dege-
nerative action of the input device when the pair is operated in series.

The possibility of tailoring the transfer characteristic of the
""cascode'' pair, by biasing the gate of the driven unit, is perhaps the
most significant feature of this circuit configuration. Excessive limi-
ting by the driven unit drastically reduces the dynamic range of the
cascode drain current - gate voltage transfer characteristic. Alter-

natively, by careful selection of the gate bias of the driven unit, the
high current end of the cascode transfer characteristic can be varied
over a wide range. In addition, improved signal to noise ratio and
reduced feedback capacitance are advantages.
(21) Common gate driving a common drain - This is a usceful ampli-
fying pair because:

(a) The gain of the circuit depends on the values of passive

components rather than the device itself.

(b) The output impedance is low.

(c) The feedback capacitance Cgys is small.
(22) Common drain driving a common drain - This circuit exhibits
high input impedance and low output impedance and is essentially an

impedance converter, with no voltage gain and a high current gain.

The input capacitance can be decreased by using a smaller channel
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Fig. 32 MOS differential pair
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width for the first device than for the second. The primary application
for this circuit is where high output current is required.

(23) Common source driving a common drain - This circuit has voltage
gain in the first stage and current gain in the second. It is similar to
the circuit of (21) and differs only in the input connection. Circuit (23)
is an inverting amplifier while circuit (21) is non-inverting. Also in
circuit (23) the coupling capacitor becomes a decoupling capacitor and
there is no large shunt capacitance at the input. A practical circuit
using circuit (23) and (21) is shown in Fig. 35.

(31) Common gate driving 2 common source - The most important
feature of this circuit is its low feedback admittance. It has voltage
gain in both stages but there is only one phase inversion. Since gain
in the second stage requires a high output impedance, it is preferable
to follow this pair with a common drain stage to reduce the output re-
sistance and increase the bandwidth.

(32) Common drain driving a common source - The low output impe-
dance of the first stage can be used to drive a large gate MOS device
in the common source configuration without sacrificing bandwidth.

It exhibits a high input impedance and a moderately high output impe-
dance. There is one phase inversion and feedback from output to
input can be used.

(33) Common source driving a common source - This connection is

merely a cascade of two common source stages, see section IV -5,
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G .
The gain, inverse adrnittance/\ input-output impedance have

been tabulated in Table III.
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VI Typical Application

As an example of the above design techniques, a dc amplifier
for biological applications is designed in this chapter. This example
is chosen because the variable impedance of biological systems requires
high input impedances for voltage measurements and because MOS

devices, by their nature, have high input impedances.

VI-1 System Design

Dc Amplifier Specification:

(a) Input-~=10 microvolts
(source impedance for biological applications is
variable over a wide range)

(b) Output-z 1 volt
(output impedance less than 1 k)

A schematic block diagram of a chopper type dc amplifier is
shown in Fig. 36. The small dc signal is first converted to ac by
means of a chopper circuit. After amplification the dc is restored
by higher level choppers. Both choppers can be driven by a reference

signal ( in this case, a square wave generator ).
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Fig. 36 Block diagram of chopper type dc amplifier
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The design of the dc amplifier will be discussed below, but
since the purpose of this chapter is to demonstrate the design tech-
niques developed above, the design of the ac amplifier will be treated
in detail, while the ancillary circuits, such as the choppers and

square wave generator will be discussed only briefly.

VI-2 Ancillary Circuits

Low level chopper - The type of low level chopper adopted
in this application is the dual collector transistor23. There is little
coupling between the switching signal applied tc the emitter and the
small signal circuit. In addition, it is suitable for high input impe-

dance applications and has a low differential off-set voltage.

High level chopper - A high level chopper is needed to restore
the dc and this can be done by two MOS high level switches as shown
in Fig. 37. The capacitor C, is provided to smooth the output and
if the bandwidth of the overall system is to be maintained, capacitor

C1 must be much larger than CZ’

Square wave generator - The choppersare driven by an MOS

multivibrator and buffer amplifier.
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Fig. 37 Chopper type ac amplifier using dual collector transistor as
low level chopper and MOS series-shunt chopper as higher

level chopper.
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VI-3 Ac Amplifier

In this section a design procedure, which uses the above tech-
niques, is applied to the ac amplifier. First, the system for the ac

amplifier is designed, followed by the detailed design of a single stage.

From section VI-2 the specification for the ac amplifier is as
follows:
Ac Amplifier Specifications:
(a) Input-R510:V p. p.
( The amplifier must have adequate common mode

rejection for the chopper circuit employed)

(b) Output- 1 V
( Suitable impedance to drive the high level chopper)

(c) Bandwidth- Sufficient to maintain the edges of chopped
signal.

5
(d) Gain- 10 .

From the above it is clear that at least five stages of ampli-
cations are required, because it is difficult to obtain a single stage
voltage gain greater than 10, as demonstrated in section IV-4. Since
the chopper requires common mode rejection, a differential amplifier
is used for the first stage, see Fig. 32. The common mode rejection
may be further improved by an additional stage of differential ampli-

tion. This is followed by at least three stages of single ended
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amplification. An extra stage, without voltage gain, may be required
to match the output of the ac amplifier to the high level chopper. A
block diagram of the system is shown in Fig. 38. Now, the design of
the single stage amplifier will be considered in detail. For simplicity,
a single ended amplifier will be discussed, we will consider the case
where the three stages are similar. It is now possible to write the

specification for one of these stages.

Single Stage Specification:
(a) Input- Dynamic range frompl milivolt -»l volt.
( Suitable to be driven by a source similar to its own
output )

(b) Output- Adequate to drive a load similar to its own input.

(¢c) Bandwidth- Large enough to preserve the edges of the chopped
signal.

(d) Gain- 10.

We now examine Table 1 of single stage amplifier configufations.
The common source configuration meets input impedance and voltage
gain requirement, but it may, in monolithic form, lack the bandwidth
requirement. Thus, we must consider the pair circuits of Table I
and we find that the following meet the specifications:

(1) Common drain driving a common gate ( differential pair )

(2) Common gate driving a common drain
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(3) Common source driving a common drain

(4) Common drain driving a common source

From Fig. 39, we see that (1) is similar to (2) and (3) is simi-
lar to (4) in a cascaded circuit depending on which pair is examined.
Thus, these four circuits can be reduced into two types only. Here we
note that both {2) and (3) do not require a matching stage at the output,
because the common drain already has an adequately low output impe-

dance to match the high level chopper.

It seems that both circuits meet the specifications. However,

analysis of the dc levels and number of threshold voltage drops in each

N

circuit with feedback biasing reveals that direct coupling of similar
circuits will result in a progressive decrease in the dc level of succes
sive stages shown in Fig. 40 and 41 and a solution is to combine the

two types of circuits with a coupling capacitor as shown in Fig, 42.

We now consider in detail one of the stages, shown in Fig, 43.
For dc stabilization, a feedback resistor is used from drain to gate.
The all MOS circuit is shown in Fig. 44. The bold lines represent the
metal on the surface and the thin lines p regions. R1 and R2 are large
value resistances and type B of Table II is suitable. The feedback re-
sistor must be of extremely large value and this is realized by a type A

of Table II operating in the region shown in Fig, 45. As demonstrated
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in section VI-2 a type A resistor may be used for R;. Since each

stage must have a voltage gain of 10, Ry, should be an MOS device of
channel width/length 0. 01 times that of the active device M1 , assuming
other device parameters to be. equal. Although the coupling capacitance
C; to the next stage presents a stray capacitance from the p+ region

to the bulk silicon, The bandwidth can be maintained because the

common drain has a low output impedance.

An overall circuit of the ac amplifier is shown in Fig. 46.
Since MOS devices occupy a smaller area than bipolar, the complexity
of the circuit will not prevent its fabrication as a monolithic unit.

This circuit has not yet been fabricated as an integrated unit,
although the circuit design techniques employed have been tested sepa-

rately.
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VII Conclusion

As indicated in the introduction, the major difficulties in
applying MOS dev.ices to linear integrated circuits are device
nonlinearities, dc instabilities and bandwidth limitations., The
thesis has shown that many of these limitations can be overcome,
particularly:

(I) Non-linearities can be removed by matching the charac-
teristic of an MOS load to the characteristic of an active
device.

(2) Dc instabilities can be greatly reduced by the appro-
priate feedback techniques,

(3) There are two distinct sources of bandwidth limitations,
inherent device limitations and stray capacitances in

the integrated realization of the circuit.

The inherent device limitations can be improved only by device
development. However, the effect of the stray capacitances can be
reduced by placing them at low imipedance nodes, Because of the small
gain-bandwidth of a single MOS amplifying stage, particularly when
these stray capacitances are considered, it is useful to consider active
devices in pairs. A matrix of all possible pair combinations has been

examined and it has been shown that some of them are useful in linear
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amplifier design, in that, although the gain is not increased over that
of single stage, the effect of stray capacitances in dc stabilized inte-

grated realizations can be significantly reduced.

The study has been limited to circuits suitable for integration
using a single diffusion technology because of the apparent economic
advantages. It is clear that additional flexibility will result from
more sophisticated techniques such as multiple diffusion technology
and complementary devices, and further work is required to explore

the possibilities.
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