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Abstract

The operation theory of MOS field-effect transistors based on some
simplifying assumptions are analyzed. Then a simple method is presented
to determine the effective surface carrier mobility, the parasitic resistance
in the source region, and the transconductance in the saturation region.
Some curves which are necessary in the method are plotted. The saturation
drain current and gate voltage of these curves are normalized to the zero
bias saturation drain current and pinch-off voltage respectively, thus this
method is valid for different kinds of MOS transistors. The curves show
that the parasitic resistance may be neglected for most of the practical
MOS transistors.

I. Introduction

The field effect principle has been studied since 1930, and the research
work led to the discovery of the point contact transistors in 1948 and the
invention of the junction transistor thereafter. But those two types of
transistors operate on the principle of minority carrier injection rather than
field effect. In 1952, an active solid-state field effect device, in which a
reverse biased p-n junction was used as the field effect electrode, was
successfully built. But the lack of the controllability and stability of the
surface prevented the progress of this junction type field effect transistor
towards a practical one. The surface states were found to be highly
dependent upon surface conditions, and were found to be the main source
of the obstacle.

A relatively stable surface field effect active device fabricated by
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silicon planar techniques has been available the past few years. The surface
of this new type field effect transistor is protected by an oxide layer which
reduces the concentration of surface states from the order of ;,*/..'to
10%/.x® and makes the surface more stable. Because of the device structure,
the name metal-oxide-semiconductor transistor or MOS transistor was

adopted,

[I. The Operation Theory of MOS Field-Effect Transistor
II-1 Comparison between Field-Effect Transistor and Junction Transistor

Field-Effect Transistor

Current is carried by the majority
carriers drifted by an electric
field.

The transit time is shorter because
of the higher drift velocities.

Operating frequencies can be
higher.

High input impedance

Voltage amplification

Junction Transistor

Current is carried by the minority
carriers diffusing in an essen-
tially field-free region

The transit time is longer because
of the lower diffusion velocities.

Operating frequencies are lower.

Lower input impedance
Current amplification

II-2 The Basic Structure of MOS Transistor

The Structures of MOS transistor are shown in Figs. 1(a)-(b). Fig.1(a)
is the circular geometry while Fig.1(b)is the linear geometry. The source
region "S" is usually internally connected to the bulk by a metal layer,
otherwise the device would become a four terminal structure. The gate "G”
which is a metal electrode over the oxide, is employed as the input lead,
while the drain region D is usually employed as the output lead with the
source as the common lead in the input and output. Metals such as aluminum,
silver, gold, platinum, chromium and others are generally used, oxide
thickness is of the order of 1000A. Thick oxide reduces the transconductance,
the gain, and speed of the device, and very thin oxide makes the reprodu-
cibility of the device difficult. The substrate here acts as a support. As
shown in the figure, p-type substrate, n-type source and drain regions are
assumed in this paper,
[I-3 The Operation Types of MOS Transistor

1. Depletion-Type Transistor
If the surface region under the gate electrode is made with same
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conductivity type as the source and drain regions during fabrication process,
then a conduction path which is usually called the channel will be present
between the drain and source. This type of device is known as the "deple-
tion-type” field effect transistor. This may be operated in either the depletion
mode or enhancement mode.

(a) Depletion Mode:

The depletion mode is operated with the gate at reverse biased
so that the current path between the source and drain electrodes can be
reduced or the carriers can be depleted from the channel. Therefore
maximum channel current flows in this mode of operation at zero gate
voltage.

(b) Enhancement Mode:

In contrast to the depletion mode, the enhancement mode is
operated with the gate at forward biased. Then carriers can be drawn
into the channel so that the current can be enhanced. Minimum channel
current flows in this mode of operation at zero gate voltage.

2. Induced Channel-Type Transistor

If a device is fabricated without the built-in channel, the n-type source
and drain are isolated on the p-type substrate and there is no channel
current at zero gate voltage, If a positive voltage is applied to the gate
then holes will be depleted from the surface between the source and drain
and an inversion layer of n-type will induce a further increase in gate
voltage.
II-4 Elementary Physical Theory of an Electron Conduction Device

For presenting a mathematical analysis of the MOS transistor, some
assumptions must be made for a simple physical model. (1) the drain
current is due to drift electron channel current only, the minority carrier
current, drain junction diffusion current, and the current due to generation
and recombination are all negligible compared with the electron channel
current, (2) the gradual channel approximation will be employed. (3) shallow
channel approximation, which assumes that the total potential drop is in
the oxide will be used.

When a positive voltage is applied to the gate of a MOS transistor,
surface charge will be induced in the channel. With shallow channel appro-
ximation, its density is given by
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Q ) =5={ VeV ] (1)

where Vs is the gate voltage. V(y) is the potential in the channel with
distant y from the source, €, is the dielectric constant of the oxide, T.. is
the oxide thickness.

It may happen that only part of the induced surface charges are mobile
when positive gate voltage is applied, it may also happen that electron
channel exists even at Vo=0, This phenominum is due to the existence of
the surface state charge Qssand bulk charge Qze Both Qs and Qg are
assumed to be independent of position along the channel y, then the mobile
charge density Q. at any point in the channel is given by

Quy) = [ VoV ) ]+ Qe+ Qs @)

where Q.., Qss and Qg are all expressed as charge per unit area. From (2)
it is evident that Qs+Qs is the number of charges per unit area initially
present in the gap region. There are mobile charges somewhere in the gap

region if
S (Vo= V () T+ Qust Q>0
e, Vo—V (Y) = ox(QBS'I'QB) (3,)

The pinch-off voltage is defmed as the potential difference across the
oxide at any point in the channel at which the mobile charge will go to vanish
at that point. From (3)the pinch-off voltage is

Vi == 1o%(Qut-Qu 4)
Sustituting (4),(2) becomes
€ox ¥ _XF
Q. (y —T---{wg V() 1=V} (5)

It is evident from(4)and (5) that if Q«<+Qy< 0, there are a large
number of acceptor states or traps which must be filled by field effect
before the conduction path is induced. Thus a positive gate bias must be
applied to fill the acceptor-like surface states before an accumulation layer
at the surface is formed. The pinch-off voltage of this induced channel-type
unit is the minimum gate voltage required to turn on the drain current,
On the other hand, if Qu+Qs; 0, the pinch-off voltage of this depletion
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type unit is the minimum voltage required to empty the donor-like surface
states and turn off the surface channel.
The channel current may be obtained by using Ohm's law
L= (6)
" AR(®)
where A R is the resistance of the infinitesimal channel section of width

W and length A vy, ie,

=AY =
RO=qmmw &

Substituting (7) into (6):
L=l WAV 8
»= R (D e Ny 8)
and integrating from one end of the channel to the other yields

L N V‘I}
Iy j dy=W [ o+ Quly) dV 9)
19} 8

where Vs and V), are source and drain voltage, respectively.

The electron ‘mobility g, is not constant along the channel, it is generally
less than the bulk mobility due to the additional surface scattering. In order
to calculate (9) 1t is convenient to define an average surface mobility z, by

A -V Vy
m=] e Quy) dV/[ “Quy) dV (10)
Vs Vs
then (9) becomes
- Vo
L=7 %[ "Quy) av (11)
J VL-‘.
Substitute (5) into (11)
= .V
_ Wieox "I'v . - 3
Ip =—p x| - [Vo=Vy) =Ve ] av (12)
Integrating this expression and letting Vg=0 yield the drain current
L = Sy [2(Vo=Vi) V,— V] (13)

Actually, there exists small value of parasitic series resistances R, and
R,» in source and drain respectively, therefore the limits of integration
must be replaced by I,R,. and V,-IuR:,, then (13) becomes
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= Witi€os = L3 il
IL: 7L T()x {Z(Vu Vp)[(Vu IDRPI)) IDRPS]

= (V=L RE = RN.)*J} (14)

However, (14) is valid only for gradual channel, i.e. Vo=V >Vo—ILRep.
If Vo—=Ve2Vy—IyRps the channel is pinch-off near the drain, and the
drain current remains essentially constant as the drain voltage is further
increased. The pinch-off condition may be obtained from (14) by setting

al,, % s
( 3‘7—,_,_) Vc.:O' this gives

Vo=Vs=Vo—Ve+L,Rep (15)
Imposing the pinch-off condition yields the saturation drain current I
from (14)
\:(G["3

Ips=2B 14+2B Res Ver+ v/ 1+4B Ry Vor (16)
where
VG!':VD_VI' (17)
- W_F‘EEOL
B 2L Tox (18)

It should be noted that the saturation drain current I, is independent
of the parasitic drain resistance Rep.
If the parasitic source resistance Rys is very small (16) becomes
I,s=BVg’ (19)
This equation means that the transfer function is essentially parabolic
and a square law device is obtained. (16) shows that the saturation drain
current I, is independent of the drain voltage, and the additional increased
voltage appears across the pinch-off space-charge region. This gives an
infinite drain resistance. Actually, a very slight increase of the drain current
does occur owing to the slight decrease of the channel length of the
nonpinched-off region. This channel shortening effect gives a finite drain
resistance when the drain voltage is beyond the pinch-off condition.
For most of the practical MOS transistor, the parasitic resistances are
negligible, Thus, (13) and (19) can be used, and they are rewritten as
I,/B=2Vse Vy—V,32, for Vp;<Vor (20)
Tue/B=Ves?, for Vo >Vae (21)
(20), (21) are shown in Fig. 2. This is the drain characteristic of an
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N-channel MOS transistor.
The small signal low frequency transconductance is obtained from (14),

g =_BID! = 2B VD_ZB ID(RPD_"RPS)
" Vely 14+2B(Ver (Rep+Res)-RepVo+1Io (Rep*+Res?) ]

(22)

This equation is valid only for V,< Vg,
If the device is operated beyond the saturation voltage, the transcon-
ductance may be obtained from (16)

aIns V -
ms — = 4B 'GP —_—
=3V, “C154B Ry Vark VITIRV (23)

Actually, g.., is the maximum value of g..
If the terms involving Rps and Ry, may be neglected, then (22), (23)
becomes
ga=2BV,; , for V= Vs (24)
ga=2B Ve , for Vu>Var (25)
(25)may be written as

Eru=Bo (1= %) (26)

where g, is the zero-bias transconductance which is equal to 2B (-V,).
In a first approximation, the d.c. drain resistance below saturation is
computed from (20) and is given by

R, -—E—\I{% -_—2]—3 (Vm—l_vyz) , Vi<l Vp (27)
The small signal low frequency drain resistance may be obtained by
differentiating (20) with V; keeps constant,
omir® e OB Vane ¥y, Vo <Vor e
The a.c. drain resistance is always less than d.c. drain resistance.
If the device is operated in the onset region where V,{ Vs, then (27)

and (28) become

1

Ip= RD=2_BTW (29)

the relation of r, =Ryee will be satisfied only at low drain voltages

1
Ver
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or at high gate voltages.
The voltage amplification factor of the device is defined as

----- (30)

The last step is calculated by (24) and (28).

At the point of saturation the voltage amplification factor diverges due
to r, being infinite. But actually, owing to the channel length shortening
effect beyond the saturation point the drain resistance is finite in the
saturation region, hence the voltage amplification factor is also finite.

IIL. A Method for Determining the Effective Surface Carrier Mobility, the
Parasitic Resistance in Source Region, and the Transconductance in Satu-
ration Region

In this section a simple method for determining the effective surface
carrier mobility, the parasitic resistance in source, and the transconductance
in saturation region of MOS transistors will be introduced.

Only (16) and (23) which yield the saturation drain current and the
transconductance in saturation region will be used. Since both (16) and
(23) have shown good agreement in experiments by C. T. Sah, an
acceptable numerical "per cent error” may safely be assumed in this method.

The depletion type will be assumed first, and then the induced—-channel
type will be discussed.

If equation (16) is normalized to the saturation drain current for V=0,
i.e. Vagp=— V,, the results is

Is 1 r—(1—vnz( 1+K+v1+2K
8 [ l=(1—V") ( Phelr. s eaq
Ls Iy =0 1+K(0-=-V)+v1+2K0-V")
(3L
where
[ Z_YO
Vi — v, (32)
K=—2B Ris Ve (33)

The pinch-off voltage V. is negative for the depletion type N-channel
device, and since B and Rys are all positive K is also positive. If the gate
voltage Vg lies in the range from zero to V. (negative value), then the
normalized gate voltage V' is positive. Eq. (31) is plotted in Fig. (3) for
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several values of K. The curves of which the value of K are less than 0.1
are so closely each other, only one curve for K=0 is plotted to represent
this range of K. This means that if K is less than 0.1, it will take no
difference as if K is zero, and hence the parasitic resistance Rys can be
neglected in this case.

The value of K can be rapidly obtained by a simple experiment. In
this experiment the drain voltage V, is set to a sufficient high value to
saturate the drain current. If the pinch-off voltage V, is known, then the
normalized gate voltage V'’ can easily be obtained. Some points of the
normalized saturation current Ids’ as a function of the normalized gate
voltage can be rapidly plotted. These experimental points are then compared
with the curves of Fig. (3), and the value of K can be determinated.

If the pinch-off voltage V, is unknown, it can be obtained from the
two terminal characteristics in which the gate electrode is connected to the
drain through a battery Vss > |V . Its positive side is tied to the drain as
shown in the following figure,

llv""
e oM
e

© | ®

In these connections, the device is in the saturation region since Vy=
Vo+Vea >Ve—Ve=Vys. From (16) the onset of the drain current occurs
when Vy—V,=0, thus

Ve=Ve=Vio— Ve (34)
where Vo is the drain voltage which makes the onset of the drain current,



69

The magnitude of K may also be obtained by another method stated
below.

The normalized drain currents have been plotted in Fig. (3) as function
of V' for several values of K by use of (31). It can also be plotted as
function of K for several values of V’. When V'=0, i.e. Vo=0, then Iy’ =1
for all values of K, it is a horizontal line with I,s’=1. If V' increases, it
becomes a curve which intersects the verticle axis (K=0) at (1-V')? and
is monotonic increasing to a limit (1-V’). Finally, if V’=1, it becomes a
horizontal line again with I,s’=0 for all value of K. Thus the slope of the
curves at K=0 must increase from zero to a maximum and then decrease
to zero as V' changes from zero to one.The slope at K=0 for any V' may
|

be calculated from (31) as—%l-—‘?sK'—K and is
K=0
o 0lps” A7 XTIy e
So—--——-w—a K ! =V’ (1-V') (35)

From this equation it is obvious that the slope is zero when V'’ equals
zero or one. Now the maximum value of the slope may be found by setting

§$°;=0, this becomes
g%=(l—‘v”) (1=3V")=0 (36)
thus Vv ’zé, and Sotms= _—247 (37)

Therefore at V' = %, the variation of I’ with K will be maximum,

The curve of I,s" vs. K for V’=§ is plotted in Fig. (4). This curve is

the most convenient one to be used to determine the magnitude of K. Two
other curves are also plotted in Figs., (5) and (6) with V=% and 1.

By setting V’:% and I.«" being the ratio of the saturation drain cur-

rent at Ve=V,:/3 to the saturation drain current at Vo=0, then from Fig.
(4) the value of K can be determined. Similarly it may be obtained by
Figs. (5) and (6). The mean value of these three values of K will be con-
sidered as the most suitable one.

Eq. (16) may be written as



70

a0 {1V
2BV.? 1+K(1—-V’)+,/1—|—2K(1—V’)

(38)

and is plotted in Fig. (7) for V’=0. If the value of K has been determined,
then the value of B can be calculated since the saturation drain current
(in this case for V'=0) and the pinch-off voltage are all measurable
quantities and have been measured when the value of K is to be determined.

Now the effective surface carrier mobility and the parasitic resistance
in source can be calculated from (18) and (33) as

—'n= 2\% ;I‘ux B (39)
ox
Res = '-‘2'}“? "'-'?' (40)
(39) can also be written as
i=-22B (n

where Cox is the capacitance of the oxide layer over the channel area, and
is given by

_ WLeax
Cox = - (42)

0Ox
The channel length, channel width, dielectric constant and thickness of a
oxide layer are all known quantities for certain MOS transistors. Thus
(39) can be used to determine the effective surface carrier mobility if B
is known,
The transconductance in saturation region can be obtained from (23)
which is rewritten as

gms — (1"'Vt) i 110 d9 (43)
4B(—V,) 1+2K(1-V")+¢y/1+2K(1—V")

and is plotted in Fig. (8) for several values of V’.

IV Discussion

Several simplifying assumptions have been used in analyzing the charac-
teristice of MOS transistors. In general the gradual channel approximation
is valid over a substantial portion of the channel near the source. In the
drain region, space charge effects cannot be neglected, and this approxima-
tion is no longer wvalid.

Since the maximum potential drop across a surface inversion layer
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will not exceed half the band gap potential of the semiconductor by more
than a few kT, the shallow channel approximation will be valid if the
potential drop between the gate and the channel is several volts or greater.

The simple theory based on these assumptions have been compared
with experimental measurements by C. T. Sah,the comparison shows good
general agreement with the theory of the dc characteristics, but discrepancies
are found for the transcoductance. The possible sources of the discrepancies
may be come from the dependence of the surface state charge, the bulk
charge, and the surface mobility on the gate voltage.

The common-source MOS transistors are assumed and discussed through-
out this paper. They can also be analyzed and operated with common-
oate and common drain.

The surface carrier mobilities of the MOS transistors not only vary
along the channel but also depend upon the drift field and the gate field.
Thus if the normalized gate voltage V' and the drain voltage V, are set
to the actual operation value in determining the effective surface carrier

mobilities, and the transconductance in the saturation region, then it will
give more accurate results.
Up to the present, only n-channel depletion type is assumed. The

method presented in Section III can also be used to the induced channel
tyep if some modifications are made: [1] Since the pinch-off voltage of
an induced channel type is positive, thus K is defined as (4 )2BRgs V., (2]
In Figs. (3) and (8) the region of V’ must be changed from two to one
instead of from zero to one, (3] In Figs. (4) (5) and (6) the values of V'’
are replaced by 5/3, 3/2, and 7/4, respectively, (4] In Fig, (7) the value
of V' is replaced by two, (5] In Eg. (40) plus sign is used for the parasitic
resistance, (6] Two terminal characteristics method of determining the
pinch-off voltage can still be used by setting Vee=0, (7] The normalized
saturation drain current is the ratio of the current at any bias to the current
with bias equal to 2 V..
V. Conclusion

The dc characteristics of the simple model of MOS transistors based
on some simplifying assumptions have shown good agreement with experi-
ment by C. T. Sah. But some discrepancies are found for the differential
characteristics such as transconductance especially in the region below
saturation. Thus the method presented in this paper can be used to determine
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accurately the effective surface carrier mobility and the parasitic resistance,
but the transconductances determined by this method may give some
discrepancies.

Fig. (3) shows that if K is less than 0.1 the parasitic resistance can
be neglected without giving large error.

w
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