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Abstract-—Straightforward physical arguments show that when the IGFET specific
gate capacitance is increased, such as by decreasing insulator thick-
ness or by increasing the dielectric constant, device performance wiil
change toward the low impedance, high transconductance character-
istics uniquely typical of bipolar transistors. At relatively large specific
capacitances, the characteristice become remarkably similar to those
of bipolar transistors. The analysis shows that there is a fundamental
trade-off belween impedance level, transconductance, transconduc-

" tance/current ratio, and power gain in [GFET’s. The high input impe-
dance uniguely typical of the IGFET stems from the gate-insulator
capacitance and not from any unique behavior of field-effect action.

An explanation is given for the previously unexplained limiting value
of e/KT experimentally observed for the transconductance/current ratio
at low IGFET drain currents. Modificalion is suggested to correct
existing IGFET theory, which incorrectly predicts unlimited increase in
the transconductance/current ratio as the specific gate capacitance
is increased.

The above results are derived from the behavior of the high/low
dynamic junction that connects the source and channel, a junction
that has the e/KT behavior of the emitter/base junction in the bipotar
transistor, and whose presence and behavior seem to have been gen-
erally unappreciated. One interesting consequence of this junction is
that it results in a dynamic control capacitance identical in form and
magnitude to that of the diffusion capacitance in the bipolar transistor.
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Introduction

Although both the Insulated-Gate Field-Effect Transistor (IGFETH
and the bipolar transistor opcrate on charge-conlrol principles,® these
devices are widely believed to be intrinsically different in the details
of their operation? On the one hand, the bipelar transistor is char-
acterized as a device with a perfect e/kT" control action that results in
2 high transconductance, a transconductance/current ratio that reach-
es the theoretical maximum value of e/kT, and a low input impedance
that is caused in a large measure by the shunting action of 2 dynamic
capacitance known as the diffusion capacitance. On the other hand,
the IGFET is widely characterized as a device having a relatively low
transconductance that is somewhat akin fo that of a vacuum tube,?
transconductance/current ratio that is in practice well below the theo-
retical limit e/kET, and a relatively high imput impedance. Conven-
tional IGFET theory,’ however, does prediet a transconductance/cur-
rent ratio that approaches infinity as the gate-insulator capac1tance is
made arbitrarily large as, for example, by making the insulator thick-
ness approach zero in value. This prediction seems intuitively incor-
rect. At least it iz at marked variance with the behavior of other
charge-control devices such as the bipolar transistor and vacuum
tubes.** :

The following analysis was inspired by three items. The first of
these was the interesting experimental observation that field-effect
fransistors universally exhibit a transconductance/current ratio that
closely approaches e/kT in value as their drain currents are decreased
to low values® As far as the author can tell, no detailed explanation
of this unexpeected result was ever given. The second item is the
intuitively incorrect result predicted for the transconductance/current
ratio by conventional IGFET theory. If it were true that this ratio
approached infinity with decreasing gzate-insulator thickness, the
IGFET would be a most unusual device indeed!* The third, and poten-
tially most important item, is the extant implication that IGFET
devices are restrieted to relatively lower transconductances than bi-
polar transistors and thus suffer a basic speed disadvantage, particu-
larly in digital integrated circuits® wherein load and stray capaeitance
driving capability must be considered in addition to the usual device
measures of frequency performance, for example, the current gain
‘cutoff frequency Fr.

LGFET Potential Distribution -

Simple physical arguments added to the classical picture of IGFET
behavior lead one to believe that the source—drain potential distribu-
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tion existing within a few kT /¢ potential units of the silicon—insulator
interface is as shown in Fig. 1. Here, the gate is biased to create an
inversion channel and the device is operaling in drain saturation. The
point of particular interest in this paper is the potential barrier TV,
that must exist in the source—hannel interface region to balance the
large charge-density difference across this interface. The many con-
gsequences of this will be described below.
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Fig. 1—General form of the source—drain potential distribﬁtion in an
n-channel IGFET operating in drain saturation.

The potential decrease along the channel shown in Fig. 1 is due
to the IR drop caused by the lead current and channel resistance. The
pinch-off point ds reached when the net voltage across the gate insu-
lator falls to zero. A depletion region exists between this point and
the drain. The striking general similarity to the emitter—collector
pof,entia] distribution in the typical bipolar transistor is to be noted.
Similarities in the channel-drain region, such as the Early effect, have
been noted elsewhere.” One presumes that other similarities exist, such
as ‘“channel widening”, corresponding to bipolar base widening, and
also a4 complex mixture of both field and diffusion flow in the channel?®
as in the base of the bipolar device.

Let us now congider the small but important potential barrier V,
in more detail.’ The charge density induced in the condueting channel
of an IGFET is at least a few orders of magnitude smaller than the
dopant charge density in the usual source electrode. Accordingly, just
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IGFET

as at the emitter-base junction in the bipolar transistor, the carrier
densities across the source-channel interface can be connected by a

" the silicon-insulator
s biased to create an

rain saturation. The Boltzmann relation:
potential barrier V,
egion to balance the . Ty —el,
ace. The many con- = exp( ) {1]
Mg kT
: . For an n-channel device n, is the electron density on the channel side
%"'* of the interface, n, is the electron density on the source gide, ¢ is the
::AsTuELArcR B electron eharge, V, is the prewous]y noted barrier potential of Fig. 1,
_DRAIN E is Boltzmann's constant, and T is the absolute temperature of the
region in questicn. An analogous relation helds for p-channel devices.
For our purpeses Relation |1] will be considered meaningful down to
one idnversion channel depth, that is, a few kT/e potential unifs
from the semiconductor—insulator surface interface. Since carrier
. densities in both the source and channel regions generally vary with
m’&% ... depth from the surface interface, the potential V, will in general vary
OINT . with depth. This detail should not affect the general conclusions of
" this paper and for simplicity we shall assume a single average value
of V,.
A further detail to be noted is that the source—channel barrier is a
EJ'ON high/low junction in contrast to the pn-junction at the emitter—base
interface in the bipolar transistor. A high/low junction is more ohmic
in behavior than a p-n juncbion and thus need not produce an offset
distribution in an . effect near the onigin of the I-V characteristic, as is typical of bipolar
en. transistors but not of field effect devices.
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Potential Distribution in the Input Circuit

In IGFET devices of conventicnal design, virtually all of the input
voltage applied between the gate and source electrodes appears across
the gate insulator. One electrode of the gate-insulator capacitor is the
gate electrode, and if we neglect stray capacitances and edge effects,
the other electrode is the conducting channel itself. This channel
returns the eircuit to the source through the previously eited high/
‘low junction. Under both dec and ac operating conditions the potential
V, across this junction is in series with the voltage across the gate
insulator and any IR drops that may appear in the input circuit. These
resistive drops act in much the same way as the base and emitter
series resistance in the input circuit of the bipelar transistor; the po-
tential V, acts in almost exactly the same way as the potential across
the emitter-base junction.. All mobile load-current carrying charges
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that traverse the active region of the device must first elimb a k71'/e-
type potential barrier to be “activated” for use in the load path.

If {the device input voltage is increased to increase the inversion
charge in the channel, the potential V, must decrease according to Eq,
[1] to account for the new charge-density ratio across the junction. A
change in V, of several kT /e potential units can account for a relatively
large change in channel inversion charge and so is not normally noticed
in the usual IGFET input circuit where the largest fraction of the
input voltage is absorbed across the insulator. However, in the limit
when the gafe insulator ecapacitance is made large, such as by de-
creasing the dnsulator thickness or increasing the dielectric constant,
the input voltage drop across this part of the cireuit will approach
zero and the entire input voltage will approach V, except for any IR
drops that may remain. The situation then becomes almost identical
to that in the input circuit ‘of the bipolar transistor.

The IGFET Control Capacitance

In the same manner that changes in base minority-carrier charge in
the bipolar transistor can be associated with a change in the emitter-
junction voltage, the changes in IGFET channel charge can be asso-
ciated with changes in the potential ¥V, This recognition, combined
with the well-known definition of capacitance as a change in charge
for a change in associated voltage, leads to what might be defined as
a control capacitance C,. In the following derivation @, iz the total
channel inversion charge: '

iQ, d ev, |
C,= = ——| const. exp , [2]
av, dv, kT
e
-, —. [3]
kT

The channel charge €, relates to », in Eq. [1] for the reasons shown
in the Appendix, The capacitance C, is the same din form and magni-
tude as the well-known diffusion capacitance that shunts the input of
a bipolar transistor. Of the total device input voltage some fraction
will appear across the high/low junction kT/e and thus across C,
which is effectively in series with the gate insulator capacitance. The
fraction of the input voltage that appears acrogs C, can be viewed as
the useful portion of the input voltage relative to the modulation of
channel charge and drain current. The fraction of the input voltage
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absorbed across the gate insulator capacitance is lost as far as charge
modulation is concerned. The charge on both capacitances is equal
since the capacitances are effectively in serics.

‘Transconduciance Relations

The drain current I is related to the channel ckarge Q. by

I=— [4]

where r is the charge carrier transit time in the channel, This rela-

tion simply states that a charge @, -ig swept out into the drain each

time period r. ' . _
In the extreme limiting case of an infinitely large specific gate-

" insulator capacitance, all of the input vollage appears as V,; none is

lost across the insulator. At this hypothetical limif the transconduc-

~{dtice g,, is given by

a dl 149, Q, e

gp=—"="—="—"—=——

av, dv, +dV, « kT

" or, by Eq. [4],

=1—; | [5]
kT )

the transconductance/current ratio is given by

- = [6]

This new result for the limiting transconductance/current in IGFET's
is consistent with that of other charge-control devices, such as the
bipolar transistor and the grid-controlled vacuum tube. This new limit
. is to be compared with that predicted by classical IGFET theory

— = - 7]
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which is found in standard texts or can be straightforwardly derived
from Iiq. [24] in Appendix 1. Relation [7] predicts an unlimited
range of values, in particular, ones that can be in excess of o/kT If
V, Iis made sufficiently small. This excursion can be achieved in
principle by arbitarily increasing the value of the specific channel
capacitance and decreasing V, correspondingly to keep the channel
charge constant, or Eq. [24] in the Appendix satisfied. In IGFETs
of conventional design, V, is of the order of a volt, and the incorrect
limit result predicted by Eg. [7] does not come into question.

Generalized Transconductance and Input Impedance

Consider the general situation wherein the total gate input voltage v,
divides across the total gate insulator capacitance €, (= CL of Appen-
dix 1) and the control capacitance C, associated with V, and the chan-
nel charge. For simplicity, we shall ignore stray capacitances at the

channel ends and those arising from depletion layers between the -

channel and the underlying semiconductor body. Following the proce-
dure in Eq. [6], the transconductance will then be

e dv,

[8]
kT dV

The derivative term ecan be evaluated by usmg the dlstmbutlon of
voltage across C, and C,,

c,
V.=V, , 9]
C.+C,
Wﬁich gives
av, c, dC,
= —V,C(C,+C,)—2 [10]
v, C,+C, av,

Substituting Eq. [4] into Eq. [3] and differentiating gives

dc, e
=T Ime

v, kT

[11]
Use of Eq. [11] and several other simple substitutions in Eq. [10]
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gives the final results:

e [ G,
= —I| - []2]
ET C,+2C,
e <,
gm:—f for Co<< Cc [13]
2T C,
e
gp=—1I for C, > C, [14]
kT
e
g, =—1 for C,=C,. [15]
3kT

. . Relation [138] corresponds to the situation in IGFET's of conven-
" tional design. That this is indeed the case can be seen by using sub-

- dituations from Eq. [3] and from Eqs. [28] and [29] of the Appendix,
_ which reduce Eq. [13] to

3/2
gy =1—.

Y,

[16]

Adide from the small dliﬁérence in the numerical eonstant, this rela-
tion is idenbical to that derived from classical IGFET theory as
.typified by Eq. [7]. Note, also, that Eq. [13] can be written

1 e I 11 ,
= = [17]

Im
C, o2kT C, 2

which shows that there is a basic frade-off in an IGFET between
transconducbance and input impedance as represented by 1/C,. High
input impedance or dynamic voltage range capability results in low
transconductance and viee versa?

The condition represented in Eg. [14] is identical to that of a
bipolar transistor® and is approachéd in an IGFET of conventional
design at very low drain eurrents where G, as seen from '

e €
Cc:_Qc:_IT;
: kT kT

[18]

RCA Review » Vol. 34 » March 1873 87




is relatively small. This result seems to be a reasonable explanation
for the IGFET cxperimental observations noted earlier® Condition
[14] would be observed at higher drain currents if the specific insulator
capacitance is increased. Numerical caleulations based upon surface
C-V gdata™ seem consistent with the resulis noted above.

. With respect to Eq. [15], there is a general physical argument
to the effect that the parallel plate spacing must be approximately a
Debye length for the gate capacitance to match the control capacitance.
A similar type of argument shows that C, ~ C, when the gate voltage
is equal to kT/e. More generally, C,./C,=V,/(kT/e).

requency Capability

As the IGFET specific gate capacitance is increased to make the device
approach the kipolar transister earmark characteristics of high trans-
conductance and low input impedance, the IGFET frequency capability
will improve because of an improved ability to rapidly charge parasitic
device and circuit capacitances.

The above conclusion as well as the effect on power gain can be
seen from another viewpoint also. This viewpoint was developed in
an earlier analysis based upon charge control considerations as well
as upon solid-state material constraints.” The analysis showed in a
very general manner that there are bagic trade-offs between transistor
power gain G, device input voltage dynamic range Vp, maximum
allowable device output voltage V,, and operating frequency f at
which the foregoing parameters were defined. For either a bipolar
or field-effect trangistor at their ultimate performance limit,

- Ev,
(G.‘DVTVm)l/g.f = . [19]
27

Here, the basic device material constraints are ¥, the dielectric break-
down field of the semiconductor, and »,, the carrier saturation velocity.
For a given value of V,,, G, and f will be maximum when Vg is a
minimum. The minimum attainable value of V, is the kT/e charac-
teristic of bipolar transistors. The value of Vy (= V,) for IGFET's
of conventional design is typically several volts. Accordingly, as Vi
is decreased toward the %kT/e value of hipolars by increasing the
specific gate capacitance, IGFET power gain and frequency response
characteristics will improve.
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Other Effects

In accord with the classical picture of IGFET operation, the drain
saturation veltage will tend to deercase with the gate input voltage
. ag the specific input capacitance is increased. This can be seen from
i Eqg. [24] of the Appendix, which shows that

- DL
B ¥, (= drain saturation voltage) = /—. fao]
) uC

Accordingly, the drain saturation voltage will vary inversely with the
gquare root of the gate insulation capacitance in the range repre-
In the range necar that deseribed for Eg. [15],
the behavior of the drain saturation voltage with gate-insulator
. capacitanee is more complicated. Af the hypothetical limit for v,
of ‘kT/e, the drain saturation voltage would be of the order of kT/e.
. This, combined with the absence of the typical voltage offset of
bipolar transistors, would put the current knee at a lower voltage
'than that seemingly possible with bipolar transistors.
The dynamic power consumption P, of a digital c1rcu1fc is given by
" the well-known relation

P,=fCV2 = fQV.

If we assume a given value of the operating frequency f and a given
switched charge @, then P, will decrease with V, the operating voltage
level. This level is directly related to the drain saturation voltage.

Junction Field-Effect Transistors

I have not considered in defail the reasons for the approach to e/kET
limits for JFET’s, which was also noted experimentally at low drain
eurrents.” Crudely speaking, the reasons for this behavior would seem
to be as sketched below. _
~ The equivalent of the IGFET insulator eapacitance in JFET's is
.- the gate depletion capacitance. The carrier charge activation barrier
is not at the channel-source electrode i'nterface,ras in the IGFET,
but effectively exists around the edges of the channel where the
" channel joins to the gate depletion layer. As the gate voltage is
- decreased, the channel expands its dimensions, and total charge, by
" the thermal motion of majority carriers which climb a ET/e hill at
the channel-depletion-layer interface. In other words, the location of
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the channel edge moves outward toward, and is defined by, the po-
tential surface at which the depletion layer retarding potential is of
the order of kT/e units higher than that of the underlying channcl,

If the channel current is very small, as would be the case for very
small total channel charge, then the fraction of total channel charge
that feels the &T/e barrier will be relatively large, and we should not
be surprised to find g,,/I ratios approaching e/kT. To state it an-
other way, which is analogous to the IGFET case, the channel control
capacitance is relatively small compared to the depletion layer capaci-
tance, which is in series with it. At large channel currents, the situa-
tion is reversed, and we should not expect to find kT /e results.

To maximize the drain current at which kT/e characteristics are
evident, the device should have a very heavily doped, thin, channel.
This would maximize the depletion layer capacitance, maximize the
transconductance, and minimize the input impedance and dynamic
input voltage range. Indeed, high performance JFET devices are fabri-
cated in this manner.”® ' )

Analysis Limitations

The preceding analysis was intended as a demonstration of basic
physical principles and consequent limits, rather than as a detailed
analysis of any particular device under specifie conditions of operation.
For reasons of simplicity, the effects of stray capacitances, resistances,
and frequency were neglected. As with bipolar transistors, these
effects can almost certainly ke.expected to deter the attainment of
the theoretical e/kT limit in commercially realizable devices. The kT/e
limit, itself, should be inviolate.

Summary

The preceding analysis proposes that an IGFET can be viewed as a
hypothetical bipolar transistor with a base that couples to the outside
world through a series capacitance, the gate-insulator capacitance.
The bipolar device is unusual in that it has no dc base current, that is,
it has an alpha identically equal to unity, and has no de net leakage
current. If the series capacitance is increased sufficiently, the IGFET
performance takes on the distinguishing characteristics of the bipolar
device. '

To Warner's statement® “It is noteworthy that attainable g, in
the MOSFET is tied directly to the state-of-the-art, whereas g, in
the bipolar device is essentially fixed by nature,” I would add, “But
the MOSFET state-of-the-art leads toward precisely the same natural
limit!”
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Appendix 1—Channel Charge Relations

The following derivation closely parallels con'ventienal derivations
that take info account the variation of voltage along the channel
length of the gate capacitance due {o the resistive voltage drop along
““the channel. Relationships are developed between applied gate voltage,
physical gate capacitance, channel charge, potential drops along the
channel, and tl:e channel current. Particular attention in the following
o derivation is given to the relationship between tetal channel charge
and the charge density conditions at the source end of the channel.
These need to be related to justify Eqs. [2] and [38] of the text.
'The inversion charge Q(x)} per unit length of the channel at the
w-point # units from the source is

Q) =C[V,—-V(m)], [21]
‘where C is the gate-insulator capacitance per unit length of the
. channel, V, is the applied gate wvoltage (which is assumed totally
across the gate capacitance), and V(z) is the voltage drop at the
point () due to the resistive drop along the channel associated with
~ the flow of the load current 7. The differential drop dV per differential
length da of the channel at the pomt x is

I Idx

av = =
o(z) pQ(x)

[22]

- where o(%) is the channel conductivity at the point », and u is the
charge-carrier mobility, which is assumed constant along the channel.
This assumption should have no effect on our final conclusions over a
rather wide range of behavior of e

Substituting Eq. [21] into [22] and integrating the voltage he-
tween the limits 0 and V, and the distance over the limits ¢ and =,
we get

a7
V22V, V 4+ —a=0. [23]
&G '
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For the pinch-off condition, ¥V =71, at the drain end of the channg
where » = I.. In consequence Eq. [23] vields:

27 V2 -
nC L

This shows several well-known relations that apply at channel pinch-
off. . :
Inserting Eq. [24] into [23] and solving for V we get

V:Vgng,‘/l—— [25]
. L .

Tlie positive sign iz spurious and will hereafter be dropped. Eg. [25]
gives the potential drop along the channel under pinch-off conditions.
For conditions below pinch-off, Eq. [25] becomes

bx
V=VU—V9/‘/1—? [26]

where b expresses the ratio of the actual current I to the pinch-off
value at a given value V, of the applied gate voltage. Eq. [26] states
that V' never rises fo a magnitude V, unless pinch-off oceurs, that is,
unless b =1. It is interesting to note that under non-pinch-off condi-
tiong, there will be a low/high junction at the channel/drain interface
in addition to the high/low junction at the source/channel interfaes,
The junction voltage at the drain end of the channel will be the larger
of the two, because the channel charge density is lower at this end.

Inserting Eq. [25] into [21] we obtain the expression for the in-
version charge @(xz) per unit length of the channel at any point x
along the channel:

Sa—— :
Q(x) :C'Vg/‘/l*ﬁ [27]
L :

At the source end of the channel z = 0, and

Q(x) = Q(0) = CV,. (28]

The total inversion charge @, in the channel is obtained by integrating
Eq. [27] over the length of the channel :

Qe=2/3LQ(0). - , [29]
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IGFET

To relate () to the channel volume charge density . adjacent
to the source, and hence to Eg. [1] of the text, we make use of a
previously derived semiconductor surface relation™ that links the
jnversion charge density %, with the surface potential ¢, the distance
x from the surface into the material’s interior, the intrinsic carrier
density #n;, the doping density #, of the background material, the
minority carrier charge density », in the background material, and

the intrinsic Debye length £
H2

ni 172 & [ - e'ﬁa
— —— 4 oxp
K 2y ) o0 | T
An analogous thermal equilibrium relation applies te p-channel
“devices. - \

The potential at the semiconductor surface is Vo Ed. [30] is only
“¢alid in the inversion layer. Terms involving the fixed dopant charge
'_hnd the majority carrier charge were dropped. We now integrate the
“relation

[30]

Q) = W/ncd;c, [31]
0
-wherein W is the lateral gate width. We obtain
2W.rln
Qo) = ) [32]

“wherein n = 7, exp {ed,/{28kT)} is the inversion charge density at the

semiconductor surface adjacent to the source. The integration was
_carried out to a depth # into the material sufficient to include the
~majority of the inversion charge.

- Eq. [32] is the desired relation. It shows that the channel volume
charge density adjacent to the source is directly proportional to Q)
"and hence to the fotal chanmel charge @, (Eq. [29]).

Relation [82] 18 quite general. It is not affected by the inclusion
“of nonthermal equilibrium conditions into Eg. [30], as for example,
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by including the effeet of the load current /R voltage drop along the = Practica| Use o
channel. The above relationship between the tetal charge in the
channel and the channel charge density adjacent to the source s }
analogous to the familiar bipolar transistor relationship hetween total A. H. Sommer
 base charge and the base charge density adjacent to the emitter.
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