D. P. Kennedy
R. R. O’Brien

Computer Aided Two-dimensional Analysis
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Abstract: A two-dimensional analysis is presented of the mechanisms of operation for a junction field-effect transistor. Particular
emphasis is placed upon the process of electric current saturation in both wide gate and narrow gate structures. It is shown that velocity
saturated carrier transport in a source-drain channel produces heretofore unreported mechanisms of device operation. Comparisons
made between the conclusions derived from this two-dimensional analysis and the conventional one-dimensional theory of JFET

operation are presented in graphic form.

Introduction

In his publication on the unipolar field-effect transistor,’
Shockley presented a mathematical analysis of electrical
conduction within a source-drain channel. Shockley’s
analysis was based upon two important simplifications:
First, the gate junction space-charge layers were presumed
to ideally satisfy all of the concepts used in his depletion
layer theory” of abrupt p-n junctions and, second, the
geometrical configuration of the structure was selected so
the source-drain channel potential distribution could be
approximated by one-dimensional mathematical models.
Thereby, Schockley reduced a difficult two-dimensional
boundary value problem into one that is separable into
several mathematically tractable, one-dimensional prob-
lems. His simplifications were well justified, as shown by
the many conclusions derived from his analysis that were
subsequently verified by laboratory experiment. His
analysis of the unipolar field-effect transistor provides
fundamental insight into the mechanisms involved in
junction field-effect transistor (JFET) operation.

The understanding derived from Shockley’s analysis
stimulated numerous subsequent investigations that further
develop the theory of field-effect transistor operation. For
example, Dacey and Ross® proposed a modification in
which the carrier mobility is decreased throughout those
regions of a source-drain channel containing a large electric
field.* Later, Grosvalet et al.’ suggested that the phenom-
enon of electric current saturation is directly attributable
to the field-dependent mobility of carriers in the source-
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Figure 1 Illustration of JFET model.

drain channel, although from theoretical considerations
Kennedy and O’Brien® show that current saturation can
exist in structures exhibiting a constant carrier mobility
throughout the entire source-drain channel. Many un-
answered questions remain concerning the mechanisms of
operation within a JFET; such questions are answerable
only by a rigorous mathematical analysis of this semi-
conductor problem.

The purpose of this paper is to present the results of a
two-dimensional mathematical analysis of the structure
shown in Fig. 1. The system of equations applied to this
problem was previously outlined by Van Roosbroeck’ in
connection with his investigations of the flow of electrons
and holes in a semiconductor. Finite difference methods
are used, with the aid of an electronic computer; thereby,
a rigorous evaluation is made of the mechanisms of opera-
tion that produce the electrical characteristics of junction
field-effect transistors.
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The mathematical model shown in Fig. 1 closely
resembles the mathematical model used by Shockley and
others in connection with their investigations of unipolar
transistor operation. For this reason, the present analysis
has provided an opportunity to study some aspects of
the traditional theory of wide gate JFET’s and, in particu-
lar, to establish the consequences of many approximations
used in this theory. Furthermore, included here are some
comparisons between the physical and electrical properties
of narrow gate and wide gate structures; heretofore,
narrow gate JFET’S have not been adequately considered
in the technical literature.

Analysis
It has been shown” that the hole and electron distributions
in semiconductor material are described by the equations

(@) divegrad¥ = —L (N — n + p),
K€y

(®) J, = —qD, grad p — qu,p grad ¥,

© J.=qD,grad n — qu.n grad ¥,

(@) div J, = qR,,

(e) div J, = gR,, and

® Jr=L+ J. 6y

by assuming no trapping mechanisms within the structure
under consideration.

Equation (1a) is Poisson’s equation, and it relates the
divergence of the electric field (E = —grad V) to the
electrostatic charge distribution arising from both mobile
charge carriers (holes p and electrons n) and immobile
ionized impurity atoms N within the semiconductor lattice.

Equations (1b) and (1c) give the electric current distri-
bution in a semiconductor arising from the transport of
mobile holes and electrons. These equations express the
dependency of each electric current component ( J, and J,)
upon the concentration gradients of holes and electrons,
the mobility of these charge carriers, and the electrostatic
potential gradient (electric field) within the semiconductor
material.

Throughout this analysis we have adopted the field-
dependent mobility for electrons and holes as shown by
Ryder,* from his investigations of this topic. In particular,
there are two critical fields (E,; and E.,) in silicon at which
the mobility relationship changes. The mobility is constant
where the electric field is below E,,. Throughout regions of
this structure where the electric field is between E,; and E,,,
the mobility depends upon the electric field as p « E~ %;
for fields above E,, p « E~'. Qualitative theoretical
investigations of this subject® have led to a satisfactory
phenomenological explanation for the large-field drift
characteristics of electrons in silicon, although we are at
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present unable to quantitatively establish carrier velocities
by other than experimental means.

Equations (1d) and (le), the continuity equations for
holes and electrons, assume an unspecified mechanism for
carrier generation and carrier recombination. For sim-
plicity, the present calculation is based upon the existence
of a single recombination level located at mid-gap within
the semiconductor material. Although recombination and
generation of minority carriers are taken into account in
this analysis, the magnitudes attributable to modern
silicon devices are found to have little influence on the
important mechanisms contributing to field-effect device
operation. Therefore the manner in which field-effect
device operation is influenced by minority carrier recombi-
nation/generation is not considered in the present analysis.

Equation (1f) states that the total electric current density
(Jy) is a vector sum of the electric current densities due
to holes (J,) and electrons ( J,).

The six equations (1) are combined into three simul-
taneous nonlinear differential equations in three variables:
electrostatic potential, mobile hole density, and mobile
electron density. The analysis presented here results from
numerical solutions of these three equations. To accom-
plish this task, three two-dimensional nodal arrays are used
to approximate the structure under investigation. Boundary
conditions for each variable, in addition to the impurity
atom distribution, are introduced as constraints upon the
solution for each nodal array. Thereafter, using a finite-
difference form for the associated differential equations,
relaxation techniques®'® are applied sequentially to the
three arrays; the simultaneity of the solution is assured by
a Picard iteration'* occurring among these arrays.

Throughout this mathematical investigation, particular
emphasis is placed upon the selection of boundary condi-
tions that do not introduce errors in the calculated results.
In particular, the boundary conditions used in this analysis
approximate the physical and electrical characteristics of
the outer periphery of this semiconductor structure, rather
than internal boundaries established by its physical or
electrical properties. A homogeneous impurity atom
distribution is assumed within both the n-type and p-type
semiconductor material, and an abrupt impurity atom
transition is used at the metallurgical boundaries of the
gate junctions. The exposed semiconductor surface is
assumed to be an ideal electrical insulator; i.e., no electric
current is permitted normal to these bounding surfaces.
The ohmic contacts are approximated by equipotential
surfaces that are charge neutral; these ohmic contacts
have been located sufficiently far from the active regions of
this device to have no influence upon its calculated elec-
trical properties.

In the calculations presented here, the physical and
geometrical properties of the analytical model (Fig. 1)
are consistent with a previously described high-frequency

IBM J. RES. DEVELOP.




p-type

n-type

p-type

(a)

p-type

n-type

p-type

(b)

Figure 2 Calculated mobile electron distribution in a wide gate JFET (constant electron mobility). (a) Vea = 0, Vg = 5.0V; (b) Ve

as described in text, V, = 0.

JFET in silicon.® The dimensions of this structure are
particularly small: The source-drain channel length L, is
2 um, and the channel width W, is 0.4 um. The source-
drain channel is assumed to be doped n-type (1.5 X 10*7
atoms/cm®) and the gate junction region p-type 10*
atoms/cm®),

Behavior of the JFET at pinch-off and beyond
In field-effect device operation, an important concept is
source-drain channel pinch-off by the gate junction space-
charge layers. From Shockley’s analysis," pinch-off is
presumed to be the onset of electric current saturation.
This concept is generally adopted in the theory of field-
effect transistors, although it is conceded that the presence
of a source-drain electric current eliminates the possibility
of complete channel pinch-off. Complete pinch-off of the
source-drain channel would produce an electrically in-
sulating layer between the source and drain contacts,
thereby eliminating all source-drain electric current.

Most physical models of JFET pinch-off have been
taken from Shockley’s theory of the unipolar transistor.
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The conducting channel between source and drain is
divided into two regions:

Region I where the gate junction space-charge layer
penetration is only partial, and Shockley’s gradual
approximation is applicable, and

Region II where the gate junction space-charge layer
penetration is complete, and Shockley’s gradual approxi-
mation is not applicable.

As noted by Shockley, this particular method of character-
izing the regions of a source-drain channel is applicable
only to JFET structures containing gate junctions that are
wide (W, in Fig. 1) when compared to the channel width
(W, in Fig. 1). For this reason, the present discussion is
divided into two sections: first, the wide gate JFET and,
second, the narrow gate JFET.

o The wide gate JFET
Figure 2 illustrates some fundamental properties of
channel pinch-off with and without a source-drain electric
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current. In Fig. 2(a), the source-drain biasing voltage V.4
is assumed to be zero and the source-gate voltage V,, is
sufficient to thoroughly deplete mobile carriers from the
source-drain channel. Figure 2(b) shows the calculated
mobile electron distribution when the source-gate voltage
V. is zero and the source-drain voltage V,q is selected so
that the maximum gate junction biasing voltage equals the
value assumed for V,, in Fig. 2(a).

Unlike the depletion layer approximation for p-n junc-
tion operation, the present calculation does not produce a
discrete boundary at the gate junction space-charge layer
edge. For this reason, Fig. 2 shows three isoconcentration
contours for mobile electrons bounding the gate junction
space-charge layers: 90%,, 509% and 109, of the electron
density within the charge neutral semiconductor material.

In Fig. 2(a) the applied gate biasing voltage reduces the
channel carrier density to about 10™° of its magnitude in
charge neutral material. Clearly, this source-gate voltage
is far in excess of the value normally considered to be the
pinch-off value for a JFET.

Although the maximum gate voltage in Fig. 2(b) is the
same magnitude as in Fig. 2(a), many differences can be
observed in the mechanisms of channel pinch-off. Along
the Iongitudinal axis of symmetry in Fig. 2(b), the density
of mobile electrons has been depleted to between 109,
and 509, of the equilibrium value in charge neutral
material. Therefore, a channel of mobile electrons resides
between the gate junction space-charge layers; this channel
maintains electrical conduction between the source and
drain contacts. Figure 2(b) is typical of the electron distri-
bution within a wide gate JFET when the source-drain
biasing voltage is sufficient to produce electric current
saturation. It should be noted that the calculations for
Fig. 2(b) are based upon an assumption that the drift
mobility for carriers is constant everywhere within the
source-drain channel, although this assumption is recog-
nized as an oversimplification.

Figure 2(b) illustrates a situation encountered through-
out this investigation of JFET operation: In the presence
of a source-drain electric current, complete pinch-off of
the source-drain channel is never observed, regardless of
the source-drain biasing voltage. At all values of applied
voltage a channel of mobile carriers is found between the
gate junction space-charge layers, and this channel
maintains an electrical connection between the source and
drain contacts. Furthermore, the dimensions of this
channel (length, width, etc.) are modified by changes in the
applied biasing voltages.

The calculations shown in Fig. 2(b) substantiate a
proposal, first suggested by Grebene and Ghandhi,'® that
throughout the pinched-off region of this semiconductor
device, any electric current between the source-drain
contacts is confined to a very narrow conductive path near
the center of the channel. The confinement of the electric
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current arises from a transverse electric field produced by
electrostatic charges associated with the gate junction
space-charge layers. This electric field opposes the trans-
verse diffusion of majority carriers arising from a carrier
density gradient appearing on each side of the channel;
thereby, mobile charge carriers are confined to the longi-
tudinal axis of symmetry between the two gate junctions.

An additional question concerns the departure of this
narrow conducting path from charge neutrality. Jund and
Grosvalet'” have proposed that the free carrier concentra-
tion within this channel can become larger than its equi-
librium value. In contrast, Wedlock™® suggests that if the
mobile carrier concentration exceeds its equilibrium value,
the resulting electric field (due to the electrostatic charge)
would tend to disperse the channel; this conclusion is
contrary to the existence of a narrow conducting path
between the source and drain contacts. From our calcula-
tions of wide gate JFET operation, the carrier density
within this channel is always below its equilibrium value
when a constant carrier mobility is assumed everywhere
within the structure. A principal part of the resulting
electrostatic charge is an integral part of the gate junction
space-charge layers. Hence, the electrostatic charge within
this channel produces an electric field component that is
predominantly transverse to the direction of current flow
between the source and drain contacts.

Numerous theoretical models have been proposed for
JFET operation beyond pinch-off; some of these are shown
in Fig. 3. Specifically, Shockley," and Prim and Shockley™®
assumed that the boundary between regions I and II*
moves toward the source contact with an increase in
source-drain biasing voltage, Fig. 3(a). Little consideration
was given to the details of carrier transport through this
pinched-off region although Shockley recognized that a
sufficient mobile carrier density must be present to support
a source-drain electric current. Similarly, Grove,”° Grebene
and Ghandhi,'® and others have adopted a modified form
of the Shockley model; they assume that mobile carriers
within the pinched-off region are confined to a narrow
channel as in Fig. 3(b), and that the longitudinal electric
field within this channel is sufficient to limit the average
carrier velocity to its saturated value through lattice
scattering. Wedlock'® suggests that these models would
predict a much softer current saturation than is experi-
mentally observed because, in each model, the pinch-off
point is assumed to change location with a change in
applied voltage.

In contrast with the Shockley model, a frequently used
model is one that was first suggested by Dacey and Ross®;
they proposed that the pinch-off point of this channel
appears immediately under the drain end of the gate

* Throughout this paper, the boundary between regions I and II will be
called the pinch-off point within the source-drain channel.
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junctions, and that this location is independent of the
applied voltage. Both Sevin®! and Wedlock'® have adopted
this proposal, with an addition that the gate junction space-
charge layer extends toward the drain contact with an
increase in applied voltage, Figs. 3(c) and 3(d). A funda-
mental difference between these two models is the manner
of carrier transport through the pinched-off region. Sevin
assumes a narrow conducting channel, Fig. 3(c), in which
the longitudinal electric field is sufficient to attain the
limiting carrier velocity. He gives no explanation concern-
ing the mechanism by which this channel can be main-
tained for a reasonable distance beyond the gate junction
edge.'® Wedlock assumes that carrier transport through
this pinched-off region arises from both drift and diffusion,
Fig. 3(d), rejecting the possibility of a longitudinal electric
field sufficient to introduce velocity saturation. It is
emphasized that by maintaining the pinch-off point at a
fixed location, both of these models predict a hard satura-
tion of the source-drain electric current.

To answer some of these questions, a sequence of
calculations has been performed throughout a range of
source-drain biasing voltage upon the analytical model
used in this investigation (Fig. 1). Figure 4 shows the
calculated space-charge layer distribution at source-drain
voltages of 4.0, 5.0 and 7.0 volts. It is emphasized that a
sufficient electric field is present in the pinched-off region
of Fig. 4 to produce velocity saturation of the mobile
carriers, although this mechanism is not taken into account.
For illustrative purposes, Fig. 4 shows the manner of
channel pinch-off when a constant carrier mobility is
assumed everywhere within this semiconductor structure.

In a fashion consistent with Shockley’s theory, Fig. 4
shows that the pinch-off point within this structure moves
toward the source contact with an increase in source-drain
voltage. Pinch-off first occurs under the drain contact end
of the gate junctions; in this particular model a gate
voltage in excess of approximately 3.6 volts will produce
channel pinch-off. Therefore, Fig. 4(a) shows the calculated
carrier distribution at, or very near, initial pinch-off within
this semiconductor device. It is emphasized that pinch-off
represents only the onset of electric current saturation.
For this reason, a further increase in the source-drain
voltage will produce an increase in source-drain electric
current. Associated with this increase in source-drain
electric current is a movement of the pinch-off point
toward the source contact.

As this structure is biased more deeply into current
saturation, a change in source-drain voltage produces only
a small relative change in the pinch-off point. For example,
a comparison between Figs. 4(a) and 4(b) shows that a
change in V4 from 4.0 to 5.0 volts produces a relatively
large motion of the pinch-off point toward the source
contact. From Figs. 4(b) and 4(c), a relatively small change
is observed in the location of this pinch-off point with a
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Figure 3 Proposed models for JFET operation beyond
pinch-off (after Wedlock, Ref. 18).

change in V,4 from 5.0 to 7.0 volts. It is implied by these
calculations that in the absence of a field-dependent drift
mobility, the pinch-off point moves toward the source
contact with an increase in source-drain voltage, and that
this motion is proportional to the change in source-drain
electric current.

In his discussion of this topic, Sevin®' proposes that a
narrow conductive channel starts at the drain end of the
gate junction and extends toward the drain contact,
Fig. 3(c). Furthermore, he proposes that the length of this
channel increases with an increase of source-drain voltage.
Wedlock'® disagrees with this model because the electric
field distribution beyond the end of the gate junctions
could not produce a narrow conductive channel; he
proposes that substantial flux spreading would exist
throughout this part of the gate junction space-charge
layer. Figure 5 illustrates the calculated electron flux
distribution throughout the source-drain channel within
this semiconductor device.
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Figure 4 Calculated mobile electron distribution in a JFET (constant electron mobility). Ve = 0; Vs = (a) 4.0V, (b) 5.0V, (c) 7.0V.

Figure 5 shows that the electron flux is confined to a
narrow channel throughout that portion of the pinched-
off region lying between the gate junctions; this narrow
channel terminates at the drain end of the gate junctions.
Beyond this termination, the calculated flux distribution
agrees with Wedlock’s proposal; substantial flux spreading
takes place and electron transport is a consequence of
both drift and diffusion. Figure 5 also illustrates that the
dimensions of this channel are modified by changes in the
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source-drain voltage. In particular, an increase in Vi
produces a channel of greater length and smaller cross-
section.

Thus far we have considered only the mechanisms of
JFET operation that result from assuming that no external
biasing voltage is applied to the gate junctions (V,, = 0).
Figure 6 presents a sequence of electron distribution
calculations for a constant source-drain voltage (V.a =
7.0 V) and three different values of source-gate voltage
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Figure 5 Calculated electron flux distribution in a wide gate JFET (constant electron mobility). Ve, = 0; Ve = () 5.0V, (b) 7.0V.

(Ve = 0, 1.21 and 2.42 V). From this illustration, an
increase in source-gate voltage moves the channel pinch-off
point toward the source end of this structure, and thereby
the narrow conducting channel undergoes an increase in
length. Furthermore, an increase in source-gate voltage
produces a decrease in mobile carrier density within por-
tions of this narrow channel. From these calculations, it
is concluded that an increase in source-gate voltage in-
creases the electrical resistance between the source and
drain contacts, thereby decreasing the source-drain electric
current. This increase in electrical resistance is attributable
to an increase in length and a decrease in the mobile carrier
density within this narrow conductive channel.

In field-effect device operation, channel pinch-off is
presumed to be the onset of electric current saturation.
This concept was adopted from a JFET theory in which
carrier mobility is considered to be constant everywhere
within the source-drain channel. If, instead, a field-depen-
dent carrier mobility is assumed in the theory of JFET
operation, electric current saturation can take place at a
gate voltage below that required for channel pinch-off.
Furthermore, a detailed analysis of this pinch-off process

MARCH 1970

shows that m=chanisms associated with the field-dependent
mobility of carriers eliminate altogether any possibility
of source-drain channel pinch-off within some JFET
structures.

Figure 7 shows the calculated electron distribution
within a source-drain channel at three different values of
applied biasing voltage, V4 = 3.0,5.0and 7.0 V (V,, = 0).
This calculation is based upon an assumad field-dependent
electron mobility of the type described by Ryder* in his
publications on this topic. In a later discussion, it will be
shown that the mathematical model of Fig. 7 exhibits
electric current saturation at a source-drain voltage in
excess of approximately 2.5 to 3.0 volts, although the
calculated pinch-off voltage for this structure is 3.6 volts.
For this reason, Fig. 7(a) presents the calculated electron
distribution for a structure biased almost to electric
current saturation, but not to a value sufficient to attain
channel pinch-off.

From Fig. 7, the channel pinch-off point remains at a
nearly fixed location, regardless of the source-drain voltage;
this location is close to the drain end of the gate junctions.
Although these calculations appear to be in substantial
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Figure 6 Calculated mobile electron distribution in the channel of a wide gate JFET (constant electron mobility). Vg = 7.0V; Vg =
(a) OV, (b) 1.21V, (¢) 2.42V.

agreement with the model proposed by Dacey and Ross,’ important conclusion of the present investigation is that a
such is not the case. Figure 7(a) shows a region of carrier similar double-layer is formed in any JFET when the
depletion extending across the entire source-drain channel, longitudinal electric field is sufficient to produce a field-
yet the applied voltage is less than the pinch-off voltage dependent carrier mobility. This mechanism has been
for this semiconductor device. encountered in all JFET calculations, although it is

If a narrow gate JFET is biased into electric current particularly evident in calculations pertaining to narrow
saturation, it has been shown®® that an electrostatic gate structures. It is this double-layer formation that

102 double-layer is induced into the source-drain channel. An accounts for the characteristics illustrated in Fig. 7.
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Figure 7 Calculated electrostatic charge distribution in a mechanical analog of a JFET (field-dependent electron mobility). Ve =
0; Vea = (a) 3.0V, (b) 5.0V, (c) 7.0V.

The fundamental nature of this double-layer-producing channel between the source and drain contacts; this channel
mechanism is illustrated by a mechanical analog of a is intended to approximate the conduction path in a
JFET (Fig. 8). This analog is composed of silicon with the pinched-off JFET. Figure 8 illustrates the electrostatic
same physical dimensions (and electrical conductivity) as charge distribution within this mechanical analog, calcu-
the structure shown in Fig. 1, except that the gate junction lated after assuming an applied source-drain bias of 6.0
space-charge layers are represented by regions cut out of volts. It is emphasized that if a constant carrier mobility
the semiconductor material. The geometrical configuration is assumed in this structure, charge neutrality is maintained
of this mechanical model produces a narrow conductive throughout the source-drain channel.
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Figure 8 Calculated electrostatic charge distribution in a mechanical analog of a JFET (field-dependent electron mobility).

From Fig. 8, a region of mobile carrier accumulation
exists on the source side of the narrow conductive channel.
In a field-effect device, it is this process of carrier accumu-
lation that renders immobile the pinch-off point, regardless
of changes in source-drain voltage (Fig. 7). An increase in
source-drain voltage increases the density of accumulated
mobile carriers, and thus the region of carrier depletion
cannot expand toward the source contact. Although only
a limited amount of carrier accumulation is observed in a
wide gate JFET, it nonetheless can be found in the com-
puted characteristics of this semiconductor structure. A
more detailed discussion of carrier accumulation in a
source-drain channel is presented in the discussion of
the narrow gate JFET semiconductor device. It should be
noted that Hauser® suggested the possibility of carrier
accumulation within a source-drain channel, although he
did not recognize the consequences of this mechanism
upon electric current continuity within the semiconductor
structure.

Figure 8 also shows a region of carrier depletion on the
drain side of this narrow conductive path. It is this region
of carrier depletion that is observed in Fig. 7(a). The
depleted part of the electrostatic double-layer extends
between the gate junction space-charge layers, and thus it
appears that channel pinch-off has taken place at a lower
biasing voltage than theoretically predicted for this semi-
conductor device.

This redistribution of carriers (Fig. 8) arises from mech-
anisms that maintain electric current continuity despite
the velocity saturation of mobile carriers in the narrow
conductive channel. At small values of applied voltage
the carrier velocity in this channel is directly proportional
to the electric field; a decrease in channel cross-section
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produces an increase in electric field and, hence, an
increase in electric current density. If, instead, the applied
voltage is sufficient to attain velocity saturation within
this narrow conductive channel, the increased electric
field cannot produce a proportionate increase in electric
current density. A consequence of this situation is mobile
carrier accumulation until current continuity is established.
In addition, a region of carrier depletion is formed to
overcome the electrostatic charge attributable to the region
of carrier accumulation; thereby longitudinal electric fields
of equal magnitude exist at the source and drain contacts
of this structure.

Figure 9 presents a sequence of electron distribution
calculations assuming a constant source-drain biasing
voltage (V.4 = 7.0 V) and three different values of source-
gate voltage (V,, = 0, 1.21 and 2.42 V). This illustration
shows that field-dependent electron mobility and the
associated electron accumulation produce channel pinch-
off mechanisms differing from those encountered in
structures containing a constant electron mobility (Fig. 8).
In particular, little change is observed in the pinch-off
point, up to a source-gate bias of 1.21 volts; a decrease in
source-drain current (with an increase in source-gate
voltage) arises from a decrease in channel width between
the gate junction space-charge layers. Increasing the
source-gate bias to 2.42 volts, Fig. 9(c), produces a reloca-
tion of the pinch-off point toward the source contact and
substantial depletion of the narrow conductive channel.
From Fig. 9(c) and the calculated electrical properties of
this device, at large values of source-gate voltage the
mechanisms of JFET operation approach those previously
outlined for structures containing a constant channel
mobility, Fig. 6(c).
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Figure 9 Calculated electron distribution in the channel of a wide gate JFET (field-dependent electron mobility). Ve = TOV; Ve =

(2) 0, (b) 1.21V, (c) 2.42V.

o The narrow gate JFET

Induced carrier accumulation is most pronounced in the
source-drain channel of a narrow gate JFET. It is proposed
that this characteristic is qualitatively a consequence of
two fundamental mechanisms within field-effect tran-
sistors: first, the non-ohmic properties of velocity-limited
electrical conduction in semiconductor material and,
second, the source-drain channel voltage distribution in a
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narrow gate device. It was previously shown that induced
carrier accumulation is attributable to velocity-limited
carrier transport, in association with a requirement of
electric current continuity. From Poisson’s equation,
carrier accumulation produces an electric field that is
proportional in magnitude to the integrated electrostatic
charge arising from an excess of mobile carriers. In JFET
operation this electric field, due to carrier accumulation,
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must equal the electric field produced by the source-drain
channel potential distribution; thus the gate junction width
has a significant influence upon the density of accumulated
carriers within a source-drain channel.

A substantial part of the applied source-drain voltage
appears across the region of a source-drain channel that
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Figure 11 Calculated electrostatic charge distribution in the
channel of a very narrow gate JFET (field-dependent mo-
bility; 2We/W. = 0.143). Vi, = 0; Vea = (a)5.0V, (b)
7.0V, (c)9.0V.

is restricted in cross section by the gate junction space-
charge layers; the length of this region is commensurate
with the gate junction width. Therefore, most narrow gate
devices exhibit a maximum electric field of greater magni-
tude than wide gate devices for the same applied voltage.
From Poisson’s equation, this field is also proportional in
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magnitude to the integrated excess carrier density along
the longitudinal axis of symmetry for the structure. In a
narrow gate device this integral is taken over a shorter
distance, and it must have a greater magnitude, than in a
wide gate device; Poisson’s equation is therefore satisfied
by an increase in the number of accumulated mobile
carriers (and hence an increase in electrostatic charge)
within the source-drain channel.

Throughout this discussion we shall consider the calcu-
lated characteristics for two different analytical models
of a narrow gate JFET. The first model is assumed to
characterize a narrow gate device QW,/W, = 1.0)
because it fails to satisfy Shockley’s gradual approximation.
The second analytical model is a very narrow gate device
QW,. /W, = 0.143); the purpose of introducing this second
model is to emphasize mechanisms of operation that are
attributable to a narrow gate JFET.

Figure 10 shows the calculated electrostatic charge
distribution within the channel of a narrow gate JFET for
three different values of applied source-drain voltage
(Vea = 3.0, 5.0 and 7.0 V). As in a previous illustration
(Fig. 7), a source-drain bias of 3.0 volts, Fig. 10(a), is not
sufficient to produce channel pinch-off, yet this voltage is
sufficient to produce current saturation. A sequence of
similar calculations throughout the range 1.0 to 3.0 volts
shows that the onset of induced carrier accumulation is
coincident with the first indications of current saturation.
Furthermore, the density of these accumulated carriers
increases with an increase in source-drain biasing voltage;
this introduces some basic differences in the mechanisms
of operation between wide gate and narrow gate structures.

For example, the sequence of calculations illustrated in
Fig. 10 indicates that the channel pinch-off point moves
toward the drain contact with an increase in source-drain
biasing voltage. This direction of motion differs from that
suggested by conventional JFET theory, where an increase
in biasing voltage either moves the pinch-off point toward
the source contact (Shockley') or the pinch-off point
remains at a fixed location (Dacey and Ross®). In the
present narrow gate model, induced carrier accumulation
increases with an increase in voltage and the region of
carrier accumulation expands along the longitudinal axis
of symmetry; this expansion moves the boundary for
carrier depletion toward the drain contact. At large values
of applied voltage, Fig. 10(c), the pinch-off point of this
narrow gate device is located well beyond the gate junction
edge.

It is probably incorrect to identify a pinch-off point
within a device exhibiting carrier accumulation. In Fig.
10(a), and also in Fig. 9(a), the maximum gate junction
voltage is insufficient to produce channel pinch-off, yet
the calculated electrostatic charge distribution shows a
region of carrier depletion that extends across the source-
drain channel. The boundary between carrier depletion
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and carrier accumulation (which we have been calling the
pinch-off point) is more accurately defined as the electro-
static center of a double-layer induced into the source-drain
channel by the gate junction space-charge layers.

Another consequence of induced carrier accumulation
is the influence of this mechanism upon the gate junction
space-charge layer width. In particular, accumulated
mobile carriers in the source-drain channel appear as an
electrostatic barrier that limits channel pinch-off by the
gate junction space-charge layers, even when the structure
is biased well into electric current saturation. Furthermore,
from Fig. 10 an increase in source-drain voltage increases
the channel width rather than decreasing it as would be
consistent with conventional JFET theory. This increased
channel width, due to induced carrier accumulation,
results in an increase in source-drain electric current;
further details of this topic are presented in the discussion
of calculated volt-ampere characteristics for a JFET.

Induced carrier accumulation is even more pronounced
in the source-drain channel of a very narrow gate JFET,
Fig. 11. As in the narrow gate device, Fig. 10, carrier
accumulation limits the amount of pinch-off obtained
from the gate junction space-charge layers and thereby an
increase is obtained in the width of this conducting channel
between the source and drain contacts. Furthermore, a
comparison between Figs. 10 and 11 shows that a decrease
in the gate junction width produces an increase in the width
of this conducting channel; thus when the device is biased
into electric current saturation the source-drain electric
current in a narrow gate JFET exceeds the current in a wide
gate JFET. This conclusion has been derived from Figs.
10 and 11 and from a sequence of similar calculations for
a number of other field-effect devices of various gate
junction widths.

Further evidence of this increase in conducting channel
width with a decrease in gate junction width is observed
in a comparison of the calculated electron flux distribution
among three models for a JFET: wide gate, narrow gate,
and very narrow gate (Fig. 12). These calculated flux
distributions are based upon an assumed source-drain
bias of 7.0 volts and a source-gate voltage of zero. From
Fig. 12, the wide gate device exhibits a relatively narrow
conducting path between the two gate junctions and, in
contrast, in the narrow gate structures the width of this
conducting path is a substantial part of the total source-
drain channel.

It is emphasized that not all of these differences in
conduction path width (Fig. 12) can be attributed to the
variation of gate junction width. The geometrical charac-
teristics of these devices permit a greater maximum gate
junction bias in the wide gate structure than in the narrow
gate structures. Nonetheless these differences in gate
junction biasing voltage are insufficient to account for the
differences in conduction path width shown in Fig. 12; a
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large part of this difference in conduction path width is
attributable to carrier accumulation within the source-
drain channel.

The foregoing calculations imply a need to restate the
basic mechanisms of JFET operation, as applied to struc-
tures exhibiting a field-dependent carrier mobility. From
Shockley’s analysis of the unipolar transistor,’ it is tacitly
assumed that the gate junction space-charge layers pinch
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l l pype

(c)
Figure 12 Calculated electron flux distribution in JFET structures biased into current saturation (Ve = 7.0V; Vy = 0). (a)Wide
gate: 2Wy /W, = 5.0; (b) narrow gate: 2Wy /W, = 1.0; (c) very narrow gate: 2W,/W, = 0.143,

off the source-drain channel and thereby produce a narrow
path, of large electrical resistance, between the source and
drain contacts. This concept of JFET operation appears
most applicable when a constant carrier mobility exists
everywhere within the structure. If, instead, the longitudi-
nal electric field is sufficient to produce velocity-limited
transport of mobile carriers within a source-drain channel,
Ohm’s law cannot be used to describe the resulting poten-
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Figure 13 Calculated electrostatic charge distribution in the
channel of a narrow gate JFET (field-dependent electron
mobility; 2W./W. = 1.0). Vs, = 7.0V; V. = (a)0, (b)
1.21V, (¢)2.42V.
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tial distribution. In this situation the gate junctions con-
strict (but do not pinch off) the source-drain conduction
path, and this constriction induces a region of carrier
accumulation. A large part of the potential distribution in
a source-drain channel is thus attributable to an electro-
static double-layer that is located throughout a region
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Figure 14 Calculated electrostatic charge distribution in the
channel of a very narrow gate JFET (field-dependent mo-
bility; 2Wy/W. = 0.143). Via = 9.0V; Vs, = (a)0, (b)
1.21V, (c) 2.42V.
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previously assumed to be pinched off by the gate junction
space-charge layers.

This process of channel constriction is observed in
electrostatic charge calculations when a source-gate voltage
is applied to the semiconductor structure, Figs. 13 and 14.
Because a large part of the applied source-drain voltage
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is supported by the induced electrostatic double-layer, the
double-layer cannot be eliminated in narrow gate devices
by the application of a source-gate voltage. Instead, the
gate junctions constrict the channel of conduction between
the source-drain contacts and thereby reduce the source-
drain electric current. This process of channel constriction
is accomplished without a substantial reduction in the
electrostatic charge distribution along the longitudinal
axis of symmetry.

This reduction of the source-drain electric current pro-
duces a redistribution of (and an increase in) the induced
electrostatic charge within the channel. This situation arises
from a decrease in the voltage drop in the material adjacent
to the gate junction region; hence an increase is obtained
in the voltage that must be supported by the induced
double-layer. It is proposed that a consequence of this
redistribution (and increase) of accumulated carriers is a
reduction of g,, for the semiconductor device.

Potential distribution in a JFET

Shockley defined two different regions within the source-
drain channel of a unipolar transistor." The first region is
essentially charge neutral and bounded on both sides by
the gate junction space-charge layers. The second region
is depleted of mobile carriers by the gate junction space-
charge layers (this is traditionally called the pinched-off
region), although this second region contains sufficient
mobile charge carriers to maintain the source-drain electric
current. An important part of Shockley’s analysis is a
mathematical determination of the voltage distribution
along the axis of symmetry of this channel, due to an
applied source-drain biasing voltage.

From a mathematical point of view this potential dis-
tribution calculation involves the solution of a very
difficult boundary value problem. In this problem, the
physical dimensions of the source-drain channel are
dependent upon the voltage distribution within this region
of the structure, yet this voltage distribution is precisely
the unknown parameter to be established by such an
analysis. To overcome this difficulty Shockley solved the
problem on a piecewise basis and thereby obtained an
approximate solution.

In Shockley’s analysis, the potential distribution within
the charge neutral region of a source-drain channel was
determined from solutions for an approximating differen-
tial equation. It was assumed that the unipolar transistor
could be segmented into narrow slices (of width dx)
between the source contact and the extrapolated pinch-off
point; these slices were taken in a direction perpendicular
to the longitudinal axis of symmetry. The center of each
slice contained a section of the charge neutral region, and
each slice was bounded on each end by the gate junction
space-charge layers and the gate junction regions. Thereby,
he subdivided this part of the unipolar transistor into
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individual sections that could be mathematically analyzed
on a one-dimensional basis. After calculating the electrical
resistance of each individual slice, the potential distribution
within the charge neutral region of this source-drain
channel could be readily determined from the solution of
an elementary differential equation.

The applicability of this approximation method is
dependent upon the potential distribution both in the
charge neutral region and in the gate junction space-
charge layers. Ideally, throughout the charge neutral region
the contours of constant potential should lie perpendicular
to the longitudinal axis of symmetry. In addition, through-
out the space-charge region these contours of constant
potential should lie parallel to this longitudinal axis of
symmetry. The first requirement (throughout the charge
neutral region) is easily satisfied and therefore produces
little difficulty. In contrast, the constant potential contours
within the space-charge layers cannot lie parallel to the
axis of symmetry; this situation represents an inherent
approximation associated with Shockley’s analysis. Re-
cognizing this difficulty, Shockley restricted his analysis to
structures in which the space-charge layer width changes
gradually with distance (his gradual approximation) and
thereby limited the error introduced by his method.

The purpose of this discussion is to emphasize a situation
encountered throughout this mathematical investigation
and, in particular, in the analysis of narrow gate JFET’s.
Specifically, if the constant potential contours in the gate
junction space-charge layers are not parallel to the longi-
tudinal axis of symmetry, the width of these space-charge
layers cannot be established on a one-dimensional basis.
At a given gate junction biasing voltage, structures not
satisfying Shockley’s gradual approximation contain a
gate junction space-charge layer width that can be sub-
stantially less than the width given by elementary one-
dimensional p-n junction theory.

The calculations plotted in Fig. 15 show that the wide
gate device considered in this investigation QW /W ,=5.0)
is not particularly wide gate, when viewed in terms of
Shockley’s gradual approximation. In a truly wide gate
device, the electric field within the gate junction space-
charge layers would be nearly perpendicular to the
metallurgical p-n junctions; in Fig. 15, this electric field
contains a significant component that is parallel to the
metallurgical junctions. A consequence of this situation
is a small reduction in the space-charge layer width as
compared with the space-charge layer width of a one-
dimensional abrupt p-n junction. It is estimated that the
structure shown in Fig. 15 QW /W, = 5.0) represents a
limit to the applicability of Shockley’s gradual approxi-
mation; a further reduction in gate junction width would
probably produce a situation in which the source-drain
channel potential distribution could not be calculated on
a one-dimensional basis.
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Figure 15 Calculated voltage distribution in a JFET W, /W, = 5.0; Ve = OV; Ve = 5.0V), for (a) constant and (b) field-dependent

mobility in the source-drain channel.

For illustrative purposes, Fig. 15 shows constant
potential contours within a wide gate device calculated
after assuming a constant carrier mobility, Fig. 15(a), and
a field-dependent carrier mobility, Fig. 15(b), within the
source-drain channel. These calculations are based upon
an assumed source-gate voltage of zero and a source-drain
bias of 5.0 volts. In this illustration the space-charge layer
edge is designated by a contour along which the mobile
carriers are depleted to 509, of their equilibrium density.
Calculations similar to those shown in Fig. 15(a) were
performed by Jund and Grosvalet,'” using approximation
methods; the results of their calculations are in substantial
agreement with the calculations shown here.

Some important differences exist between the two poten-
tial distributions illustrated in Fig. 15. For example, the
relative location of the constant potential contours in this
illustration shows that a field-dependent drift mobility,
Fig. 15(b), produces a reduction of source-drain electric
current. In addition, it should be noted that this reduction
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of source-drain electric current is observed in Fig. 15(b)
despite an increase of width in the conducting channel
between the two gate junction space-charge layers. By
direct comparison between Figs. 15(a) and 15(b), a field-
dependent drift mobility is observed to produce an increase
in voltage drop throughout the narrow part of this channel;
this increased voltage drop is attributable to the electro-
static double-layer that is induced into the source-drain
channel by the gate junctions.

From Fig. 15(2) (constant drift mobility), a comparison
has been made between the source-drain channel potential
distribution calculated using Shockley’s approximation
methods and a two-dimensional analysis of the problem.
This comparison is presented for an assumed source-drain
bias of 7.0 volts, and for four different values of source-
gate voltage: 0, 1.21, 2.42 and 3.63 V. Figure 16 shows
the distribution of voltage along the longitudinal axis of
symmetry, as calculated with respect to the potential upon
the gate junction region of this structure. The abscissa in
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Figure 16 Calculated gate junction voltage distribution in
the wide gate JFET. V. = 7.0V.

Fig. 16 is a normalized distance under the gate junctions;
the origin of this normalized spatial coordinate is the
source-contact end of the gate junctions.

Shockley’s analytical methods produce a discon-
tinuity in the calculated voltage distributions within a
source-drain channel. This discontinuity appears at the
boundary between the charge neutral region and the
pinched-off region; it is approximately this location that
Shockley called the extrapolated pinch-off point (or
EXPOP). Recognizing the existence of this discontinuity,
he proposed that the correct voltage distribution would be
adequately approximated by introducing a smooth graph-
ical transition between the voltage distributions associated
with these two regions of the structure. From Fig. 16,
this type of approximation method would indeed produce
a theoretical voltage distribution that is in essential agree-
ment with the voltage distribution obtained from a rigorous
two-dimensional solution of the problem.

Figure 17 illustrates the calculated voltage distribution
within each structure considered in this mathematical
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investigation QW ,/W, = 5.0, 1.0 and 0.143), for ¥V, = 0
and V4 = 5.0 volts. As in previous illustrations, the solid
lines represent contours of constant potential within this
semiconductor device and the dashed lines represent the
contour of 509, mobile carrier depletion that is due to the
gate junction space-charge layer. From these calculated
results, the constant potential contours in Fig. 17 are
located in such a fashion as to clearly show that an increase
in source-drain electric current, and an increase in source-
drain channel width, are coincident with a decrease in gate
junction width.

All the calculations shown in Fig. 17 are based upon a
field-dependent carrier mobility within the source-drain
channel. As a consequence, substantial carrier accumula-
tion and depletion are present within this semiconductor
structure. The potential distributions shown in Fig. 17
therefore result both from an ohmic type of voltage drop
within charge neutral regions of this structure and from an
electrostatic charge that is attributable to the regions of
mobile carrier accumulation and depletion.

In a manner similar to Fig. 16, a comparison has been
made between the calculated voltage distributions shown
in Fig. 17 and the voltage distributions derived from
Shockley’s one-dimensional (gradual) approximation. The
detailed results of this comparison are not presented here,
although conclusions drawn from this comparison can be
quickly summarized. In general, poor agreement is
obtained between the rigorously calculated voltage distri-
bution within these three devices and the voltage distribu-
tion calculated from these same devices but using Shockley’s
gradual approximation. This situation is attributable to
two different mechanisms within the JFET: first, mobile
carrier accumulation and depletion within the source-
drain channel and, second, the narrow gate width relative
to the source-drain channel width. In these narrow gate
devices the rate of change of the gate junction space-
charge layer width cannot be assumed to be gradual. It
therefore appears unwise to apply the one-dimensional
technique to such structures, since Shockley’s approxima-
tion specifically excludes them by definition.

In Fig. 17 the same source-drain biasing voltage has
been assumed for each field-effect transistor, yet substantial
difference is observed in their relative gate junction space-
charge layer widths. A small amount of this difference is
attributable to the relative voltage distribution within each
structure; from eclementary considerations a wide gate
device should contain a larger maximum source-gate
voltage than a narrow gate device. However, this difference
between the voltage distributions within the two devices
is insufficient to explain the differences shown between
their gate junction space-charge layer widths. If, instead,
we consider the electric field distribution within the space-
charge layer of the narrow gate device, the mechanism
producing this difference of space-charge layer width
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becomes evident. The contours of constant electric field attributable to a pinch-off of the source-drain channel by

exhibit substantial curvature within the space-charge layer the gate junction space-charge layers." Shockley’s analysis

of a narrow gate structure, and this curvature produces a of this problem was subdivided into two parts: first, the

decrease in space-charge layer width at a given source-gate source-drain electric current just prior to channel pinch-off

voltage. and, second, after complete pinch-off by the gate junction
space-charge layers. A consequence of this analytical

Electrical properties of a JFET technique is an uncertainty about the magnitude of source-

In his publication on the unipolar transistor, Shockley drain electric current when the applied voltage is at (or

proposed that electric current saturation in a JFET is near) pinch-off for the particular semiconductor structure 113

MARCH 1970 JUNCTION FET




114

6
Two-dimensional analysis
——— Shockley’s analytical method
51
— -1
///
4 Pig
P
e
5 3l /
z 4
= /
g s
£ 7
£ 20 /
2 i/
E 4
£
s 1
=
g
2
v 0 | I | } | L
0 1 2 3 4 5 6 7
Source-drain voltage in volts

Figure 18 Calculated volt-ampere characteristics for the
model! illustrated in Fig. 1, for 2W,/W. = 5.0 and V., = 0.

under consideration. In addition, Shockley limited his
analysis to structures in which the longitudinal electric
field is insufficient to produce velocity saturation of mobile
charge carriers.

Figure 18 presents a comparison between the numeri-
cally calculated (two-dimensional) volt-ampere character-
istics for this semiconductor device, and the volt-ampere
characteristics calculated from Shockley’s gradual approx-
imation. Throughout both of these calculations the mobile
carrier (electron) mobility is assumed to be constant (and
thus independent of the electric field). It is again empha-
sized that the model used for this comparison contains a
gate junction width QW,/W, = 5.0) that may represent a
limit for the applicability of Shockley’s gradual approxima-
tion. Although very good agreement is obtained between
these two analytical techmiques, a substantially better
agreement might be obtained for a JFET containing a
wider gate junction, relative to its channel width.

From Fig. 18, Shockley’s analytical method produces a
discontinuous transition between the electric current just
before pinch-off and the electric current just after pinch-off.
To eliminate this difficulty one could introduce a smooth
graphical transition between these two regions, and thereby
obtain a volt-ampere characteristic that is in satisfactory
agreement with the numerically calculated (two-dimen-
sional) properties of this semiconductor device.

The electrical characteristics calculated by Shockley’s
approximation method exhibit a slightly harder current
saturation than the electrical characteristics derived from
a two-dimensional solution of this problem. Clearly, both
of these mathematical methods yield a relatively soft
current saturation, and this characteristic represents a
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Figure 19 Electrical characteristics for the model of Fig.
1, calculated for constant drift mobility in the source-drain
channel and 2W,/W. = 5.0.

principal source of disagreement between theory and
experiment. To further emphasize this situation, Fig. 19
shows the calculated volt-ampere properties of this wide
gate JFET,® retaining the assumption of a constant drift
mobility for electrons within the source-drain channel.

As previously stated, Dacey and Ross® first proposed
that a hard saturation of the source-drain electric current
was attributable to velocity saturation of mobile carriers
within the source-drain channel. Later, Grosvalet et al.
provided further information® on this topic. They sug-
gested that electric current saturation is not obtained when
the two gate junction space-charge layers pinch off the
source-drain channel but, instead, when carriers within
the channel reach their limiting velocity. An experimental
test of this hypothesis consisted of measuring the variation
of source-drain electric current with temperature in a
germanium field-effect device; below saturation this current
varied as T~} while above saturation it varied as T . The
Tt type of dependence was considered consistent with
previously published estimates for the electron mobility
in n-type germanium.

A comparison between Figs. 19 and 20 shows the
consequence of a field-dependent drift mobility on a given
JFET. From Fig. 19, if the field-dependent drift mobility
is neglected the calculated volt-ampere characteristics are
in substantial agreement with Shockley’s theory, although
our calculations do indicate a smaller saturation resistance
than Shockley’s theory will predict. In contrast, Fig. 20
shows the presence of a hard saturation, which is entirely
attributable to the field-dependent carrier mobility. From
these calculations it is concluded that the field-dependent
carrier mobility may or may not be an important mech-
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anism in the operation of a JFET, depending upon the
initial design of the structure. Furthermore, structures in
which the mobile charge carriers attain their terminal
velocity do indeed exhibit a much harder current saturation
than structures in which the carrier mobility is constant,
It has been suggested® that a detailed analysis of the
source-drain conductance would provide substantial
further insight into the theory of JFET operation; this
investigation is now planned for the near future.

To conclude this analysis Fig. 21 shows a comparison
among the volt-ampere characteristics of the three JFET
structures considered here QW,./W, = 5.0, 1.0 and
0.143). For this comparison a field-dependent carrier
mobility has been assumed within the source-drain channel
of each model used in these calculations; it is presumed
that the longitudinal electric field in such devices would be
sufficient to produce the implied saturation of electron
velocity.

Consistent with our previous discussions of current
saturation in a narrow gate device, Fig. 21 demonstrates
the presence of an increased electric current with a decrease
in gate junction width, This situation is attributed to the
substantial amount of carrier accumulation encountered
within these narrow gate devices. As illustrated in Figs.
10 and 11, carrier accumulation produces an increase in
width of the source-drain conduction channel. Thereby we
obtain an increase in electric current, which is observed
despite the presence of a well-defined saturation of the
source-drain volt-ampere characteristics.

Conclusions
In the absence of a limiting carrier velocity within the
channel of a wide gate JFET, the mechanisms of device
operation are found to be in substantial agreement with
Shockley’s theory for unipolar field-effect transistors.” For
example, the pinch-off point does indeed move toward
the source contact with an increase in source-drain voltage.
Thereby a narrow channel of high resistance semiconductor
material is formed between the two gate junctions; this
channel supports that portion of the applied voltage that
is in excess of the pinch-off voltage. Although Shockley
gave little consideration to the process of carrier transport
through this pinched-off region, our calculations substan-
tiate the proposal of Grebene and Ghandhi'® that through-
out the pinched-off region any electric current is confined
to a narrow conductive path near the center of the channel.
Wedlock'® suggested that the Shockley theory would
predict a much softer current saturation than is experi-
mentally observed, because the pinch-off point is permitted
to change location with a change of applied source-drain
voltage. Our analysis indicates that the Shockley theory
does indeed predict a soft current saturation. In fact, the
models used in this investigation exhibit a softer theoretical
current saturation than one would calculate from Shock-
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Figure 29 Electrical characteristics for the model of Fig. 1,
calculated for field-dependent drift mobility in the source-
drain channel and 2W,/W. = 5.0 (from Ref. 6).

Figure 21 Volt-ampere characteristics for the three mathe-
matical models (wide, narrow and very narrow gate), cal-
culated for field-dependent electron mobility and V., = 0.
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ley’s theory. We conclude that the Shockley model for
unipolar field-effect transistor operation should not be
applied to devices for which it was not originally intended.
In particular, it should not be applied to devices in which 115
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the gate junction width is small (relative to the channel
width) nor to devices in which the longitudinal electric
field is sufficient to produce velocity-limited carrier trans-
port within the source-drain channel.

Dacey and Ross® first proposed the consequences of a
field-dependent carrier mobility within the channel of a
JFET. Furthermore, they recognized that the hard satura-
tion associated with velocity-limited carrier transport
implies an immobile pinch-off point within this semi-
conductor structure, although no mechanism was suggested
whereby this situation could be attained. A conclusion of
our investigation is that a field-dependent carrier mobility,
in conjunction with the requirement of electric current
continuity, produces regions of carrier accumulation and
depletion within the source-drain channel. These regions
of accumulation and depletion form an electrostatic
double-layer residing parallel to the longitudinal axis of
symmetry, and located throughout that portion of the
source-drain channel normally assumed to be pinched off
by the gate junction space-charge layers. The electrostatic
charge associated with this double-layer redistributes the
source-drain channel potential and hence changes the gate
junction space-charge layer width. It is concluded that
this redistribution of source-drain channel voltage produces
mechanisms of operation similar to those proposed by
Dacey and Ross.

It is shown here that the double-layer induced into a
source-drain channel is most pronounced in narrow gate
structures. Our calculations imply a potential distribution,
from this double-layer, that produces substantial contrac-
tion of the gate junction space-charge layers and therefore
an increase in width of the conducting source-drain
channel. As a consequence the gate junctions in a narrow
gate device do not pinch off the source-drain channel;
instead they constrict the cross section of a highly conduc-
tive path between the source and drain contacts. In this
type of structure, current saturation is obtained at applied
biasing voltages substantially below the pinch-off require-
ment imposed by Shockley’s theory.
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