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Abstract: This paper describes the short channel theory of the bipolar field-effect transistor (BiFET) by partitioning the
transistor into two sections,the source and drain sections,each can operate as the electron or hole emitter or collector un-
der specific combinations of applied terminal voltages. Analytical solution is obtained in the source and drain sections by
separating the two-dimensional trap-free Shockley Equations into two one-dimensional equations parametrically coupled
via the surface-electric-potential and by using electron current continuity and hole current continuity at the boundary be-
tween the emitter and collector sections. Total and electron-hole-channel components of the output and transfer currents
and conductances, and the electrical lengths of the two sections are computed and presented in graphs as a function of the
D. C. terminal voltages for the model transistor with two identical and connected metal-oxide-silicon-gates (MOS-gates) on
a thin pure-silicon base over practical ranges of thicknesses of the silicon base and gate oxide. Deviations of the long physi-
cal channel currents and conductances from those of the short electrical channels are reported.
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1 Introduction

The silicon MOS field-effect transistor (FET)
technology is advancing into the nanometer dimen-
sions in the form of double-gate and thin pure-base,
fin-like structure,known as the FinFETs'". Their ex-
perimental electrical current-voltage characteristics,
recently reported by IMEC with Assignees from four
companies™ ,could not be accounted for™! by the tra-
ditional 55-year-old unipolar field-effect theory of the
p/n junction-gate field-effect transistor (JGFET) in-
vented and theorized by Shockley in 19521°),and re-
duced to practice by Dacey and Ross™! . This 1952-
Shockley theory was followed by recent device theo-
rists and engineers to compact model the MOS-gate
and Insulator-Gate FETs (MOSFET and IGFET) sin-
gle-gate semi-infinite-thick-base “bulk” transistors "*
and also the FinFETs which was extensively and care-
fully reviewed by Ortiz-Conde-Garcia-Sanchez-Liou
in January 2007’ . It was soon theorized and demon-

strated (in March 2007)" and later presented by
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ust 19131 that the observed experimental current-volt-
age characteristics reported by IMEC + Assignees*
showed distinct bipolar behavior,namely the simulta-
neous presence of both electron and hole surface-in-
version-channel currents,even a hint of volume-chan-
nel currents, giving six channels in their two-MOS-
gates on thin-base FinFET structures. The IMEC data
covered wide ranges of oxide and base thicknesses and
gate or base lengths, and also drain-source contact
types. giving confidence that the random variations
observed in these first-silicon transistors fabricated by
the initial-nanometer-technology do not mask the ob-
served bipolar nature in the current voltage character-
istics in these FinFETs. After several iterations of al-
ternatives, we named our discovery of the bipolar na-
ture of the FET and our theory, the 100% Bipolar
Field Effect Transistor (BiFET) Theory” """/, to re-
place and to complete the now 55-year-old Shockley’s
1952 Unipolar Field-Effect Transistor Theory (Uni-
FET) which is a 25% FET theory that considered on-

ly one current, the drift
[4~6,14,15]

of one carrier spe-

cies » while our present new BIiFET theory

contains all four currents, drift and diffusion of both
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electron and hole carrier species™ '/, This 100%

BiFET theory also replaces the 1966 Sah-Pao theo-
ry*1%) for the ‘bulk’ MOSFET which included both
the drift and the diffusion currents,again for only one
carrier species,the electron or the hole, but not both,
thus,the 50% BIiFET or the UniFET theory. Such a
BiFET property,in one transistor structure, was con-
ceived as early as 1970 by one of us (possibly by oth-
ers in even earlier reports in the thin film transistor
literature, which we have not found in the digital da-
tabase thus far) in the form of a complementary pair
of FETs in the simple bulk inversion MOSFET struc-
ture with a p/n junction isolated n-type basewell,
which was soon experimentally demonstrated and re-
ported in 1971-Fu-Sah"'"’, showing bistable negative
conductance I-V characteristics in a FET containing a
surface-inversion-channel pMOST in the n-basewell
on a p-Si substrate-body, and a n-volume-channel
nJGFET  ( n-basewell/p-substrate  Junction-Gate
FET). The unique feature ‘designed’ by Sah in this
1971-Fu-Sah BiFET was the four contacts to the n-
basewell,consisting of a p* and a n” source and also
drain contacts to the n-basewell. The traditional two
contacts to the UniFET n-basewell of the pMOST are
the one p* drain and one p* source rectifying contact
to the inversion p-type surface-channel on the n-type
basewell. These two unique and novel n* high/n-low
non-rectifying n* drain and n' source junctions se-
vered as the low-resistance contacts to the n-basewell
or the n-type volume-channel of the nJGFET. The bi-
stable negative conductance [-V characteristic was
obtained by proper interconnection of the four
basewell contacts with gold wires as illustrated in
1971-Fu-Sah"'".

One of the most important FET features,not rec-
ognized and discussed since the 1952-Shockley inven-
tion of the Field Effect Transistor'*', the 1953-Prim-
Shockley detailed two-section device analysis® and
the 1953-Dacey-Ross reduction to practice'® , is the
concept of Debye length. The Debye length is the de-
cay length of the 3-dimensional spatial redistribution
of mobile ion density (or concentration) to ‘screen’ a
fixed (immobile) charge or charge distribution,a con-
cept which was and is well known in electrochemis-
try. This was imported into the many-body (body =
ion = electron) solid-state theory, which is carried to
the first order by the theorists via linearization
(small-signal model in electrical engineering) of the
Boltzmann (dilute) or Fermi (dense) distribution of
the mobile ions or electrons as a function of the mac-
roscopic electric potential in accordance to the Cou-
lomb force law between two point charges. The De-
bye length concept was introduced into semiconductor

device physics by Shockley in the 1949-Shockley in-
vention of the Bipolar Junction Transistor (BJT)"* to
demonstrate quantitatively the incompleteness or ef-
fectiveness of screening of microscopic or electron
and hole and nuclear or ionic-core point-charges, mac-
roscopic or many point-charges, and charge distribu-
tions in a semiconductor device structures,by the mo-
bile electrons and holes,such as an abrupt change of
the impurity ion concentrations in a p/n junction,and
also in a much gradual spatial variation of the impuri-
ty ion concentration in an impurity-ion diffused or/
and implanted semiconductor region. Shockley math-
ematically showed™® that regional or local charge
neutrality is established by the presence of a high con-
centration of electrons and holes which screen the
fixed charges and charge distributions. His linearly
graded p/n junction example showed quantitatively
that local °uncompensated’ or °not-neutralized’
space charges or space charge distributions will ap-
pear when electrons and holes are depleted by a local
electric field to have very low concentrations or the
gradient of the ion concentration is high in a graded
p/n junction. This electrical screening from Coulomb
force has been represented in the quantum-statistical-
mechanics many-body theory (many electrons and
holes) by the linearized (small fluctuation or small
signal approximation) local Debye Length L, =
{eskT/Lg*(N+ P) ]},
tremely small length due to the very high concentra-
* making
screening highly effective. In pure silicon,the mobile

electron and hole concentration is a meager N = P =
3

In metals, this is an ex-

tion of mobile electrons, N &5 X 10* cm~

n; = 10" cm™? at room temperature, giving a Debye
length 25m to 30pm and hence,rather ineffective lo-
cal screening of charged small objects. This carrier
screening length in pure semiconducting silicon is one
thousand times larger than the dimensions of the nan-
ometer transistors in pure silicon,such as the double-
gate on pure base MOS FinFET,experimentally fabri-
cated’, qualitatively and quantitatively

lyzed® '™ and recently analyzed in details
Even in the impure-base of the inversion surface-
channel of a ‘bulk’” MOSFET, such as an nMOST
with p-base of P=P;y=1.0X10"cm *>N=n{/P=
10 /10" =10*cm™? , the Debye screening length is still
quite large, Lp = (25~30pm) X (10'°/2 X 10') ~'* =
35nm to 70nm. This is still comparable with, not
much smaller than, the physical dimensions of the
present and future nanometer MOSFETs. Thus,
space-charge neutrality is untenable, although it is
certainly still a good first step in compact-model sim-
ulation of FETs and other semiconductor devices,such
as the often used assumption of quasi-neutrality in the

ana-
[12,13]
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base of the BIT''® and of carrier depletion in the sur-
face space-charge layers of MOST and MOSC (Tran-
sistors and Capacitance)!™® .

A second factor on analyzing a realistic FET, that
takes into account of its generic short-channel nature
we just described,is the fact that FET is inherently a
two-dimensional device because of its operation prin-
ciple.first succinctly stated by Lilienfeld in his 1930
patents, namely, longitudinal conductivity modulation
by a transverse electric field which induces and con-
trols the density of the charge-carrying mobile parti-
cles or carriers, the electronst™™. (Concept of holes
was not developed until a few years later by Wilson
applying quantum mechanics to describe semiconduc-
tors.) It is two dimensional if it is uniform in the
width direction of the semiconductor sheet, to be
scaled along the z-axis, which we shall assume in this
report,otherwise the nanometer FET would be three-
dimensional. In order to serve as the device-physics
benchmark for developing compact models, we need

to obtain an accurate analytical solution to circumvent
the numerical accuracy limitation of two-dimensional
numerical analysis such as the finite element method.
For this purpose.the two-dimensional short and thin
transistor is partitioned into several sections (The
simplest or zeroth order model, is the two section
model used in this report.) and each section is solved
by two one-dimensional equations, one each in the x
and y directions, which are coupled parametrically by
the surface potential, first devised by Sah in 1966-Sah-
Pao'*'%! to analyze the MOS transistor diffusion cur-
rent in addition to drift current. Those few historical
investigators, who obtained the diffusionless drift-cur-
rent unipolar solutions for thin-film and SOI (semi-
conductor on insulator) FETs with insulated gate(s),
did indeed follow the two-section gradual-channel
method introduced in the 1952-Shockley invention of
the Junction-Gate FET"~',in which the transistor is
partitioned into two sections along its length from the
source to the drain in parallel to the single gate or two
parallel gates. We shall label these two sections as the
source emitter section and drain collector section.
This 2-section physical or geometrical partitioning has
also been used in FETs with the MOS gate(s) ., name-
ly,the MOSFETs. The presumed justification of using
the Shockley 2-secton model is that the electric field
in the surface channel(s) of the source emitter section
is dominantly transverse to the current flow, while the
electric field in the drain collector section,if it exists
from proper biasing, is predominantly parallel to the
current flowing in the drain volume-channel. Such a
drain collector section does appear after the FET is
biased into the surface-channel current saturation

range. This is in the voltage range when the drain/
source voltage is larger than the gate/source voltage.
In our discussion and analyses, all the contact poten-
tial differences or threshold voltages at the three con-
tacts of the three terminals,S,G,and D,are absorbed
into the voltage applied between the terminals and a
universal reference terminal of potential node point.
In addition to the drain section serving as the collec-
tor of the first carrier species (say electrons for 0 <<
Vas> = < Vps), the surface channel for the second
carrier species (holes) also appear because the Gate/
Drain applied voltage is larger than the threshold
voltage to induce a surface inversion channel (s) of
the second carrier species (hole) starting at the drain
or y= L. So the same equations for the first carrier
species (such as electrons for 0 < Vgs> =< V) are
trivially extended the unipolar FET theory to cover
the bipolar conduction simultanecously by two carrier
species (electrons and holes) at higher drain voltages.
In this third report of the proposed 5-report (just in-
creased to 6-report) series on BiFET, we shall provide
the analytical solutions in the two-sections of the
transistor in order to take into account of the short-
channel effect. Families of graphs are computed and
given,which are (Ip-Vgs) s (Ip-Vis) s (gms-Vias) s (ms-
Vis) s (gas-Vis) and (gu-Vps) and also the channel
section length, y,-Vgs and y,-Vps. Their deviations

]

from the one-section long-channel solution*'*', useful

for compact modeling,is also described in this report.

2 Short Channel Theory of the Two-Gate
on Pure-Base Transistors

The voltage and current equations of the UniFET
theory with single-gate on thick or semi-infinite im-
pure-base from Electrochemical Potential Theory giv-
en in 1966-Sah-Pao'"* ') and from the Drift-Diffusion

ht?~221 were modified for the

Theory given in 1996-Sa
BiFET with two identical gates on a thin pure-
[9:10=13] " They are immediately applicable to each
of the two sections separated by the boundary y = y,
(x) with the additional equations from matching the

potential and current density solutions in the two sec-

base

tions at the boundary. We shall use our 40 + year no-

tation and coordinate system from®7-10~16.20~22]

sum-
marized as follows. The variables are functions of the
2-dimensional coordinates (x,y) with no variation a-
long the width of the gate and channel in the z-direc-
tion from z=0to z=27Z = W. The y-axis is the direc-
tion of the channels and the x-axis,the SiO,/Si inter-
facial planes of the two gates,located at x =0 and x =

xp with base thickness xz. The two gate oxides have
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equal electrical thickness of x,. The impurity concen-
tration in the pure base is zero, Py = 0,and for im-
pure base of spatially constant concentration, P (x,
y) = P+ function of (x,y).The concentrations of
the traps or generation-recombination-trapping cen-
ters are assumed zero in both the base region and at
the two gate-oxide/pure-base interfaces. The source
and drain contacts to the pure-base are located re-
spectively at y =0 and y = L. The effects from the
contacts will be described in a later report. The three
potential variables are normalized to kT /g and deno-
ted by U, = qV./kT where respectively,a= N, P,and
I are for the electron and hole electrochemical, and
the electric potentials and I for midgap or intrinsic is
usually omitted. Near thermal equilibrium (low elec-
tric field or no hot carriers) is assumed, so the Ein-
stein relationship between mobility and diffusivity
holds for electrons and holes, D,/u, = (kT/q) and
D,/pu,=(kT/q) where T = T, is the lattice or heat-
transfer temperature. The Poisson Equation and the
electron and hole current equations are then given by
the classical macroscopic equations which are three
non-zero-trapping equations of the six Shockley Equa-
tions of electric charge transport in solids”'. The ter-
minal currents are denoted by /. T = D (drain),S
(source) ,G1 (gate-1),G2 (gate-2) ,B (Base).
Ve (esE) =p(x,y,z) = q(P— N—=Py)
3-Dimensional Impure (1)
=es[(VEy/dx) +(IEy/dy)]=q(P—N— Py)
2-Dimensional Impure (2)
=e[(WEx/dx) + (QEy/dy)]=q(P— N)
2-Dimensional Pure (3)
=gn;Lexp(Up — U) —exp(U - Uy)] (3A)
Electrochemical Current Theory

Iow == (W/y0[L aD,NGU 2y Toxay

(x =0toxg;y = 0toy,) (4)
Top == [W/CL = y)[|[LaD, P UL/9y) T axay
(x = 0to xg;y = yoto L) (5)

Drift and Diffusion Current Theory
Ipn =~ (W/y())JI[Q/lnNEy+qD,1((7N/(7y) Joxay
(x = 0toxg;y = 0toy,) (6)
Tor == TW/CL = 3O |[T qupPE +

qD,(aP/ay) ]dxdy (x = 0to xg;y=y,to L)

(7)

Iy = Ipn + Ipp = Is (8

Using Ex = (kT/q@)@QU/dx) and Ey =
(kT/g)U/dy), and the x-independent
electrochemical ~ potential ~ assumption™ 710~ 16:20221 |

expressed by Up(x,y) = Up(y) and Un(x,y) =
Ux(y), we get the 1-dimensional (1-D) Gauss Law

from converting the volume integration of the Poisson

Equation (1) (Jxdydz = dU) into a surface

integration using the divergence thecorem @v .
(eoE)dU = @(eOE) - dS with the line integrals

J(J/ay)(eoEy)r?x (x = — xoto 0 for MOS gate-1 and

Xp to xg + xo for MOS gate-2) omitted as next order
2-Dimensional corrections:
esEx(x = 0,y) == Co[ Vs —
Ve — V(ix = 0,y)] €))
esEx(x = xg,y) = + Col Vg —
Vis — V(x = x5,y)] (10)
Using V(x =0,y) = V(x = xp,y) = Vs (y) =
Us(y KT/ q),V(x=xs/2,y)=Uy(y)(kT/q),and
Ex(x=0,y)=Ex(x=xp,y)=Es(y),and invoking
the x-symmetry about the mid-plane of the base-layer
Ex(x = xg/2,y) =0 for two identical gates where
U(x=xp/2,y) = Uy (y) is the minimum or maxi-
mum, then we have the following result from the
Gauss Law in the one-dimensional approximation
with the two-dimensional term omitted, which gave
Eqgs. (9) and (10)
Uss — U — Us = Ugs — Us = (signUs) X

(Cp/Co) X Fo(Us,Up, Ux,Uy) 1D
Fo(UyUp,UNyUo): {[eXp(U*UN) - exp(Uo -
U]+ Lexp(Up — U) —exp(Up — Uy) ]}
12

x3/(2Lp) = X3/2
= J(SignU)[Fo(U,UprNqU(>)]_]"2(7XU (13)

where the x-integration is taken from U = U, to Us.
Ly = (e,kT/2q*n)"?* is the Debye screening length ~
26pm at room temperature. Ugg is absorbed into the
gate voltage Ugp. In the electron emitter sec-
tion"®*1*~1*]  the electron terms dominate and the hole

terms can be neglected for the initial guess. In the
131013 the hole terms dominate

hole emitter section
and the electron terms can be neglected for the initial
guess. Thus, the initial guess solution of Eq. (13) in

the electron emitter section is given by
Xo/Lo = Xy = ZJ(signU){exp(U ~ U -

exp(Us — Ux) + (Co/Cp)*(Ugp — Us)*} 7?0, U

14)
where the integration is from U = U, = Uy +
In[exp(Us— Uyx) = (Co/Cp)* (Ugs — Ug)*] to Us.
This is the unipolar initial guess for the bipolar solu-
tion. The next order solution is reached by adding the
These
fourteen equations can be solved iteratively in the two
physical sections,of electrical length of y =0 to y, for
the electron source emitter section and hole source

omitted two terms from electrons or holes.
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collector section, and y = y, to L for the electron
drain collector section and the hole drain emitter sec-
tion. The most important, missed by everyone thus
far, including us for a duration until November 30,
2007, was the correct source and drain terminal values
of the two electrochemical potentials, Uy (y =0) =
Unss Un(y=L)=Unp> Up(y=0) = Ups and Up(y =
L) = Upp, although the correct values were used to
construct the 2-D distributions of U (x, y), Ux (y)
and Up(y),the current density vectors,Jx(x,y) and
Jp(x.y) and the carrier concentrations N (x,y) and
P(x,y).seven months earlier for presentation at the
Late News on May 23,2007, The correct ones are
Uns = Usg and Upp = Upg. In addition,at the flatband
line,y(x)=yo, U(x =x5/2, y=y,) = U, (y) = Up
(yo)=Ux(yp) =U(x=xg,y=yy) = Us(yy) = Ucs
where U =0 or absorbed into the voltage applied to
the gate. For two asymmetrical gates,the symmetrical
solution just given can be extended to find the flat-
band line y = y,(x). The assumption of identical
source and drain regions can also be extended. In this
first characterization of the bipolar MOSFET. we
have assumed that the drain and source regions of the
thin pure base are identical, therefore, the use of the
words “source” and “drain” to label these two ends of
the thin pure-base is entirely arbitrary. Nevertheless,
to connect this new bipolar FET to the past unipolar
FET terminology coined by Shockley in 1952 and used
by all subsequent engineers and scientists until today,

[3.10~13]

we will name them as the source electron emit-

ter section which simultaneously is also the source
hole collector section. Similarly, the drain electron
collector section is simultaneously also the drain hole

emitter section. This creates a semantic conflict of
the words drain and emitter,and source and collector.
Therefore,it may be preferable to discard the arbi-
trary designation of drain and source at the two ends
of the base layer of the bipolar thin-base FET,and re-
tain the bipolar junction transistor terminology of e-
mitter and collector, which were also coined by
Shockley, in 1949, for the bipolar junction tran-
181, noting the only difference between the two
is that drift current dominates in the FET operation
and diffusion current dominates in the BJT operation,
regardless of the conductivity type of the base layer.

sistor

The electron emitter section and hole collector
section occupy the same physical space of the bipolar
field-effect transistor. This is a previously unrecog-
nized cardinal feature of the BiFET or all FETs. The
differential form of electrochemical current theory
can be applied in the electron and hole collector chan-
nel sections:

IDN = - an W(aUN/(’]y)J N(X5y) dx

(x =0toxgsy = y,to L) (15)
IDp = - C]DPW((’)UP/(’)y>J P(va) dx
(x =0toxg;y = 0toy,) (16>

where the integrations JN(x,y) dx and JP(x,y)ax

are carried out using the unipolar initial guess of the
x-voltage-equations (11),(12) and (13) in the emit-
ter regions. The following equations are derived from
the unipolar initial guess of the current equations (4),
(5),(15),(16) .

Ipn X Yo = WDnC()(kT/q) JZ( Uss — Us) ayL]N

(UN = USB to UGB> (17)
Iop X (L = yo) = WDpCo(kT/q)J — 2(Ugs —
Us)(/)yUp (Up = UGB to U[)B> (18)

Jexp(—UN/Z) X [Fer(Us» U] (Co/Cp)2( Ui

Us>(7yUN (UN - USB to UGB)
= (IDN/IDP)(DP/Dn)I:eXp( Ugg) — eXp( UPS):I
(19

Fen(Us,Uy) :Jexp(— U) X Lexp(U)—exp(Uy) 1?2, U
(U = U, to Us in electron emitter) 20
JeXp(+ Up/2> X [FCC<U59U())]_](C()/CD)(_ 2)

(UGB - Us)ayUp (Up = UGB to UDB)
= ([np/IDN)(Dn/Dp)[eXp(— UGB) - eXp(— UND):I
@D

Fe.(Us,U,) = j* exp(U) X [exp(— U) —

(U=U, to Us in hole emitter)

22>
From the above six equations, the following initial-
guess solution of the ratio of the electron current to
the hole current, I'pn/ Ipp sand the flatband line y,,are
obtained and given below:

FIN = WD,,CO(kT/q)JZ(UGB - Us)d,Ux

eXp(— U() )]_IVVZ (’)XU

(Ux = Usg to Ugy)
FIP — WDpCo(kT/q)J. — 2(Uey — Us)a, Uy
(Up = Ugg to Upp)
FCNEJ‘exp(—UN/Z) X [Fey(Us» U] (Co/ Co) X 2
(Uss — U)d, Uy (Ux = Usgs to Ugy)
FCPEJexp(+ Up/2) X [Fe(Us U T (Co/Cp) X

(= 2)(Ugs — U),Up  (Up = Ugy to Upp)
Ion/Ioe = (D,/D,) x [(FCN/FCP)"* x

exp(— Ugy) X (FIN/FIP) " (23)

yo/L = 1/[1 + (Ipn/Ipp) X (FIP/FIN)] (24)
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Fig. 1
of the surface potential Us, the mid plane potential U, . the

Spatial variation along the channel length or y-direction

electron quasi-Fermi potential Uy and the hole quasi-Fermi po-
tential Up. This is from the initial solution of the BiFET theory
with the minority carriers excluded. The BIiFET has the two
identical MOS gates on a thin pure base. xo = 1.5nm, x5 =
30nm, Vg = 0.0V, Vps=2.0V. (a) Vgs= — 1.0V and 3. 0V;
(b) Vgs= 0.0V and 2. 0V. There is only the hole emitter (y,
=0) when Vgs= —1.0 and 0. 0V or electron emitter (y, = L)
when Vs =2.0 and 3. 0V.

3 Computed Spatial Variations of the

Potentials

A crucial hint in helping to arrive at the correct
analytical solution is to obtain the boundary condi-
tions of the four internal potentials by using the de-
vice or electron and hole physics to sketch the varia-
tion along the channel length,y,of the four potentials
which are the electron and hole electrochemical po-
tentials, Uy (y) and U, (y),and the electric potential
at the two identical SiO,/Si interfaces, U(x =0,y) =
U(x=xg,y) = Us(y),and at the mid-plane, U (x =
xs/2,y) =U,(y). The key for guessing the y-varia-
tions (and also x-variations) of these four potentials
is to use the simple device physics or electrostatics
governed by the Coulomb force Law between point
charges and macroscopic Poisson’s Equation,and the
assumed exponential representation (or the classical
limit of the quantum statistical distribution,i. e. ,the
Boltzmann distribution) of the electron and hole con-
centrations, N(x,y) = n; Xexp(U — Uy) and P(x,y)
=n; Xexp(Up, — U). This immediately leads to the
correct guess of the y-variations of these four poten-
tials, Uxn (y), Up (y), Us(y) and U, (y). With this
guess to arrive at the correct boundary conditions at
the terminals for these four potentials, which we pres-
ented in the Late News reports™* their y-variations a-
long the entire physical length of the base channel, y

Us i
Xo=1.5nm Vg;=0.0V

20E Uy, -k, Xp=30nm V,=2.0V A
.....l-.-.1.-r.‘.‘.U|7\n_.-.:|....})i'{[fj.()fg(.) ........... (C)
%.0 0.1 02 03 04 05 06 0.7 08 09 1.0
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Fig. 2 Spatial variation along the channel length or y-direction
of the surface potential Us, the mid plane potential U, , the
electron quasi-Fermi potential Uy and the hole quasi-Fermi po-
tential Up. This is from the initial solution of the BiFET theory
with the minority carriers excluded. The BiFET has the two
identical MOS gates on a thin pure base. xo = 1.5nm, xp =
30nm, Vs =0.0V, Vps =2.0V. (a) Vg =0.5V and 1. 5V; (b)
Ve = 0.75V and 1. 25V;(¢c) Vg =1.0V. The flatband line y,
which separates the hole emitter section and the electron emit-
ter section is labeled in the three figures by (a) y,/L = 0.06,
0.94;(b) 0.26,0. 74;and (c) 0. 50.

=0 to y = L,that is partitioned into two sections, the
source section from y=0 to y = y, and the drain sec-
tion from y = y, to y = L ,then,the normalized section
lengths, y,/L and (L — y,)/L.can be computed
from the exact analytical equations we derived which
were given in the previous section. For simplicity of
physics, the flatband plane, y = y,,is chosen as the
boundary between the two sections which was mental-
ly visualized long ago by Sah and illustrated by him as
a teaching guide on MOS transistor physics*. These
variations of the four potentials along the channel
length, in both the source and drain sections, were
computed for many combinations of voltages applied
to the gate and the drain terminals, Vg and Vg, with
the source terminal as the reference, Vg = 0. The
graphs of one selected set for each of the two channel
current ranges, the non-saturation and the saturation
ranges,are presented in this report. Figures 1(a) and
1(b) are for four combinations of applied gate and
drain voltages in the linear or non-saturation channel
current range. Figures 2(a),2(b) and 2(c¢) are for
five combinations of applied gate and drain voltages
in the channel current saturation range. The darker
curves are for one combination of voltages and the
lighter curves are for the symmetrical combination of
voltages. The presence of the two sections, which is
the unique feature of the FET,is shown at one glance
(A1G) in the three figures for the current saturation



1 Jie and Sah:

The Bipolar Field-Effect Transistor:II1. Short Channel Electrochemical Current Theory -+ 7

5

Ly I Iyp(A/5Q)
S o o o =
% & b .

10—10

10! T T T T
N
o
S/ -
ﬁh
= 107 4

220 (b)
10-‘ 1 . |
-2.0 -1.0 0.0 1.0 2.0 3.0

Gate Voltage V(V)

Fig. 3 Drain-source voltage Vps dependence of the DC transfer
current-voltage characteristics Ip-Vgs. The BIiFET has two
identical MOS gates on a thin pure base. xo = 1.5nm, xp =
30nm, Vg =0.0V. (a) The electron channel current Iy, the
hole channel current I, and the total drain current Ip. (b)
The flatband line position y,/L. the electron emitter section
length y,/L and the hole emitter section length (L — y,)/L.

conditions given in Figs.2(a),2(b),and 2(c). The
rapid change of the four potentials clearly delineates
the boundary between the two sections, y = y, . Higher
order solutions are obtained by numerical iterations
which are presented in a future report on the accuracy
of the unipolar solutions in relation to the bipolar so-
lutions and on the progression of the accuracy of the
bipolar solutions with further iterations and with in-
creasing impurity concentration in the base channel,
important for compact modeling to design million-
transistors circuits containing many signal-processing
functions.
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Fig. 4 Gate-voltage Vgs dependence of the DC output current-
voltage characteristics Ip-Vps. The BIFET has two identical
MOS gates on a thin pure base. xo = 1. 5nm, x5 = 30nm, Vg =
0.0V. (a) The electron channel current Ipy,the hole channel
current Ipp and the total drain current I ; (b) The flatband line
position y,/L ,the electron emitter section length y,/L .and the
hole emitter section length (L — y,)/L.
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Fig. 5 Drain-source voltage Vs dependence of the differential
transconductance versus gate voltage characteristics. The BiFET
has two identical MOS gates on a thin pure base. xo = 1. 5nm, xp
=30nm, Vg =0.0V. (a) The total,and the electron and hole
components of the transconductance. (b) The flatband line posi-
tion y,/L and its partial derivative with respect to gate voltage.

4 Computed Current-Voltage Character-
istics and Channel Section Lengths

Selected results from computed terminal current-
voltage and conductance-voltage characteristics are il-
lustrated in twelve figures, Figs. 3 to 14. They take
into account of the short electrical channel length,
which is intrinsic to all FETs as explained in the pre-
ceeding sections. Each of the first ten figures contains
two parts, (a) and (b). The first parts, (a),are the
current-voltage characteristics.
(b), are the voltage dependence of the electrical

The second parts,

4.0 T T T
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o
o
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xB—3IOnm 2.
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Gate Voltage V,s(V)

Fig. 6 Gate-voltage Vs dependence of the differential trans-
conductance versus drain voltage characteristics. The BiFET has
two identical MOS gates on a thin pure base. xo = 1. 5nm, x =
30nm, Vg = 0.0V. (a) The total, and the electron and hole
components of the transconductance. (b) The flatband line po-
sition y,/L and its partial derivative with respect to gate volt-
age.
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Fig. 7 Drain-source voltage Vps dependence of the differential
output conductance versus gate voltage characteristics. The Bi-
FET has two identical MOS gates on a thin pure base. xo =
1.5nm, xg =30nm, Vg =0.0V. (a) The total and the electron
and hole components of the output conductance. (b) The flat-
band line position y,/L and its partial derivative with respect to
drain voltage.

channel length of the two sections. y, and L — y,,in
semilog scale in order to graphically show the small
deviation of y, from L or 0,when the applied drain
or gate voltage is near the drain current saturation
value. For the conductance-voltage figures, Figs. 5 ~
8, the second parts, (b) ,also contain the derivative of
the section lengths with respect to the terminal volt-
age. We used the flatband line (2-D with no Z de-
pendence) or surface (3-D with Z variation or flat-
band plane with no Z variation) as the electrical
0 to
W) that separates the two sections, the emitter and
the collector sections.

channel length, y,, or boundary plane (y,, z =

4.0

3.0
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Fig. 8 Gate-voltage Vgs dependence of the differential output
conductance versus drain voltage characteristics. The BiFET has
two identical MOS gates on a thin pure base. xo = 1. 5nm, xp =
30nm, Vg = 0.0V. (a) The total and the electron and hole
components of the transconductance. (b) The flatband line po-
sition y,/L and its partial derivative with respect to drain volt-
age.

Drain Voltage Vps(V)

Fig. 9 Oxide thickness xo dependence of the DC output cur-
rent-voltage characteristics. The BiFET has two identical MOS
gates on a thin pure base. xg = 30nm, Vs = 1.5V, Vg =0.0V.
(a) The electron channel current Ipy . the hole channel current
Ipp and the total drain current Ip. (b) The flatband line posi-
tion y,/L, the electron emitter section length y,/L and the
hole emitter section length (L — y,)/L.

4.1 Current-Voltage Characteristics

Figure 3 (a) gives the transfer current-voltage
characteristics, namely, the electron channel current
Ion and the hole channel current Ipp, and the total
channel current Ip( = Ipy + Ipp) or the drain terminal
current, as a function of the gate terminal voltage,
Vees (—2.0V to +3.0V) with the source terminal as
the reference, Vi = 0, and all the contact potential
differences included in the terminal voltages (such as
Ve of the two identical gates), at three drain to
source voltages, Vps =0.5,1.0,and 2. 0V.
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Ves=1.5V i3
1 -3 1 1 1 L 1 1 1
O-0.5 00 05 10 15 20 25 30 35

Drain Voltage V;,s(V)

Fig. 10 Base layer thickness x dependence of the DC output
current-voltage characteristics. The BIiFET has two identical
MOS gates on a thin pure base. xo = 1. 5nm, Vs = 1.5V, Vg =
0.0V. (a) The electron channel current Ipy,the hole channel
current Ipp and the total drain current I . (b) The flatband line
position y,/L, the electron emitter length y,/L and the hole
emitter length (L — yy) /L.
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Fig. 11 Oxide thickness xo dependence of the DC transfer cur-
rent-voltage characteristics. The BiFET has two identical MOS
gates on a thin pure base. xp = 30nm, Vps = 1.0V, Vg =0.0V.
(a) The electron channel current Ipy,the hole channel current
Ipp and the total drain current Ip. (b) The flatband line posi-
tion y,/L.the clectron emitter section length y,/L and the
hole emitter section length (L — y,)/L.

Figure 3(b) gives the length, y,,of the electron-
emitting source section which is also the length of the
hole-collecting source section,and the length, L — y, .,
of the drain hole emitter section, which is also the
length of the drain electron collector section. Note
the sharp change when the second channel (hole or e-
lectron) start to appear.or y,/L or 1 — y,/L ,started
to change sharply from 1. The y, variation also marks
the onset of increasing deviation of the 50% unipolar
theory,used by all recent and past theorists, from our
new and complete, 100% , bipolar theory, presented
here. From these figures.it is evident that the devia-
tion becomes large at the threshold voltage and in the
subthreshold range.

Figures 4 (a) and 4(b) give the output current-
voltage and clectrical-channel-section-length-voltage
characteristics, similar to the transfer characteristics
of Figs. 3(a) and 3(b),except that here in Figs. 4(a)
and 4(b),the drain-to-source terminal voltage, Vs ,is
the independent variable,instead of Vs of Figs. 3(a)
and 3(b).

The transconductance and output conductance
versus drain or gate voltages are graphed in Figs. 5
(a),6(a),7(a) and 8(a),and the corresponding chan-
nel section lengths, y, and L — y,,in Figs.5(b),6(b),
7(b) and 8(b), which also give their derivatives with
respect to the voltages,since the derivatives appear in
the analytical solutions of the conductances indicated
in Egs. (3) and (4) of Ref.[12]. The variations are
self-explanatory based on device physics already given

[12]

in the first article of this series so further elabo-

ration is not needed.

Gate Voltage V4(V)

Fig. 12 Base layer thickness x5 dependence of the DC transfer
current-voltage characteristics. The BIiFET has two identical
MOS gates on a thin pure base. xo = 1. 5nm, Vps = 1. 0V, Vg =
0.0V. (a) The electron channel current Ipy,the hole channel
current Ipp and the total drain current Ip. (b) The flatband line
position y, /L, the electron emitter length y,/L and the hole
emitter length (L — yo)/L.

4.2 Gate-Oxide and Base-Channel Thickness Depend-
ences

Figures 9(a) and 9(b) give respectively the oxide
thickness dependence of the output current-voltage
characteristics, I, versus Vps,and the channel section
lengths, yo and L — y, versus Vps.

Figures 10 (a) and 10 (b) give respectively the
base-thickness dependence of the output current-volt-
age characteristics, I, versus Vps, and the channel
section lengths, y, and L — y, versus Vpgs.

Figures 11(a) to 12(b) give the oxide and base
thickness dependence of the transfer current-voltage
characteristics, I, versus Vssand the channel section
lengths, yo and L — y, versus Vigs.

4.3 Deviations of the Long Channel Solution From the
Short Channel Solution

Figures 13 and 14 give respectively the deviations
of the long channel solution of the BiFET theory "%
from the short channel solution of the BiFET theory
versus the gate and drain voltages. In the long chan-
nel solution, the channel section lengths are taken as
the physical base-channel-base length, L, not taking
account of the shorten electrical lengths of both elec-
tron and hole emitters.

5 Summary

The electrically short channel is an universal in-
trinsic property of all field-effect transistors (FET).
This has not been recognized for 55 years since the in-
vention of the FET by Shockley in 1952 ,although e-
lectrically short channel was indeed taken into ac-
count by Shockley*' and by Prim and Shockley in a
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tal transconductance g, its electron component g,~ and its
hole component g,». (¢) The total output conductance gy, its
electron component guv and its hole component ggp .

detailed mathematical analysis™ of the junction-gate
FET (JGFET). The present paper takes into account
of the electrically short channel, using Shockley’ s
original two-section idea of his closer-to-one-dimen-
sional JGFET for the highly two-dimensional
insulated-gate FET (IGFET) or MOS-gate FET
(MOSFET). The unique feature or trick for analy-
zing the MOSFET is to recognize the presence of an
intrinsic electrical boundary that separates the MOS-
FET into two clectrical sections, namely the flatband
line or plane when the drain voltage is equal or higher
than the gate voltage (initially electron surface chan-
nel) ,where the x-component of the electric field van-
ishes,or where a constant electric field line or plane
exists at a lower drain-source or a higher gate-source
voltage. In the simple case of rectangular geometry
with spatially constant impurity concentration, either
one gate or the two gates treated in this paper, this
boundary surface is a plane. For transistors asymmet-
rical in geometry or applied voltages,such a flatband
boundary also exists as a general surface” ,no longer
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Fig. 14 Similar to Fig. 13, except versus drain voltage.

a plane. The electrical channel length of the two sec-
tions, y, and L — y,,are computed from analytical
formulas. They are also included in the channel cur-
rent calculations to show that the shortened electrical
channels indeed increase the current of the two sur-
face channels from the two carrier species. In this pa-
per, we also report the deviations of the channel cur-
rents from not taking account of the shortened elec-
trical channels, which are important for compact
modeling for shortening the computation times in cir-
cuit designs.
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