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Abstract: This paper describes the bipolar field-effect transistor (BiFET) and its theory. Analytical solution is ob-
tained from partitioning the two-dimensional transistor into two one-dimensional transistors. The analysis employs

the parametric surface-electric-potential and the electrochemical (quasi-Fermi) potential-gradient driving force to

compute the current. Output and transfer D. C. current and conductance versus voltage are presented over practi-

cal ranges of terminal D. C. voltages and device parameters. Electron and hole surface channel currents are pres-

ent simultaneously,a new feature which could provide circuit functions in one physical transistor such as the CMOS

inverter and SRAM memory.
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1 Introduction

The nanometer multiple-metal-oxide-gate sili-
con-thin-base ( MOS ) field-effect transistor
(FET) could be a best candidate to replace the
single-MOS-gate semi-infinite-thick-base bulk sili-
con FET,in order to extend the downward scaling
into the deep nanometer range'"’ . The double and tri-
ple MOS-gate FETs with rectangular-shape thin base
are known as the FinFET due to its fish-fin-like ge-
ometry when many are connected in an array.

The bipolar nature of the experimental cur-
rent-voltage (I-V) characteristics of recent nano-
meter double-gate thin-base silicon FinFETs re-
ported by IMEC + Assignees in 2005 was just
recognized by us in mid-2007"*'. The bipolar con-
duction in a FET or in the bipolar FET (We pro-
pose the use of the acronym BiFET, BFET or
2FET in this introductory paper.) was defined by
us in Ref. [3], following but contrasting the his-
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torical usage of the term “unipolar” introduced in
1952 and “bipolar” in 1949 both by Shockley.
Our broadened and application-specific device-
physics-based definition given in Ref.[3] of the
word “bipolar” for FETs contained the following
features. (1) It denotes the simultaneous conduc-
tion by both electrons and holes in electrical con-
duction channels,at one set of voltages applied to
terminals of a FET structure. (2) The electron
and hole channels can be physically separated but
connected at a boundary surface, in series or in
parallel,or the channels can be physically located
in the same region of the transistor structure, for
examples,the surface,interface and volume chan-
nels. (3) These two carrier species and the many
physical geometries, when combined, produce very
many possible combinations of physically separa-
ted and connected electron and hole channels.
(3.1) For example, it was recently noticed that
the double-gate MOSFETs, such as the thin and

nearly-pure base, silicon nanometer FinFETs'*,
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have six conduction channels between the two
contacts (drain and source contacts) to the semi-
conductor base layer®', consisting of two electron
and two hole surface channels and one electron
and one hole volume channel. (3. 2) Similarly,
there are four channels in the silicon WireFET
with one surrounding gate (a surface and a vol-
ume electron and hole channel) and (3.3) there
are six channels in the carbon nanotube FET,
CNFET,with a conductor-core covered by a thin
insulated sheath or gate-insulator,electrically sep-
arated from the surrounding conductor gate on the
outer surface of the nanotube™' . (3.4) For tran-
sistor structures having more than one drain and
source contacts, the number of channels multi-
plies™®’ . (4) Realization of multi-transistor circuit
functions in one physical FinFET structure. (4.1)
The CMOS inverter™ and (4. 2) the bistable
SRAM memory function™ ,and(4.3) other digital
and analog signal processing functions. (5) For
transistor structures having more than one drain
and source contacts,the number of channels mul-
tiplies*’ and so is the number of circuit functions.

The cause of this delayed recognition of bipo-
lar conduction in FETs originated from
Shockley’s 1952 invention of FET which he
coined as a unipolar FET""' (We propose the use of
the acronyms UniFET, UFET or 1FET in this in-
troductory paper.) because his elegant theory of
the p/n-junction-gate FET (JGFET or JFET)™"
described the modulation of the conductance of
majority carriers of a semiconductor by electrical-
ly controlling the electrical thickness of the ma-
jority-carrier-dominated conduction channel
the volume of the semiconductor ( He neglected
the diffusance or diffusion resistance or diffusion
conductance due to diffusion current.). Thus, he
needed to retain only one carrier species,the ma-
jority carrier,in his development of the novel JG-
FET theory and named it accordingly “A Unipo-
‘ Field-Effect’ it
carrier was ignored. However, even in JGFETs,
currents from diffusion-limited minority-carrier
generation and recombination at traps or genera-
tion-recombination-trapping centers are impor-
tant. This could be known to Shockley since it was
analyzed by him in details three-years earlier in
his 1949 bipolar junction transistor (BJT) theo-
ry®’,based on minority-carrier diffusion and elec-

in

lar Transistor . The minority

tron-hole generation-recombination at traps in the
bulk and at the surfaces and interfaces. This mi-
nority carrier current has been known later to JG-
FET designers as the source of leakage and stand-
by currents when the JGFET is switched off to the
subthreshold drain current range by applying suf-
ficiently high reverse voltages to the gate-drain
and gate-source p/n junctions to completely de-
plete the majority carriers in the volume conduc-
tion channel. This minority carrier current in the
JGFET is just like the leakage current in the
turned-off mode of the bipolar junction transistor
which was invented and coined by Shockley in
194957,

There are similarities and differences in the
control of the minority carrier current in BJT and
MOSFET in the active or on mode. BJT conducts
by increasing the minority carrier concentration
in the base layer via lowering the potential barrier
height of the p + emitter/n-base or n+ emitter/ p-
base junction to inject the minority carriers into
the base layer from the p + emitter or n + emitter,
by conductively connecting a forward voltage to
the two terminals of the p/n junction. MOSFET
works the same way via minority-carrier injection
by lowering the p/n-junction potential barrier,ex-
cept that the forward bias is applied to the metal
or highly conductive gate which is electrically in-
sulated by a very thin insulator or oxide from the
semiconductor (MIS or MOS) and which capaci-
tively couples to the source or source-emitter p/n
junction via the MIS or MOS capacitor.

Historically, the bipolar structure or multiple
electrical conduction channels in an FET structure
was recognized as early as 1970 by one of us. A bi-
polar FET, BiFET, was soon experimentally real-
ized in silicon'® . It contained a p-surface channel
MOSFET (pMOSFET or pMOST) and an n-vol-
ume channel JGFET (nJGFET or nJFET). They
are distributedly coupled by sharing the n-base-
body of the pMOST with the n-volume-channel of
the nJFET. It was fabricated in one of the first ac-
ademic (University of Illinois at Urbana-Cham-
paign) semiconductor device-research fabrication
laboratories using the then standard silicon-based
CMOS technology. The p-surface-inversion MOS-
FET was fabricated on an n-silicon layer on a 3-
inch diameter p-type Si substrate. The n-Si layer
was obtained by diffusion, ion-implantation, or
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epitaxially growth.

The BiFET theory of the double-gate on thin
pure-base FETs®! was corroborated®™ with the
recent experimental data reported in 2005-IMEC
+Assignees” . The IMEC transistors were double-
gate FinFETs on nearly-pure thin-silicon-base.
They included the three types of contacts to the
drain and source terminals of the thin base layer.
These were recognized and defined by us as the
three generic types of contact™ to all BiFETs, fol-
lowing Shockley’s 1949 definition™ : the n-type
(or electron-source) , p-type (or hole-source) , and
ohmic-type. The ohmic-type of contact was coined
by Shockley™ . The quantitative description was
given by us in Ref.[3] as a contact or interface
with infinite sources and sinks of electrons and
holes. It is mathematically defined by an infinite
surface or interface electron-hole recombination-
generation velocity ~ 10°cm/s, via an infinite
density of interface traps ~ 10" traps/cm?®, both
have fundamental limits, ~10"cm/s phonon scat-
tering limited,and ~ 10" bonds/cm* bond-density
limited. A p/n junction picture with a very high
density of traps at the p/n interface was shown in
Figs.1 (¢), 8 (a) and 8 (c) by Shockley in
1949, which he labeled “ohmic” and gave only
some brief qualitative descriptions on what is
meant “ohmic”" . Although understood by Shock-
ley in 1949 and 1952™*°', it has not been recog-
nized until recently in 2007 55-years later, repor-
ted in Ref.[3],that the conduction type and ge-
ometry of the contacts have dominant influences
on the electrical characteristics of the FET, re-
gardless of the details of the make-up of the FET,
whether p/n-junction-gate or metal/semiconduc-
tor-junction-gate or conductor/insulator insulated-
MOS-gate,single,double or multiple gates, pure or
impure base or body.and other geometric aspects
and features. The contact effect is mathematically
treated in the fifth report of this series on the ge-
neric (or x,y,z rectilinear geometry independent
via partitioning) analytic theory of the Bipolar
FETs with the MOS gates.

This paper is the first of a five-report series.
It presents the derivation of the bipolar FET cur-
rent-voltage ( I-V) equations that were used in
Refs.[3,7], from which families of current and
conductance versus voltage curves are computed
and presented for the example BiFET with two

identical MOS gates on a thin pure-silicon-base.
Fundamental aspects of the bipolar theory are also
described concerning the electron and hole surface
and volume channels. Our mathematical deriva-
tion,presented in this first paper,uses the classical
method described in 1966-Sah-Pao'®*', which cal-
culated the current from the electrochemical po-
tential-gradient or Shockley’s quasi-Fermi poten-
tial-gradient™ , using the surface electrical poten-
tial ( surface potential ) at the gate-oxide/
basewell-body interface as the independent varia-
ble.

0] yses the

The second paper of this series
traditional classical method of drift and diffu-
sion'~'" to give the BiFET current-voltage and
conductance-voltage characteristics. Both the elec-
trochemical potential gradient current in this, the
first paper.,and traditional drift and diffusion cur-
rent in the next,the second paper,are exact. And
they are exactly equivalent as first introduced and
also proven in Shockley’s derivation given in 1949

1, one of which (the electro-

for p/n junctions™
chemical potential or drift-diffusion theory) was
often erroncously asserted as approximation to the
other by some recent and past device-physicist au-
thors. However,the drift-diffusion theory had ex-
perienced undue numerical difficulties in compu-
ting the drift-current-reduction term, due to the
presence of impurity ions (impure base)'"" known
in 1966-Sah-Pao as the “bulk-charge”®*',that had
plagued generations of transistor theorists for four
decades and compact model developers for three
decades''" because it required an analytical ap-
proximation, Ey(x, y)~Ey (x =0, y),*" o
enable any analytical solutions and numerical in-
tegration. This analytical approximation was erro-
neously termed as “charge-sheet” by Brews in
1978 and his followers. Such numerical integra-
tion difficulties, however, are absent in the elec-

trochemical or theo-

ry[s.g,n.ls.,m, )

quasi-Fermi  potential

The proposed third paper describes the short

channel theory'

which is mandatory for pure-
base and base with low-impurity-concentrations
because the Debye screening length (pure base in
the room temperature range in silicon is ~25um
to 30pm) is a thousand times larger than the di-
mensions of the nanometer FET in the present

and future generations (135nm down to 45nm just
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announced by Intel for its 2007-Winter delivery of
processor chips). The proposed fourth paper de-
scribes the deviation of the unipolar theory from

the bipolar theory''®

since the unipolar theory
using the drift-diffusion approach is the popular
one for developing compact models,in spite of the
analytical complexity and numerical difficulty of
the drift current term. The proposed fifth paper

describes the contact theory''”

which completes
the quantitative description (theory and numeri-
cal examples) of the generic transistor that con-
tains all necessary parts. Other analyses for bench-
mark applications of this bipolar FET theory are
also envisioned,such as the impure base,two not-
identical gates,the capacitances,the frequency de-
pendences of the small-signal equivalent circuit
immittance parameters (including the distributed
delay, interface traps, and higher order deriva-
tives for noise characterization) , the realistic spa-
tial distribution of the impurity in the base,
Py (x,y).the intrinsic hot carrier effects (inter-
band generation-recombination of secondary elec-
trons and holes by energetic primary electrons or
holes) , and others, all within the context of the
Partitioning Scheme to provide the generic or ge-
ometry-independent and mobility-independent
benchmarks of the intrinsic transistor for compact
model development by others, but their undertak-
en by us is indefinite.

This first paper will set up the presentation
format for the computed results to be followed in
the remaining four papers of this series. Thus, giv-
en in this first paper are sample families of trans-
fer and output current-voltage (Ip-Vgss In-Vips)
and conductance-voltage (gg-Vas» gms- Vps) char-
acteristics. The curves will cover the practical ran-
ges of terminal voltages ( Vs or V) and physical
parameters (gate-oxide and pure-base thicknesses,
Xo and xg). The curves will demonstrate that the
Bipolar FET theory predicts and accounts for the
simultaneous presence of both the clectron and
hole surface channels. This unique feature of the
FinFET has been present but has not recognized
in previous and recent experimental® and recent
theoretical investigations''®’. The presence of mul-
tiple bipolar channels could provide circuit func-
tions,such as CMOS inverter and SRAM memory,

[3.6,7]

in one physical transistor utilizing recent and

future nanometer research-fabrication and pro-

duction technologies.

2 Theory of Double-Gate on Pure-
Base Transistors

2.1 Background

The BIiFET equations governing the double-
gate on thin pure-base MOS transistor, presented
in Refs.[3,7],can be obtained from our analyses
and solutions for the single-gate on thick impure-

base[8.9qllwl4j

,(1) by setting the impurity concen-
tration to zero, Py, = 0,(2) by not setting the net
space charge to zero,p= q(P - N~-Pyy) = q(P—
N)#0,at the remote or any boundary, known as
the electrical charge neutrality condition,which is
very important and missed by most recent investi-

181, because the carrier space charge con-

gators
centrations could be very high and not equal, gP
# qN, due to a large divergence of the electric
field or electrical displacement,div « D=Y -« ¢E
=e[(AEy/dx) + (AEy/ay)]1=e[ = (9*V/Ix*) —
(*V/ay*)1=p=q(P— N)# 0,just like the high-
injection-level effects in BJT'"*), with a differ-
ence in electron and hole mobilities and diffusivi-
ties in the quasi-neural base layer of the BJT,tra-
ditionally known for more than half of a century
as ambipolar conduction in one physical region or
mainly 1-D volume channel, in contrast to the
conduction in multiple physical regions and chan-
nels in our present Bipolar FET,and (3) by mov-
ing the remote potential reference, for example,
from the vacuum level into the base layer or base
film,in this case of the identical double-gate,to a
point (such as y = 0) in the mid-base plane x =
x/2 and by increasing it to a value of U, denoted
by U(x,y) =qVi(x,y)/kT=U(x=xg/2,y) =
U,(y) to account for high injection level, i. e.
N>n,; or/and P> = n;,which could still be refer-
enced to some point (x,y,z),selected by the ana-
lyst arbitrarily since the solution of the potential
theory is uncertain by an additive constant.

We shall use our notation and rectangular co-
ordinate for forty years, previously used in Refs.
[7~11,13,14], with the gate-voltage induced e-
lectric field in the x-axis direction.and perpendic-
ular to the surface channels at the two SiO,/Si in-
terfaces,on the thin base along the y-axis,and the
base layer’s source and drain contacts at y =0 and
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y= L. Used by all followers'™® and also here, is
our assumption of the x-independence® 111314 of
the electron and hole quasi-Fermi or electrochem-
ical potentials, Up(x,y) = Up(y) and Un(x,y) =
Ux(y),which is akin to the gradual approxima-
tion but a necessary condition for the Partitioning
Method to decompose the 2-D problem into two
1-D problems that are amendable to analytical so-
lutions. They were qualitatively justified®*' for
thin surface inversion channels with currents
flowing in the y-direction and no electron-hole
generation-recombination-trapping centers in the
bulk. This x-independence of the electrochemical
potential for electrons and holes is at the heart of
the Partition Technique for solving the 2-D MOS-
FET by two 1-D problems and it is related to the
gradual approximation which was introduced by
Shockley in 1952 for his master-class analysis of
the Junction-Gate FETs'*', containing only the
drift current, hence no electrochemical potentials
which come from diffusion. The gradual approxi-
mation or gradual condition is not synonymous
with physically long channels, which has been as-

sumed by most subsequent FET theorists''!'#%!

as
the basis of justification of their analyses of the
FETs with physically long channels, which is un-
tenable for pure-base or nearly pure-base due to
the very large Debye carrier screening length
(~25pm to ~30pm) compared with the nanome-
ter even micrometer transistor dimensions. Physi-
cal length of the channel or region,long compared
with its thickness or width,is neither the necessa-
ry nor the sufficient condition to meet the defini-
tion of the gradual approximation. The mathemat-
ically exact gradual conditions, as used by Shock-
ley in 1952 to enable Partitioning. are defined
by the two inequalities, given below in (1) and
(2),1in order to solve the 2-D electric potential
problem described by the Poisson Equation for the
electron and hole currents flowing from one ter-
minal to the second terminal, through the device
body,in the y-direction,which in the FETs are la-
beled as Source and Drain terminals, also coined
by Shockley'*'. The two inequalities are: (1) in
the emitter section or region, |Ex(x,y)|>
Ey (x,y)| and |dEy/dx|>|dE,/dy| and (2)
in the collector section or region, |[Ey (x, y)| <
Ey (x,y)| and |dEx/9dx|<<|IEy/dy|.So in the
emitter section or region specified by (1) ,the 2-D

Poisson Equation is simplified, as the zeroth ap-
proximation,to the 1-D Poisson Equation in the x-
direction.e(JEx/dx) = —e(d*V/Ix*) =p= q(P —
N — P) . Second order but still 1-D effects (no
longer small in pure-base) are taken into account
by including the dropped,e(dE,/dy) term which
is huge (~25%) for the drift current in the pure-
base"™ , but accounted for by the electrochemical
potential gradient current employed here. Similar-
ly,in the collector section or region specified by
(2) ,the Poisson Equation becomes y-directed 1-D
and given by e(JEy/dy) = —e(*V/dy*) =p=
q(P— N — Py ,although in the JGFET, this 1-D
simplification of the 2-D collector region, named
by Shockley as expop (extrapolated pinch off
point)'*" was not possible., however, space-charge
neutrality could still be assumed at low carrier
concentrations, just like the depletion assumption
of the space-charge layer of a reverse-biased p/n
junction,in order to allow the Fourier series ex-
pansion of the 2-D Poisson and Laplace Equation
dive D=V « ¢E =¢[(JEx/dx) + (IEy/dy)] =
e[ —*V/Ix*) = @*V/ay)]=p=q(P - N -
Pn) = q(— Pyw)=0,in an expop that could have
an odd (not symmetrical) geometry. Here, Ex =
—dV/dx and Ey = —dV/dy are the x- and y-
component respectively of the DC steady-state e-
lectric field vector in 2-D, E(x, y),assuming uni-
formity in the z-direction,for a field vector which
is derivable from a scalar potential function,
V(x,y).e is the electrical permittivity of the sec-
tion or region, g, the magnitude of the electron
charge, P and N,are respectively the DC steady-
state concentrations of holes and electrons, and
Pw (x5 y), the concentration of the negatively
charged impurity ions less the concentration of
the positively charge impurity ions. We have Py
= P, — Np. =0 for the pure base region which has
no acceptor impurities, P, = 0 and no donor impuri-
ties Npp =0,.then P, = Pys X fo =0 and Np- = Npp
X fp =0 where f, and f, are the fractions of the ac-
ceptors and donors in their respective charge states.
In transistors with pure base, the transistors
are almost always electrically short as recognized
and pointed out by us recently in Ref.[3] because
there are so few electrons and holes to screen the
charges (whether fixed ions and electrode char-
ges,or even the mobile electron and hole charges
themselves) , so the linear carrier-screening dis-
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tance or the Debye Length, L = {e kT /[ ¢*(n; +
n) 1} >=25,m (25um to 30pm at room tempera-
ture) ,is so much larger than the make-ups and di-

mensions of the transistor. Previous authors™®

ar-
bitrarily defined a characteristic length, which
they erroncously called the Debye length, and
which is twice the correct value,2 X L, =2X25=
50pm"* . For impure base, the local linear carrier-
screening Debye length, L, = {es kT /[ q* (P +
N)]}"#, decreases with increasing impurity con-
centration from P = P,, for p-type region and
NZ=Npp for n-type region. In a p-type silicon re-
gion with P==P,, =10%cm ® and (Pas/n)"* =
(10" /10')"# =10%, thus, the screening distance is
decreased by 1000 to 25,m X 107° = 25nm, but this
is still comparable to and not much smaller than
the dimension of nanometer impure-base Fin-
FETs. It is too large to produce effective carrier
screening of the charge distributions on the device
geometric features. For the pure-base, this electri-
cally short channel is expected to significantly af-
fect transistor characteristics,and it is analyzed in

the third report of this series™® .

2.2 The Surface-Potential-Based Parametric Volt-
age and Current Equations

1

The x-Voltage Equation™®*:'"
rent Equation®'"! for the two-MOS gates on thin

and the y-Cur-

pure-base BiFETs are similar to those derived for
the
sistor

long-wide-channel thick-impure-base tran-

1314 with the base impurity concentration
set to zero, Py = 0, and the boundary conditions
Ex(x,y)= —9dV(x,y)/dx=0and V(x,y) =
V,(y) set at the symmetry or mid plane x = xz/2
of the thin base layer (0<Cx<Cxjp).These can be
simply modified if the two gates and the two volt-
ages applied to the two gates are dissimilar. When
the two gate voltages (all contact potential differ-
ences are included) are opposite in sign,these two
boundary conditions are replaced by the single
new boundary condition V(x,,y) =0 where x, is
located somewhere in the base layer, 0<Cx, < xy .
varying along the length y,i.e.,x, = x,(y). On
account of equation simplicity and device physics,
they are normalized to the Debye Length, X = x/
Ly and Y = y/Ly. The three potential variables
are also normalized, to the thermal voltage, kT/
q ’L11.113.14J

or

. the electron and hole electrochemical

quasi-Fermi potentials, Vy and V,, by

Uy (x,y) = qVx (x, y)/KT and U, (x, y) =
qVe(x. /KT, the potential
V(x,y), set to the intrinsic Fermi level position
Vix,y)=V(x,y)=E (x,y)/(— g) of the pure
base, by U(x,y)=U,(x,y) = qV (x. y)/kT =
qV,(x, y)/kT. The electron and hole currents

and electric

flowing through the entire thin base from source
(y=0) to drain (y= L) are normalized to Iy, =2
X(W/L)py Co(kT/q)* and Iy =2(W/L) p, Coo
X (kT/q)* where 2 comes from two gates or two
electron and two hole surface channels, ( W/L)
= SQUARE = SQ,is the aspect ratio or the ratio
of the channel width (z-direction) to length (y-
direction). It is the number of squares, SQ. for
specifying the conductance and resistance of thin
conductors. It is used in the y-axis or current and
conductance axis in the figures. x4, and p, are the
electron and hole mobilities, taken as constant, as
required by benchmarking compact models, since
mobilities are fundamental materials parameters,
defying exact quantum statistical mechanics treat-
ments in reality transistors of high non-uniformi-
ties,and are proprietary specialties of each manu-
facturer, if not also the pastimes for freedom of
expression of each of its engineers. Hence they are
best treated as optional compact modeling param-
eters. Co =eo/ X0 »1s the oxide capacitance per unit
area with electrical thickness xo.

The transistor characteristics are strongly de-
pendent on the ratio of the pure-silicon Debye Ca-
pacitance to the Oxide Capacitance Cp/C, or the
ratio of the ‘effective” thickness (scaled to Si die-
lectric) of the gate oxide to the silicon Debye
Length,Cp/Co = (esi/Lp)/(eos/X0) = (esi/e0x) X
(xo/Lp) = 3.0(1.5nm/28. 7435,m) = 1. 5656 X
107* &~ 10™*. For example, this ratio determines
the “threshold” gate voltage near the source end
of the channel, Vs = — (kT/g)log. (Cp,/Co)? ==
18(kT/q)> =500mV, which is confirmed by the
numerical results to be presented in figures and
discussed later. The ratio of the silicon to silicon
dioxide dielectric constants is given by (eg/eox) =
(11.7/3.9) = 3. 0 and the Debye Length is defined
by the static (i.e.low-frequency) linear response
theory of a many-body system of electrons and
holes, Lp = {es kT /[ ¢* (n; + ny) J}'? = 28. 7435,m
at T =296. 57K where the electron and hole con-
centrations in the pure silicon base is given by n;
= 1.000000 X 10" ¢m°, which gives = 25um at
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~300K. The Boltzmann constant is k = kg =
1. 380662 X 10" #J/K = 8. 617346 X 10 °eV/K. The
electron charge is ¢ =1.6021892X 10" C. At T =
296. 57K = 23.42C = 74. 156F, we have kg T/q =
25.55646mV.

In the theoretical analysis, we ground the
source to the external voltage reference, denoted
by B,so Vs =0.The space point B(x,y,z) could
be a physical contact point to the thin base at the
source end,or the vacuum level on one side of the
semi-infinite 1-dimensional device model, or on
the distant surround (such as the electrostatic
shield of a wafer probe station) of a two- or
three-dimensional device model from which the
workfunction is measured. We also lump the con-
tact potential difference of each contact into the
voltage applied to the terminal of the contact rel-
ative to the reference point, B(x, y,z). For ex-
ample, Ugp is the flatband voltage of the two iden-
tical gates. G, = G, = G,so that Ugg — U = Ugr
=Ugs — Ups = Ugg = Ugs — U which is indicated
in the figures as Vg with the flatband voltage,
Vs sunderstood. Overlooking this potential refer-
ence has resulted in erroneous solutions which is
valid only at Vs =018,

Based on the foregoing definitions and con-
siderations, the twelve surface-potential-based
parametric voltage and current equations of the
bipolar field-effect transistor™ ", and the differ-
ential transconductance and drain conductance
equations are then given by

Uss — U~ Us=Ugs — Us =
(sgnUs) (Cp/Co) X {exp(— Uy [exp(+ Us) —
exp(+ Uy ]+exp(+ Up)[exp(— Us) —
exp(— Uy ]2 (D
Iv = Ipeeon + Ipnae = {integration of X = 0
to Xgand Y =0to Y, = L/Lyp)

= [NoHCXp(U— U)(=aUx/dY)IYaX +

Ipoﬂexp( Up - U)(- aU,/aY)aYIX ()

gmzaln/ﬁvas
gd:(?[o/aVDs

(Vps = constant) (3)
( Vs = constant) 4)

2.3 For the Electron Channel (Us>U,>0)
XBE<XB/LD>EXB
(integration of U= U, to Us)
B = ZJ{exp(— Uw)lexp(+ U) — exp(+ Uy) ] +
exp(+ Up)[exp(— U) — exp(— Uy ]}*dU (5)

I = INOJ(UGB — U — Us)dUy

(Uy = 0 to Ups) (6)
Iy, = IPOJ— (Ugg — U — Us)dUp = 0
(Up = Ugs to Ups) D)
I = INOJ.( Ucss — Ups — UsH)dUy
(Uny = 0to Ugs) ®

2.4 TFor the Hole Channel (Us<<U,<<0)

XBE(XB/LD>EXB
(integration of U= — U, to — Us)

As EZJ{GXP(* U lexp(+ U) —exp(+ U] +
exp(+Up)[exp(—U) —exp(— U]}V dU (9
Ip, = IP()J = (Ugs — U — Us) dUs

(Up = Ugs to Ups) 10)

The drain terminal current, positive current flow-
ing into the drain contact,is then given by

Ipn=1Ixs T Iyy=Iyws (Ugs™Ups) (11

ID:IN8+IP10%IN85M+1P10 (UGS<UDS) (12)

3 Computed Current Voltage Charac-
teristics

The transfer and output current-voltage and
conductance-voltage characteristics are computed
from these twelve equations. A Lenovo-IBM T60
Thinkpad Notebook computer is used with a
1. 6GHz Intel Core-Dual (90nm) processor and
1. 5GB of memory, running the 32-bit Windows
XP Professional Operating System. The computa-
tions are made using the recently released (May
4, 2007) 64-bit Intel Visual FORTRAN (IVF)
Version v10. 00xx, with the library subroutines
IMSL (v8) and MKL (v7). Numerical accuracy
and computation speed are both quite adequate (a
few minutes per curve). The computation speed
could be improved slightly if the 64-bit Windows
XP is used to take advantage of the 64-bit regis-
ters of the Core-Dual processor. Slight speed gain
could also be obtained using the later T60 models
with the recent Core-2-Dual (65nm) processor or
the even smaller (45nm) processor technology.
Sample results are plotted by ORIGIN (v7). They
are presented in figures described in the following
sections for the two identical MOS-gates on pure-
base BiFET. The electron and hole mobilities are
taken as 400cm®/(V « s). Their difference will
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Fig. 1 Drain-source voltage Vps dependence of the

DC transfer current-voltage characteristics of a silicon
bipolar field-effect transistor (BiFET) with two iden-
tical MOS gates on a thin pure-silicon base. (a) Total
drain terminal current. (b) Electron and hole channel
current components of the drain terminal current.

just scale the currents and conductances. Their
field and position dependences in real transistors
are the subjects of compact modeling, not our
baseline benchmark model aimed for optimizing
their compact models and their accuracies. One
square or W/L =1 is assumed or used as the nor-
malization.

3.1 Transfer Characteristics

Figure 1 (a) shows the drain-source voltage,
Vs »dependence of the transfer characteristics, Ip
versus Vs = Veg = Vias — Vs with Vs = Vg —
Vs =0.1,0.3.0.5,0.7,1.0 and 2.0V, at a pure-
silicon-base thickness of xz =30nm,and a gate in-
sulator electrical thickness of xo = 1. 5nm. Figure
1 (b) shows the electron Iys and hole Iy surface
channel current components. Some salient features
are noted from these two figures which are also
present in the following figures on other transistor
characteristics. (1) The minimum of the drain ter-
minal current and the symmetry centered at the
minimum are due to simultaneous presence of the
electron channel and hole channel currents. These
were observed in recent FInFETS by IMEC +Assign-
ces > and WireFETs by Samsung and IME-Singa-
pore™ . (2) The ideal subthreshold swing of 60mV/
decade is easily anticipated by the back-of-the-en-
Us — (Cp/Co) X
(sgnUs) {see Eq. (1)}"* == Us because the silicon
Debye length (~25pm) is so much larger than the
gate oxide thickness (1. 5nm) or Cp,/Co~10"*<1

velope calculation: Ugs =

oc diffusion = — gD, (d N/d y) = — gD,n; X
exp(Us — Ux) X (9/9y) (Us — Ux) o< exp(Us) =
exp(Ugs) =exp(qVas/kT). This is the ideal sub-
threshold slope with the gate-voltage ( Vgs) swing
of §=(kT/q) log.10=25.55646mV X 2. 302585 =
58. 84592mV. (3) The theoretical threshold volt-
age can be defined as the point when the (Cp/
Co) term in the voltage equation (1) dominates,
for example, 10 times larger than the first term,
Us,following the classic definition proposed one
of us in 1964~1965"%". This is the region domina-
ted by the carrier-space-charge-limited drift cur-
rent'®’ . Thus, the threshold voltage at the source
(or the drain) for the pure-base silicon BiFET
transistor is given by Vgsy = (kT/g) [2 —
log. (Cp/Co)?]=(25.56) X [2 — 2 X log.1. 5656 X
107" ]=(25.56) X (19.524) =499mV. This is close
to the value shown in Fig. 1(a) for the I, at all
Vs =0.1V ~4kT/q and it coincides with the
gate voltage at the minimum I, at Vps =1.0V in
Fig.1 Ca). For experimental data analyses and
compact modeling, Zhou™" gave a more general
and operational (amendable to experimental ap-
plications) definition of the threshold voltage in
2001 as the intercept of the extension of the high
channel current with the extension of the sub-
threshold current, which can also be computed
theoretically,and a theoretical definition was giv-
en by Ortiz-Conde in 2003"%. (4) The parallel
shift of the hole channel current, I,p ( Vgps Vn) s
by Vs as indicated in Figs. 1 (a) and 1 (b) comes
from the change of the hole barrier height at the
Vos.
(5) Asymmetry was also observed in FinFETs
fabricated by IMEC +Assignees **) when [p,<< Iys
in n-FinFETs and when [y, > Iy in p-FinFETs
due to the difference between the barrier heights
of the contacts to the source and the drain ends of

drain with the change of Vs, Vap = Vs —

the pure-base. This was simulated by us using sev-
eral models and presented by us™"'. A theoretical
analysis will be reported"'” .

Figure 2 (a) shows the Vs dependence of the
differential transconductance versus gate voltage,
gm Vs Vgs,and Fig. 2 (b) the electron and hole
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Fig.2 The Vps dependence of the differential trans-
conductance versus gate voltage characteristics of a sil-
icon bipolar field-effect transistor (BiFET) with two
identical MOS gates on a thin pure-silicon base. (a)
Total transconductance. (b) The electron and hole
components of the transconductance.

components of the differential transconductance.
The negative differential transconductance from
hole currents is definitional and comes from the
reduction of the hole currents when Vg increases
at a constant Vps. For example, Vgp (= Vs — Vi
Vss — 2.0V) increases when Vs increases,
which decreases the hole barrier height at the
drain end of the channel and the surface hole con-
centration and hole channel current or hole cur-
rent in the drain terminal.
Figure 3 (a) shows the Vs dependence of the
differential output conductance versus gate volt-

age characteristics, g4 vs Vs, and Fig. 3(b) the
8.0

>
==

20 e

2,(10°mho/sq)

nd g, (mho/sq)

bo]O_Iz 1 1 1 TR AR AR %': 1
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Fig.3 The Vps dependence of the differential output
conductance versus gate voltage characteristics of a sil-
icon bipolar field-effect transistor (BiFET) with two
identical MOS-gates on a thin pure-silicon base. (a)
Total output conductance. (b) The electron and hole
components of the output conductance.

v (MA/$q)

and [,

c!!!!!‘

Iy

[NS

1 1 1 1

.0
-0.5 0.0 0.5 1.0 1.5 2.0 2.5
Drain-to Source Voltage V5 (V)

Fig.4  Gate-source voltage Vs dependence of the
DC output current-voltage characteristics of a silicon
bipolar field-effect transistor (BiFET) with two iden-
tical MOS gates on a thin pure-silicon base. (a) Total
drain terminal current. (b) Electron and hole channel
current components of the drain terminal current.

electron and hole contributions. The important re-
sult is that drain conductance increases from the
small or nearly zero value in the initial drain cur-
rent saturation range,shown by the solid lines in
Fig. 3(a), but it rapidly increases when the hole
current started to flow at higher drain voltages or
higher drain-to-gate voltages,above the threshold
for the two hole surface channels (two from iden-
tical double gates) , which increases the hole con-
centration in the hole surface channel and the
hole component of Iy.

3.2 Output Characteristics

The output characteristics,drain current,con-
ductance and transconductance, as a function of
output voltage, Vps,are shown in Figs. 4,5,and 6,
in the same format as transfer characteristics just
described in Figs. 1,2,and 3. Figure 4 (a) shows
that Ip increases after saturation as Vpg increases
beyond saturation,defined by Vipsuw = Visaw T Vasw
= Vg + Vigsms because the hole current, I, in
Fig. 4 (b),starts to take off, parabolically,in the
clectron channel current saturation range, when
Vs> Viosat = Vas T Vgsmn = Vs T 0.499V where
0.499V was just computed from (kT/g)[2 +
log.(Co/Cp)?]. The large and increasing differ-
ential output conductance, gq,with increasing Vg
as shown in Fig. 5 (a) comes from the increasing
hole conductance, shown in Fig. 5(b), due to the
increasing hole surface concentration from the
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Fig.5 The Vs dependence of the differential output Fig.7 (a) Base layer thickness x and (b) oxide

conductance versus drain voltage characteristics of a
silicon bipolar field-effect transistor ( BiFET) with
two identical MOS gates and a thin pure-silicon base.
(a) Total output conductance. (b) The electron and
hole components of the output conductance.

more negative gate-drain voltage, Vap = Vs — Vs
as Vps increases. This decreases the differential
transconductance, as shown in Fig. 6 (a) due to
the negative differential transconductance from
the increasing hole current.

3.3 Base Layer and Oxide Thickness Dependences

Figures 7,8, and 9 show the base layer and
oxide thickness dependences of the transfer cur-
rent-voltage and conductance-voltage characteris-
tics. The base layer thickness covers the very thick
range, xy = 1pm to 1000pm, corresponding to the
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Fig.6 The Vs dependence of the differential trans-
conductance versus drain voltage characteristics of a
silicon bipolar field-effect transistor ( BiFET) with
two identical MOS gates on a thin pure-silicon base.
(a) Total transconductance. (b) The electron and hole

components of the transconductance.

thickness xo dependences of the DC transfer current-
voltage characteristics of silicon bipolar field-effect
transistors (BiFETs) with two identical MOS gates on
a thin to thick pure-silicon base.

thickness of 12-inch silicon wafers (~1000pm) in
order to show two intrinsic properties when xp>
Lp~25um: (1) The characteristics of the double
gate are just the sum of that of two single-gate
bulk transistor,such as half of the SOI (Silicon on
Insulator) ,asymptotically approached by the pres-
ent case of pure-base or lowly doped base with
Py(or Npw)<<~n; =10cm *; (2) The BJT-like
source (emitter) to drain (collector) leakage cur-
rent in the off condition from the thick-and-short
MOST base (or the wide-and-thin BJT base).
Figure 7 (a) shows that the subthreshold
characteristics are greatly affected by the base
layer thickness. (1) In the thin base range,the i-
deal voltage swing of 60mV per decade was dis-
cussed in the detail with Figs.1 (a) and 1 (b).(2)
In the thick base range, there is the 120mV per
decade range from diffusion-limited body current
at high-level injection in the volume channel re-
gion in the middle part of the thick base, making
N~ P ~exp(qVas/2kT), which gives Iysoc N/ L
oc exp(gqVas/2kT) for the electron surface chan-
nels and Iy, ¢ P/L oc exp ( — qVep/2kT ) =
exp(— qVess/2kT) X exp ( + qVis/2kT) for the
hole surface channels. (3) In the thick bases, the
electron and hole surface channel currents would
cach continue to decrease as gate-voltage reaches
flatband and then into the “accumulation” of the
other carrier type,but which would give the sec-
ond carrier-species channel current, that causes
the rise of the total current from the minimum.
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Fig.8 (a) Base layer thickness xy and (b) oxide
thickness xo dependences of the differential transcon-
ductance versus gate voltage characteristics of silicon
bipolar field effect transistors (BiFETs) with two
identical MOS gates on a thin to thick pure-silicon
base.

(4) The additional JGFET-like bulk-channel cur-
rent,calculated using N = P = n; would increase to
a maximum at flatband and then decrease, reflec-
ting the change of the electrical thickness of the
bulk or volume channel, however, it could be
masked by the surface channel currents. (5) The
base-thickness has little or no effect on the high
current range which is dominated by electron and
hole drift currents in the surface channels.

Figure 7 (b) shows that the subthreshold
characteristics are not noticeably changed by the
oxide thickness in the range from x, = lnm to
2nm. The small shift in Vg, from (kT/g) X
log. (Cp/Co)* = (kT/g)log.4 = 25.56mV X 1. 386
=35.43mV is not evident in the displayed scale of
this figure. However, as expected, the large elec-
tron and hole surface channels, dominated by
drift,increases nearly linearly with the gate oxide
capacitance or inversely with the gate oxide thick-
ness,as indicated by the linear plot in the inset of
the semilog plot of Fig. 7 (b).

The differential transconductance, g, , shown
in Figs. 8 (a) and 8 (b) tracks that of the drain
current, Ip, just described for Figs.7 (a) and 7
(b) in both base and oxide thickness dependen-
cies.except that it tends to saturate at high Vs, as
shown by the inset in Fig. 8 (b),rather than the
continued rise in semi-infinite bulk transistor, or
the very thick base double gate, x> Lp~25pm,
such as the xp = 100pm and 1000pm curve which
are not presented in these figures. This is expected

Jes=10V ]
2.0 2.5

0F
-0.5 0.0 0.5 1.0 1.5
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Fig.9 (a) Base layer thickness xy and (b) oxide
thickness xo dependences of the differential output
conductance versus drain voltage characteristics of sili-
con bipolar field-effect transistors (BiFETs) with two
identical MOS gates on a thin to thick pure-silicon
base.

because the tied double gates raises the base po-
tential, U, from the zero of the thick base,which
would be overcome if the two gates are biased in
opposite polarity.

The dependence of the output or drain con-
ductance on the base and oxide thicknesses are
shown in Figs.9 (a) and 9 (b). These are very
similar to those of the drain current, I ,described
in Figs. 7 (a) and 7 (b) in both the subthreshold
and strong ‘inversion’ surface-channel current
ranges.

4 Summary

Theoretical DC current-voltage and differen-
tial conductance-voltage characteristics are ob-
tained for the nanometer double-gate on thin
pure-silicon-base MOSFET, showing the simulta-
neous presence of both electron and hole surface
channels, hence the new acronym bipolar field-
effect transistor, BiFET. This previously not rec-
ognized BIiFET characteristics could provide cir-
cuit functions in one physical transistor, such as
the CMOS inverter and the SRAM-like bistable
current-voltage characteristics.
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