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Abstract: The field-effect transistor is inherently bipolar, having simultaneously electron and hole surface and volume
channels and currents. The channels and currents are controlled by one or more externally applied transverse electric
fields. It has been known as the unipolar field-effect transistor for 55-years since Shockley’s 1952 invention, because the
electron-current theory inevitably neglected the hole current from over-specified internal and boundary conditions,such as
the electrical neutrality and the constant hole-electrochemical-potential, resulting in erroneous solutions of the internal and
terminal electrical characteristics from the electron channel current alone, which are in gross error when the neglected
hole current becomes comparable to the electron current,both in subthreshold and strong inversion. This report presents
the general theory, that includes both electron and hole channels and currents. The rectangular (x,y,z) parallelepiped
transistors,uniform in the width direction (z-axis).,with one or two MOS gates on thin and thick,and pure and impure
base,are used to illustrate the two-dimensional effects and the correct internal and boundary conditions for the electric and
the electron and hole electrochemical potentials. Complete analytical equations of the DC current-voltage characteristics
of four common MOS transistor structures are derived without over-specification: the 1-gate on semi-infinite-thick
impure-base (the traditional bulk transistor), the 1-gate on thin impure-silicon layer over oxide-insulated silicon bulk
(SOD) ,the 1-gate on thin impure-silicon layer deposited on insulating glass (SOI TFT) ,and the 2-gates on thin pure-base
(FinFETs) .
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opposite surfaces of the p-type base-slice. The two n-
1 Introduction Gate/p-Base n/p-junctions are reverse biased to re-
duce the holes in the p-type base-slice,hence the elec-

The principle of conductivity modulation by a
transverse electric field to provide a 3-terminal solid-
state device to amplify electrical signal was conceived
by Lilienfeld in his three United States patents filed
and issued during 1926 ~1933""). The practical field-
effect transistor (FET) was invented and mathemati-
cally analyzed by Shockley in 1952*'. Shockley’ s
transistor consisted of a p-type semiconductor slice
(known as base) with two p-type contacts to the two
ends of the slice, denoted as the drain and source of
holes for the hole current flowing through p-type slice
or p-type volume conduction channel. The transistor
also contains two n-type regions (known as gates)
built into the bulk of the base-slice through the two

trical conductance of the volume channel of holes.
This Junction-Gate FET (JG-FET or JGFET) was
further analyzed by Prim and Shockley in 1953 using
Shockley’s two-section model in which the length of
the transistor is divided into two sections, the source
emitter section where Shockley’s gradual channel ap-
proximation was used and the drain collector section
where the carrier depletion approximation was used.
The boundary separating the two sections is the point
where the channel thickness is pinched off by the
thickened and carrier-depleted space-charge region of
each of the two reverse-biased n-Gate/p-Body junc-
tions. The transistor was reduced to practice by Dacey
and Ross in 1953, Shockley’s 1952 unipolar theory
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and two-section model have been used in the last 55
years to analyze the electrical characteristics of four
FETs with insulated gates for volume applications:
(i) The most widely used FETs with one metal-con-
ductor/oxide-insulator/semiconductor-silicon ( MOS)
gate™ " on a semi-infinite thick and impure-base of
semiconducting-silicon (Bulk MOSFET)"" to develop
compact transistor models™™ for use with circuit simu-
lators such as SPICE""% ; (ii) The FETs with one MOS
gate on polycrystalline silicon thin film deposited on a
insulator such as glass (SOl TFT) ,recently made pop-
ular, as the pixel driver of Liquid Crystal Display
(LCD) panels of personal computers and televi-
sions”* ; (iii) The FETs with one MOS gate on thin
crystalline silicon layer which is insulated from the
crystalline silicon substrate by a thick layer of SiO,
obtained from a high concentration of ion implanted
oxygen, subsequently thermally activated to form a
buried SiO, layer (SOI SIMOX MOSFET),for higher
switching speed from reduced overlap and bulk-junc-
tion parasitic capacitances that load down the inter-
connect lines™®'" ;and (iv) The FETs with two MOS
gates on fin-shaped thin silicon pure-base ( Fin-
FET)""" as the technology advances towards nanome-
ter dimensions™*'.

While reviewing the literature on the FinFET in
order to referee a manuscript for the IEEE Transac-
tions on Electron Devices in February, 2007, we no-
ticed the distinct presence of simultaneous clectron
and hole currents in the experimental DC current
voltage characteristics of the latest silicon nanometer
FinFET, reported by IMEC with four groups of As-
signees from four semiconductor integrated circuit
manufacturers (Intel, Phillips,Samsung, TD™* , which
we reported as two Late News at the 2007-May-23
Workshop on Compact Modeling''*’
paper, 5 months later with additional discoveries
about the history,at the 2007-October-14 1EEE Elec-

tron Device Society Mini-Colloquium at Bucharest,
[15]

and as an invited

Romania*">’. It was at once obvious to us, in March
20077, that the simultancous presence of electron
and hole channels, or the nMOST (nFET) and
pMOST (pFET), could increase the circuit function
density by a factor of two to six, aside from speed
gain,since one physical BiFET can be connected in-
ternally to give the 2-Transistor nFET-pFET CMOS
inverter and the 6-Transistor SRAM-like bistable
memory. To help advance rapidly the circuit design
technology without years of delay from lacking a
compact transistor model based on the correct tran-
sistor theory, we embarked on an exposition to pro-
vide the complete bipolar theory of the bipolar FET
to replace Shockley’s 55-year-old unipolar theory of

the bipolar ¢field-effect’ transistor™. Our results

have been reported in five journal articles''*"*"' which
did include the simultaneous presence of the electron
and hole currents. However, our numerical solutions
only reached the zeroth-order or initial-guess using
the unipolar solution (actually hole-current-less bipo-
lar solution that includes the mobile or configurable
spatial distribution of the hole carrier concentration)
in each of the two emitter sections,such as the source
electron-emitter section, without further numerical it-
eration to take into account of the hole current;simi-
larly, the drain hole-emitter section, without further
taking into account of the electron current. These
unipolar approximations to give the bipolar currents-
voltage characteristics of a bipolar MOSFET are actu-
ally quite accurate when the electron or the hole cur-

041 not unlike

rent dominates, which we recognized
the Matthiessen’s Rule, but gross error is expected in
bias voltage ranges where the electron and hole cur-
rents are comparable or equal,such as the intersection
of subthreshold current-voltage characteristics of the
nFET and pFET,around half of the threshold voltage
of each transistor,and the high drain/source voltage
range beyond the drain eclectron current saturation
voltage of the electron channel where the electron
channel current is saturated while the hole channel
current is continuously increasing parabolically in the
saturation range with increasing drain to source volt-
age, reaching the electron channel current value at
Vps = 2Vg > 0 for the initially electron channel
nFET-UniFET, which changes over to BiFET with
constant nFET current and parabolically rising pFET
current, both in their current saturation range. (See
the I-Vps characteristics in the inset of Fig. 1 and al-
so on the issue cover of our first BIFET article in Oc-
tober 2007'%" and in Fig. 4(a) computed by the elec-
trochemical potential-gradient electron and hole
channels and currents theory"'" .)

In the following sections we present the bases
that lead to the general theory, including both elec-
tron and hole channels, but also electron and hole cur-
rents, because including just the surface inversion
channels, as some may have implicitly done, and not
the currents,is inadequate when both the electron and
hole currents are of same order of magnitudes. The
rectangular (x, y, z) parallelepiped transistors, uni-
form in the width direction (z-axis),is used to give
the generic solution. Such a rectilinear coordinate sys-
tem is designed to facilitate the inclusion of the two

2-D terms, from the longitudinal gradient of the lon-
gitudinal electric field in the gate oxide, J[(?Ey(— Xo

< x < 0, y)/dyJdx , and in the base-channel,
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j[aE},(O < x << xp,y)/dyldx., by additional itera-

tions. The central issue on the correctness of the theo-
ry concerns the internal and boundary conditions im-
posed on the three independent variables, the electric
potential and the electron and hole eclectrochemical
potentials,for which we shall give the rigorous theo-
retical derivations in the following sections for the
four transistor geometries of volume applications:one
or two MOS gates on thin and thick,pure and impure
base,and all uniform in width (z-axis).

2 Electrochemical Potential Theory

The DC electrical characteristics of the transistor
They
reduce to three equations for the case of zero or negli-
gible electron-hole generation-recombination-trapping
(GRT) which would otherwise provide the interac-
tion link between the electron and hole concentra-

are governed by the six Shockley Equations™" .

tions. These are the Poisson Equation that couples the
electron and hole charge densities or concentrations
via the divergence of the electric field, and the two
current continuity equations one each for electrons
and holes or the Kirchoff’s Current Law of conserva-
tion of the rate of change of charges (electrons and
holes) with time and the currents carried by the mov-
ing charges (electrons or holes). The current continu-
ity equations are derivable from the Boltzmann trans-
port Equation, one cach for the electrons and holes.
The two current components are the drift current due
to the electric field force on the charged electrons and
holes,and the diffusion currents due to the concentra-
tion gradients of the electrons and holes. These are
derived here for the analytical characterization of the
BiFET at the DC Steady-State. The algebra steps are
given by the following equations numbered ( # «)
where # = 1to 8 and «= A to D or H and the final
eight equations used in this report for the GRT-free
case are numbered by ( # ). The derivation has not
been presented in books and articles in sufficient de-
tails to provide the justifications and approximations
necessary for the analytical solution of the BiFET,so
they are described in this report. The rigorous results
included the two-dimensional terms (with uniform
properties in the z-direction) which have not been in-
cluded in previous theories but which are increasingly
important, to the dominant proportion, as the tran-
sistor dimension, such as the channel Length in the
FET, L, decreases towards nanometers, the semicon-
ductor dopant impurity concentrations decreases to-
wards pure or zero, and the local Debye screening
length, Ly, of the fixed and mobile charges by the

mobile charges,increases towards the pure-silicon val-
ue of about Lp~ 2Z5um at room temperatures, since
the non-geometrical 2-Dimensional effects such as the
longitudinal electric field gradient, i. e., the diver-
gence of the longitudinal electric field,is proportional
to or scaled by (L,/L)*. To simplify the notations
and results, we use the exponential representation of
the three-dimensional electron and hole volume con-
centrations, N(x,y,z) and P(x,y,z),by their ther-
mal-voltage-(ky T/ g)-normalized electrochemical po-
tentials Ux(x,y,z) and Up(x,y,z) and the electro-
static potential or DC electric potential represented
by the intrinsic or pure-semiconductor Fermi poten-
tial, U(x,y,z)=U;(x,y,z).In this normalized no-
tation,we have N = nexp(U — Uyx) and P = n; X
exp(Up — U) where n; is the electron and hole con-
centration in a pure or intrinsic sample, k is the Bolt-
zmann constant,and T is the lattice or semiconductor
temperature. We also use the exponential representa-
tion for the net-positive-charge of the ionized accep-
tor over donor impurity concentrations, defined by
Py=Pr — Ne = njexp(+ Ug) — niexp(— Ug) in
which F is a far away or remote location, R, where
the potential may be taken as the universal or global
reference from the Coulombic or the 1/r electrostatic
point-charge potential, U(xg,yr»zg) =0. The use of
R— « ,is selfconsistent also,since limit(r—>o)(1/r)
=0 for the potential, limit( r—>o)(d/dr)(1/r) =0
for the electric field which is the gradient of the po-
tential,and limit( r— ) (d*/9r*)(1/r)—0 for the
divergence of the electric field, which is proportional
to the space charge,giving the remote charge neutral-
ity condition. Thus,at this remote reference point, R,

211 s reached with no electric

thermal equilibrium
field and no electrical net charge or with electrical
neutrality. Then, the mass action law or detailed bal-
ance holds, giving PNy = Pr Ny = P. N. = n} which
can be solved simultaneously with P, = n;exp(+ Ug)
— n;exp( — Up) to give the Fermi potential or energy
Ur and the equilibrium hole and electron concentra-
tions as a function of the net acceptor impurity ion
concentration, Py, which are

P./ni=exp(+ Up) = (1/2)(Py/np){1+[1+
Cni/Paw)? V2> P/ 1 when P/ n,>20
and

N./ni=exp(—U)=(1/2)(Piy/n){-1+[1+
Cn/Ppn)? V%) = ni/Pw when P/ n;>20.

In the decades of traditional solid-state and tran-
sistor electronic device engineering practices, the sub-
script B has been used instead of R and F,to write
Ny s Usg, Py ,for the basewell-channel of MOSFET , the
base of the BJT, and the bulk or body of a semicon-
ductor slice or slab,but B is also frequently used as the
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contact to the outside world and as the reference in
the FET and BJT (Bipolar Junction Transistor) termi-
nology,which creates a notation conflict, but worse,
causes the theorists to use erroneous boundary condi-
tions,such as the notion of floating base that contra-
dicts the rigorously defined DC Steady-State condi-
tion, leading to incorrect computed current-voltage
characteristics,that confuses the issue with the transi-
ent responses of the transistor during switching and
turn-on and turn-off transients which must be treated
as time-dependent phenomena, rather than piecewise
DC Steady-State conditions. And such neglect and ar-
bitrary set of an internal variable among the three po-
tentials (electric and two electrochemical) becomes
detrimental in DC characteristics analyses of the pure-
base dual gate MOSFET characteristics-®'""**~%"  For
this presentation of the DC analysis of the BiFET
characteristics, we assume near thermal equilibrium®"
with no hot carrier effects so the electron and hole
mobilities and diffusivities closely follows the equilib-
rium Einstein Relationship D./uw = ks T/q = D,/ py .
This can be easily extended to take into account of
non-thermal-equilibrium distributions of electrons and
holes in high electric fields by means of hot electron
and hole temperatures, Ty and Ty using the Max-
wellian energy distributions or the exponential repre-
sentations extended to high concentrations of hot
carriers, in addition to the near-thermal-equilibrium

lattice or heat-transfer temperature, T, = T, in
which, the hot carrier temperatures are calculated
from the power transfer balance or rate of energy ex-
change between the carriers and the lattice vibrations
or phonons via the energy-conservation (with acoustic
phonons) and power-dissipation ( with intervalley-
interband acoustic and optical phonons) scattering
transitions first treated by Shockley in 1951/%2) A
simple kinetic description of the hot carriers using the
ballistic or the Lucky Electron (Hole) Model given by
Shockley™*' can also be used for low densities of or
a few lucky hot carriers to account for generation of
the secondary electrons and holes by energetic prima-
ry electrons and holes accelerated to the phonon
energies by the high electric field. Both high-field re-
duction of the electron and hole mobilities and elec-
tron-hole pair generation and recombination are ex-
cluded in this report.

A rigorous derivation of the three equations, (1),
(2) and (3) listed below,to be used by the BiFET the-
ory,are given in the following paragraphs. The Car-
tesian coordinate unit vectors are defined by r = iyx
+ iyy + izz and the volume element is given by dU
=dxdydz. In order to simplify the notation and also
to bring out the device and materials physics in scal-
ing,we normalize the x-axis to the Debye Length of
pure silicon, Lp = (eskg T/2¢g*n;)"?, X = x/Lyp,and
the y-axis to the channel length L,Y=y/L.

Shockley Equations (Three of Six at DC for No-Generation-Recombination-Trapping?'’.)

Poisson Equation
Ve lesE)=p (x,y.2) =q(P~ N—Py)

=es[+ (WEx/dx) + (QEy/dy)]=q(P—=N—Pg+ Nyp)

= (ks T/ @[~ (2 U/ax*) — (> U/ay*)]= q(P~ N— Pr+ Ny
=gn;lexp(Up— U) —exp(U — Uy) —exp(+ Up) +exp(— Up)]
[-(*U/ax*) —(*U/ay*)]=(q*/esksyT) (P~ N— Py + Ng)
=(1/2L%) [exp(Up — U) —exp(U — Uy) —exp(+ Up) +exp( — Up) |
[—(PU/IX?*) —(Ly/L)*(*U/dY?*)]=(P—N—- P+ Ny)/2n;
=lexp(Up— U) —exp(U - Uy) —exp(+ Up) texp(— Up)]/2
[-@Q*U/9X*) — (Lp/L)*(*U/ay*)]=[exp(Up— U) —exp(U - Uyx)]/2

Electron Current Continuity Equation
Y 'J.N+C](gN7”N):f7n/9[
Vo eJdutTq(Gy—Ry)=0
Vo« Ju=0

@V-JNdU: S@gJN-dS:O

@ﬁv Iy dU= SEﬁJN . ds = juwayz +3§JNyaxz _

JJNX(?yZ + jJNy(?xZ = constant = — Ipy
Hole Current Continuity Equation

Vo jet q(ge—re)=9dp/dt

V 'Jp+q(Gp_Rp):0

Poisson Equation 3-Dimensional Impure (1A)
2-Dimensional Impure (1B)
2-Dimensional Impure (1C)
2-Dimensional Impure (1D)
2-Dimensional Impure (1E)
2-Dimensional Impure (1F)
2-Dimensional Impure (1G)
2-Dimensional Impure (1H)

2-Dimensional Pure (1)

Time-Dependent Electron 3-D Continuity Equation (2A)
DC Steady State Electron 3-D Continuity Equation (2B)
GRT-free DC Steady State Electron 3-D Continuity Equation (2C)

Divergence Theorem,Kirchoff Law 3-D Continuity Equation (2D)

Electron 2-D Continuity Equation (2E)

Kirchoff Law 2-D Electron Current Continuity (2)

Time-Dependent Hole 3-D Continuity Equation (3A)
DC Steady State Hole 3-D Continuity Equation (3B)
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VoeJy=0 GRT-free DC Steady State Hole 3-D Continuity Equation (3C)
@}BV «J, dU= ﬁg]p +dS =0 Divergence Theorem, Kirchoff Law 3-D Continuity Equation (3D)
@V « JpdU= S{ﬁJp «dS = ﬂngXayZ +§prr7xZ =0 Hole 2-D Continuity Equation (3E)
JJPXJyZ + leyﬁxZ = constant = — Ipp Kirchoff Law 2-D Hole Current Continuity (3)

Analytical Solution of the Poisson Equation

Voltage Equation, X-Equation. (1966-Sah-Pao Model >**')

Integrating the Poisson Equation (1F) and (1H) by quadrature along the X-axis from X; to X, and U, to
U, with the assumption of spatially constant impurity concentration, P;y(x,y) = Py, we get the general solu-
tion as follows™ . Let X, = X be a variable.then

(U/IX)s—U/IX)i=F*(U,,Up,Ux,U,,PusEy) 2-Dimensional Impure (4A)
((’)(]/(,)AX)Z :Fz(UaUPVUNeUlalevEy)+<(7U/(7X)%
=F*(U,Up,UxsU,sPvsEv,Ex) 2-Dimensional Impure (4B)

= +exp(U—-Uy) —exp(U, = Uyx) +exp(Up = U) —exp(Upy — U,)
- (Py/n) X (U-U) + 2(LD/L)2J(92U/(7 Y?»)dxU+ (2U/2X)} 2-Dimensional Impure (4C)

+exp(U— Ux) —exp(U; — Ux) +exp(Up — U) —exp(Up — Uy) 1-Dimensional Pure (4)
Integrating the Poisson Equation (1F) and (1H) twice along X axis,from X, to X,,and let X, = X as a

variable,we get the general Voltage Equation or X-equation as follows® where
[Jorxax = [eyax = [ebwax + e[ GE, /appaxax == (v = Vi) = (x = xeliy, + [ B, /ayraxax
UX,Y) - U (X, Y) =sign(U — Uy) X (C./Cx-x1) X QU/IX )
_ (xE/L)Zﬂ(r?2 U/dY?)IXIX — (1/2)(xE/LDE)ZJT(p/qn;)aXJX 2-Dimensional terms (5)

Analytical Solution of the Current Equations
Current Equation,Y-Equation, (1966-Sah-Pao Model"#!)
Electron Current

Jyn =+ quaNE+ gD,V N=—-gD,NV Uy 3-Dimensional (6A)
=Jxxiy tJInyiv=—gD,N[(QUx/Ix)ix + (AUx/IY)iy ] 2-Dimensional (6B)
Inyix = — gD, N@QUx/dx)ixy =0 Gradual-Channel ..Ux(x,y)=Ux(y) 60C)
JNyiy:_anN((’)UN/(’)y)iyio (6D>
@JN «dS = ﬂglNXHyZ +§JNy0xZ = ﬂgJNYHxZ =0 .'.jJNyaxZ = constant = — [py (6)
Hole Current
Jo» =+ qu,PE+ gD,V N=—-¢gqD,PV U, 3-Dimensional (7A)
=Jexix tJpyiv=— gD, N[ QUx/dx)ix + (QUx/Iy)iy] 2-Dimensional (7B)
Jexix=—qD,P(AUy/Idx)ix =0 Gradual-Channel .. Up(x,y)=U(y) (70)
Joyivy=—gD,PQAU:/9y)iy#0 (7D)
J&ﬁ Jp o dS = ﬂEJPXHyZ + 3€1pyaxz = jgjpyaxZ =0 .'.JJPYOxZ = constant = — Ipp 7

Total Terminal Current
(Flowing into the Drain and Source Nodes from Outside)
Ip=1Ipn+ Ipp= — I (integrate x =0 to xg;y can be any value between 0 to L.) (8)

Since the total electron and hole currents are and Y = y/L, we get the following analytical solu-
each spatially constant, independent of y, the inte-  tions for the electron and hole currents flowing into
grated current densities over the cross-sectional area is  the drain from the outside. The solution of (10) and
equal to the current flowing out of the drain and
source terminals as shown in (6) and (7). Thus,in-
tegrating the electron and hole current densities given Oto V< 1.
by (6) and (7),and using the normalized X = x/L

(12) are obtained by integration ja Y fromY =Y, >
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I :_JJNY(7XJZ =+ an(aUN/ay)JNﬂxW OA)

=+ ann,(W/L)LD(HUN/JY)exp(* UN)JGXP("‘ U)(j)(U/F(U’UanNyUlyle’EY’E)q) (€°))
Iox :_JH-INYHXHYQZ/L =+ anJ(aUN/ay)a)’JNaX(W/L) (10A)

=+ ann,(W/L)I:LD/(Y - Yg)]JayUNeXp(_ UN)JeXp(+ U)axU/F(U9UP9UNaU19P1M9Ey9E)(1) (10)

Iop :—jjpyaxaz = + qu(aUp/ay)JPaxW

=+ C]Dpn,(W/L)LD(E)UP/QY)CXP(+ UP)JCXp(f U)aXU/F(Uy Up,UN9U19PIM7EnyX1)

Ipp = — Jﬂjpyaxayaz/L =+ quJ(QUP/ay)ayJPa)C(W/L)

11A)

1D

(12A)

=+ qunl(W/L)[LD/(Y— Yg):l JayUpeXp<+ Up)JeXp(— U);)XU/F(UQUP"UN?UI9P]M9EY9EX]) (12)

Flatband Boundary of the Two Sections™®

If the terminal voltages or electric potentials sat-
isfy (i) 0<CUgs<< Ups for electron-channel and elec-
tron-current initially dominant in the low drain volta-
ges range 0<C Ups<< Ugs »to be denoted as nBiFET. or
(i1) 0= Ugs = Ups for hole-channel and hole-current
initially dominant in the low drain voltage range 0=
Ups= Ugs » to be denoted as pBiFET, which is when
both the electron and hole currents are in their ‘satu-
ration’ ranges,either in subthreshold or in strong in-
version,then the channel can be divided into two sec-
tions,a model first used by Shockley in 1952'' for the
volume-channel JGFET, obviously followed that of his
19497 s bipolar junction transistor”’s collector/base/
emitter section separation idea. But the 2-section
volume-channel idea for JGFET,is not so difficult to
apply to the surface-channel MOSFET,as the bounda-
ry point or plane where the oxide electric field rever-
ses, which has been used as figures in textbook to
teach undergraduates about MOS transistors by Sah in
1993% to illustrate this important location. There is
also a general analytical equation, just discovered on

(yo/xp) = (QUne/dy) « exp(U, — UNO)/J(HUN/ay)JyJexp(U — Ux)dx (x = 0to xg;y = 0to y,)

(L=y,)/xg=@QUx,/dy) » exp(UO—UNO)/j(HUN/ay)HyJexp(U - Ux)dx (x = 0to xg;y = yoto L)

20080202 and reported here,that determines the flat-
band location or x-z plane, y = y,, which can be ob-
tained using the Y-equations or Current-equations
given by (9A) to (12) above and noting that at this
flatband plane, N(x,y) = N(y,) = niexp[ U (y,) —
Ux(yo)]=n;exp(U, — Ux) and P(x,y) = P(y,) =
niexplUp(yo) — U(yy) J=niexp(Up — Uy) »i.c. both
are spatially constant in x and y. Then letting Y=Y,
and Y; =0 for the electron currents in (9) and (10),
and Y=1 and Y; = Y, for the hole currents in (11)
and (12), and ecliminating the electron current be-
tween (9) and (10),and eliminating hole current be-
tween (11) and (12),we get the following two pairs
of analytical equations to calculate the location of this
flatband plane which separates the source electron-
emitter section, with length Y, ,from the drain clec-
tron-collector section, with length (1 - Y,),and simi-
larly,the source hole-collector section with length Y,
from the drain hole-emitter section with length (1 —
Y,). Of course,the four equations give the identical
value of Y,,when the recursive iterations reach con-
vergence.

(13)

(14)

(L = yo)/x5=(0Up/dy) + exp(Up — U())/J((?Up/(?y)ﬁyJexp(Up CU)ax (x = 0t x53y = yoto L) (15)

(yo/xp) = (QUp/dy) » exp(Up, — U0>/J((7Up/(7y)(7yjexp(Up - U)dx (x =0to xpg;y = 0to y,)

Simultaneous Equations Needed for Solving Specific
Transistor Structures

There are 3 potential variables, U(x,y),Ux(y)
and U, (y) which are used to obtain the terminal cur-
rents as a function of terminal voltages or electric po-
tentials, U(x,y) applied to the terminals (x = X,y
=Y, with a=S,G1,G2,D which indicate the coor-
dinate location of the source, gate 1,gate 2 and drain

(16)

terminals. For any transistor structure,the problem is
completely defined by specifying the electric poten-
tials applied to these terminals. The solution or the
current-voltage characteristics are obtained by know-
ing the internal and boundary conditions of the elec-
tric potentials and their space derivatives or the clec-
tric fields, based on the Coulomb electron physics.
The electrochemical potentials of electrons and holes
at the terminals and inside the device cannot be speci-
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fied since they are determined by the electric poten-
tials applied to the terminals which determine spatial
distribution of the clectron and hole charge concen-
trations, hence, their electrochemical potentials. Such
fundamental errors have been made in all previous
analytical and numerical solutions,traceable to Shock-
ley’ s constant quasi-Fermi potential approximation
for majority carriers in minority carrier devices,such
as the p/n junction, although some of the MOS tran-
sistor numerical solutions turned out to be nearly cor-
rect which can be understood from the dominance of
the particular charge transport phenomena which is
picked out to give the analytical solution by neglec-
ting all others via arbitrary setting of the electro-
chemical potentials of the others, for example, the
unipolar nFET solution with hole and trapped clec-
tron electrochemical potentials set to zero or some
constant, which would give zero electrical current
from the holes and trapped electrons while still allo-
wing them to change their spatial charge density dis-
tribution to meet the demand of the applied voltages
or electric fields and the electrode configurations.
But,when their currents become comparable to the e-
lectron current,obviously gross errors would occur in
the calculated terminal currents. In the following sec-
tions,the correct internal and boundary conditions are
derived and listed for the four volume-application-
and-produced MOSFET structures.

3 Applications to MOS Transistors (In-
ternal and Boundary Conditions)

For ease of presentation, we collect the previous
cquations that are used to completely define the solu-

tion of a specific transistor structure. They are listed
and renumbered below,as the Voltage or X or elec-
tric potential U ( X, Y) equations and the Currents
and Y or electrochemical potentials Uy (X, Y) and
Up(X,Y) equations. They are to be solved simulta-
neously,analytically as much as possible,and numeri-
cally by recursive iterations, for a given transistor
structure to give the drain terminal electron and hole
currents, Ipy and Ipp, as a function of the terminal
electric potentials Ugiss Ugss and Ups of gate 1,gate 2
and drain relative to source. In order to give analyti-
cal solutions, we use the thin transistor model, which
Shockley called the ‘gradual channel’ approximation
or just ‘gradual approximation’ but it can also be
called the long channel approximation,although none
can be justified for all transistor geometries and impu-
rity distributions. Nevertheless, it gives us the start
and it has provided simple, useful and easy to under-
stand analytically results for more than 40 years since
their first use by Sah during the mid-1960’s"*"**), So
the best and new (just realized to write this report)
physical-picture-based condition to give the iterative-
able analytical solutions is to assume that both the
electron and hole currents flow along the channel di-
rection (y-axis), which were used in (6C) for the
electron current namely,Jxx = — gD, N(9/dx) Ux(x,
y)=0or (3/dx)Ux(x,y) =0,then,since N(x,y)F#
0,s0 Un(x,y) =Ux(y), and similarly in (7C) for the
hole current, Jpx = — gD, P (3/9x) Up(x,y) =0 or
(3/dx)Up (x, y) =0, then, since P (x.,y)#0,so
Up(x,y)=Up(y).

The general voltage and X equations from (4B)
and (4C) and (5) are

(WU/2X)* =F*(U,Up,Ux-U,,P-Ey) + QU/IX)T

:FZ(U,UprNaU17P1NHEY’EX1)

2-D Impure (4B) (17)

= t+exp(U— Uyx) —exp(U, — Uy) texp(Up — U) —exp(Up, — U,)
- (P/n) X (U -U) + Z(LD/L)ZJ(J2 U/aYaxU + (0U/9X)F 2-D Impure (4C) (18)
U(X,Y)—Ul(leY)ZSign(U—Ul)X(Cs/fo;ﬂ)X((?U/aXl)l

- (xE/L)Zﬂ@2 U/aY?)aXoX — (1/2) (xE/LD)Zﬂ(p/qni)JXaX

2-D terms (5) (19)

The general current and Y equations from (9) to (12) are

Iox=+ gD, n;(W/L)L,(2Uyx/dY)exp(— UN)JeXp(-F U)axU/F(U,UpsUxsU, s PrsEy+Ex) (9

(20)

= gDy (W/L)[ Ly Y—Y_g)]jayUNexp(—UN)Jexp(+U)f7XU/F( U.Up Ux U, PrasEy Ex) (10) (21)

Iop=+ gDyn;(W/L)Lp(@Up/dY)exp(+ UP)Jexp(— U)oyU/F(U,Up,Ux,U,,P-Ey,.Ex) (11)

(22)

= gDy n (W/L)[ Lo/ (Y~ Yg)]Jf?yUpexp(Jr Up)Jexp(— UNayU/F(U.Up,Ux+ Uy Pr+Ev Ex) (12) (23)

We just gave the four equations in (13) to (16)

to determine the boundary, Y = Y, separating the

two sections when 0<C Ugs << Ups for nBIiFET or 0>
Ugs = Ups for pBiFET. So, they are not repeated
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here.
3.1 1-Gate MOSFETs

Finite-Thickness Impure-Base (SOI SIMOX and SOI
TFT)

The general 1-gate MOS transistor has a finite
silicon base thickness of xz from x =0 to x = xp with
a dielectric constant of es = kgiiconco Where g, = 8. 854 X
10" F/m is the permittivity or eclectric constant of
free space and «5; = 11. 7 is the relative dielectric con-
stant of silicon. The 1-gate or front gate is composed
of a gate conductor over a gate insulator or oxide of
thickness xo, with dielectric constant of eg = 3. ¢,
which is located from x = — xo to x =0 and the oxide/
silicon interface plane is located at x = 0. Oxide and
interface trapped charges can be readily included in
the general voltage equation but is implicitly under-
stood as part of the flat-band gate voltage which is
absorbed into the applied gate voltage. The distance
between the drain and source contact is L, which is
the active channel length. The back surface,at plane
x=xpatall y from y=0 to y= L ,is taken as a free
surface or a surface covered by an infinite thick oxide
with no interface charge. Thus, U (x = x, y) =
Us(y) and Ex = (kg T/q)[(2/9x)U(x=x5,y)]=0.
One cannot and must not assign a condition for the
second derivative,d* U (x, y)/d x* at the back inter-
face,x =
electrical neutrality at all y at the back interface
which must be determined by the applied potential to
the terminals which determines the spatial variation
of the electron and hole concentrations, which is de-

xgsor any (x,y) since it not only forces

termined by the Poisson Equation,but such a assump-

UGS - Us = Sign(US - UO) X (CD/C()) X <(’}U/(’)X>s - ()Co/L)ZJJ‘((/}Z U/(}YZ)(?X(?X from (19)

tion on 9* U(x,y)/dx* also over-specifies the problem
which usually cannot find a physically realistic situa-
tion to give such specification. Furthermore,the insu-
lating back boundary at x = xj is indeed not inconsis-
tent with the general assumption that the electron and
hole currents both flow in the y direction,i.e.at x =
xg,both d Ux/dx =0 and 9 Up/d x = 0. Finally, the
most important,is the location of the source and drain
contacts for the applied potentials to the drain and
source. They are at (xg, y = L) for the drain and
(xg,y = 0) for the source. We do not specify how
these are connected to the external lead,which is cov-
ered by the contact theory. Therefore the current-
voltage solutions are those limited by the ‘intrinsic’
transistor with perfect drain and source contacts or
with very long ‘intrinsic’ transistor which is current
limiting to dominate the electrical characteristics
while the source and drain contacts appear as nearly
short circuits or zero resistances. In real transistors,
the contacts must be taken into account in the analy-
sis, which has never been taken into account in the
transistor theory,only treated as an after-thought as a
series resistance or a junction diode,one each to the
source and the drain, which is not a bad approxima-
tion but which is increasingly poor as one approaches
the pure-base with one or two gates. So, based on the
above,with the source as the reference for the poten-
tials applied to the terminals, Ugs = qVs/ks T and
Ups = qVps/kT ,the X-equations for this 1-Gate thin-
base or finite-thickness-base but impure, MOS tran-
sistor (with pox = 0 and pivrereace = 0) 5 valid for all y
values between the source (x = xp, y = 0) and the
drain (x = xp,y= L) ,are

(24)

(;)U/JX>2:FZ(UaUvaNvU(]oleaEy): +eXp(U— UN)_CXP(U()_UN)+eXp(Up_U)_eXp<Up_U())

C(Pa/n) X (U = U + Z(LD/L)ZJ(HZ U/aY")a,U from (17)

X = Jsign(U - Uy dxU/F (Integrated from U = U, to U = Us) (The Thickness Equation)

From the current equations (20) to (23),with U= Ups,Ex; =0,Y; =0 and Y =1,we have

[DN

(25)

(26)

+ gD ni(W/L)L,(2Uy/9Y)exp(— UN)Jexp(+ U)axU/F(U,Up,Ux-U,+Py-Ey) from (20) (27

+ anni(W/L)LDJJYUNexp(f UN)Jexp(Jr UdoyU/F(U,Up,Uyx>Uys PrysEy) from (21) (28)

Iop =+ gD,ni(W/L)L,(QU,/dY)exp(+ Up)JeXp(— U)IxU/F(U,Up,Ux>U;sPiy-Ey) from (22) (29)
30)

=+ quni(W/L)LDJ(?yUpexp(+ Up)Jexp(— Uy U/F(U,Up,Uxs Uy PrusEy) from (23)

To give the internal variations,i.e. the position dependence of the four potentials, Ux(y), Up(y), Us(y)
and U, (y),and their derivatives, (9/9Y),we use (20) to (23) ,after the convergent electron and hole currents,
Ipy and Ipp,are obtained. Let Y; =0,then the Y variations are given by the following where the 9 Y integration
is carried from Y =0 at the source to a point Y in the channel between the source at Y =0 and drain at Y =1.

IDN =+ anni(W/L)LD(QUN/JY)eXp(— UN)JCXP(+ U)a)(U/F(Ua UP’UN9U()9P|M’E)/) (20)

3D
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=+ anni(W/L)(LD/Y)jayUNexp(— UN)JeXp(-F U)axU/F(U.Up Uxs Uy Pr-Ey) (21)
Iop =+ gDyn.(W/L)Lp(dUy/dY)exp(+ U,»Jexp(— U)axU/F(U,Up»Uxs Uy PrisEy) (22)

=+ qul’li(W/L)(LD/Y)JayUpeXp("' UP)JCXP(_ U)(?XU/F(U, UpsUNyu()yPlM’Ey) (23)

The problem is now solved. There are just enough
equations to compute the y variations of the four po-
tentials, Ux(y), Up (y), Us(y), U, (y),and to obtain
the electron and hole currents from the double inte-
gration given by (28) and (30) or (32) and (34) from
y=0 to y = L using the boundary condition for the
electric potential U(x =x5,y=0) = Uy =0 and U(x
=xg>,y = L) = Ups = Ups = voltage applied to the
drain contact relative to the source contact. There is
no other internal and boundary condition to be speci-
fied. For example, the y-integration of (28) to give
the electron current is carried out by integrating the
electron electrochemical potential Uy (y) from y =0
to y = L. This integration variable can be trans-
formed analytically or numerically to U,(y) since the
terminal values of U, (y = 0) and U, (y = L) are
known,or alternatively, the terminal values of Uy (y
=0) and Ux(y = L) can be computed from the volt-
age equation (24) and the thickness equation (26),
which,with (25), (27) = (28) and (29) = (30), give
Uy(y) = U, [Ux(y)], Us(y) = Us[ Ux (y)] and
Up(y)=Us[Ux(y)]. The important point to note is
that the hole current equations (29) = (30) provides
the missing boundary condition that was substituted
by the over-specified electrical neutrality condi-
tion"® 1?1 and the constant U, also in y,such as set-
ting Up = 0% ,or (U, + Ux)/2 = constant = 0 at all
locations, resulting in incorrect solutions, not only
when the neglected hole current is comparable to the
electron current but also when the neglected hole cur-
rent is small but still significantly alters the spatial
distribution of holes to modify the spatial distribution
of the electrons and hence the electron currents, in
both subthreshold and strong inversion.

The strategy for numerical solution could be one
of recursive iterations by starting with the unipolar
solution, namely, for the electron channel or Vgs=0
and Vps =0, by solving the electron equations given
by (24) to (28) using (31) and (32) with some as-
sumed values for Up and dU,/dY, such as zero as

some have done,or Uy = Ur as many have done, or
just plainly drop P all together'"
missed the presence of the hole currents. Then, the
unipolar solution for Uy (y), Us(y) and U, (y) and
the single integration in X or dxU and double integra-
tions in X and Y or dxU and J,Uy to get the elec-
tron current can be carried out analytically or numeri-

cally, as the zeroth-order solution.

, all completely

Similarly, the

(32)
(33)

34

unipolar zeroth order solution for U, (y) can be ob-
tained,which can then be used to get the first order
solution of Ux(y),Us(y) and U,(y). This recursive
iteration can be continued until reaching °external’
convergence,as defined by a less than 1% or 0.1%
change of the electron current, Ipy»and the hole cur-
rent, Ipp ,in the next iteration.

These results for the impure base can be readily
applied to pure base, by letting Py, =0.

Infinite-Thickness Impure-Base (Bulk MOSFET)

The preceding results are readily applied to the
bulk MOSFET,i.e. infinite or very thick base of a 12-
inch silicon wafer, which has been the basic building
block (BBB) (First used in Ref.[21].) device of all
integrated circuits. Our previous analysis showed that
the characteristic length of the FET is the Debye
screening length of the semiconductor, which for the
pure silicon base is about 25um at room temperature,
and which decreases as the impurity concentration in-
creases, by the ratio of (2n;/Py)"*. So,for the tra-
ditional bulk MOSFET with ion-implanted impure

“% and a room tempera-

-3

base layer of Py =107 "®cm
ture intrinsic carrier concentration of n; = 10cm
the impure Debye length drops to 25,m X (2 X 10" /2
X 10"¥)"% = 2. 5nm. Thus, the current nanometer tech-
nology of 10 to 50nm dimensions would still qualify as
long and thick transistors. For this case,Ey(x = xz—
w,y) = 0 still applies, and U, (x = xz >, y) =
U,(y) can be assumed to take some boundary values
determined by the contacts,such as U, (y =0) = Ug
and U,(y= L) = Upg which replaces the meaningless
or no longer viable thickness equation (26) so there is
still enough conditions for the number of unknowns.
In the past.it has also been assumed that there is no
hole current flowing out through the terminals, so
dUp(y)/dy=0 or Up(y) = Up = constant such as Uyg.
Alternative boundary conditions could be U, (x = xj
—c,y=0)=0and Us(x=0,y=L) = Upg. Another
pair was Uy(x = xg—>,y) =0 and * U(x = x3—> <,
y)/d X* = 0, the so-called remote charge neutrality
condition to remove the imaginary electric field near
flatband™ . Thus, the current-potential equations
from finite-base-thickness (24) to (30) reduces to the
following for the infinite-base-thickness Bulk tran-
sistor, with U, = 0 and the thickness equation re-
moved. Or,more generally,for a body or source bias
of U,(y) = Us = constant.
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Ugs — Us = sign(Us — Uy) X (Cp/Co) X QU/IX)g — (xo/L)ZJ (2*U/9Y*)aXaX from (24) (35)
oxide
((,)(]/(,)AX)Z :Fz(UquqUN9U()’P1M9Ey): +eXp(U—UN)—eXp(Uo—UN)+€Xp(Up—U)—eXp(Up—U0)
= (Py/np) X (U - Uy + Z(LD/L)ZJ(J2 U/dY?*)dxU from (25) (36)

From the current equations,and set U= Ups,Ex; =0, Y3 =0 and Y =1,we have the boundary equations or
terminal current-voltage equations given by

Tox =+ qDuni(W/L) Ly (9Ux /9 Y)exp(~ UN)Jexp(+ UNaxU/F(U.UpUxsUys Pas Ey) from (27) (37
- anni(W/L)LDJHYUNexp(— UN)Jexp(+ UNOxU/F(U.UpsUs+Uss Pri - Ey) from (28) (38)
Tow =+ gDyn (W/L) Ly (2Us/d Y )exp(+ U.))Jexpe U)axU/F(U.Up+Ux+ Uy P Ey) from (290 (39)

=+ quni(W/L)LDJHYUpexp(+ UP)Jexp(— Uy U/F(U,Up,Uxs Uy PrwsEy) from (30) (40)

To give the internal variations.i.e. the position dependence of the four potentials, Ux(y), Up(y), Us(y)
and U, (y).and their derivatives, (/9 Y) ,we use (20) to (23),after the convergence of the electron and hole
currents, I'py and Ipp,are obtained. With Ey, =0 and let Y; =0,then the Y variations are given by the following
where the dY integration is carried from Y =0 at the source to a point Y in the channel between the source at
Y =0 and drain at Y =1.

Iox =+ gDun (W/L)L(dUx/2Y)exp(— UN)J.exp(Jr UYaxU/F(U.UpsUyxs Uy s Prys Ey) (20) 4D
=+ qD“ni(W/L)(LD/Y)J(?yUNexp(* UN)Jexp(Jr UYoxU/F(U.Up Uy, Uy Py Ey) (21) (42)
Iop =+ qDyn(W/L)L(dUy/dY)exp(+ UP)J‘exp(— UYaxU/F(U.UpsUyxsUss Py Ey) (22) (43)
=+ quni(W/L)(LD/Y)JayUpexp(+ Up)Jexp(* UYaxU/F(U.Up Uy, Uy PrysEy) (23) (44)

3.2 2-Gate MOSFETSs

Finite-Thickness Impure-Base

The results just obtained for thick and thin 1-Gate can be easily extended to the 2-Gate transistor. We ap-
ply the general results,listed in (17) to (23),with the two gates labeled by 1 in the front at x =0 and 2 in the
back at x = xg,thus U, = Us, ;and we apply the same kind of boundary condition to the second gate as we have
applied to the first gate. Thus, by inspection of (17) to (23),we get the following results for the 2-Gate Impure-
Base asymmetrical transistor.

QU/OX) =F*(U,Up, U\ Uy, Py Ey)+QU/IX);=F*(U,Up,Ux,U;,Py-Eyv.Eyx,) from (17) (45)
= +texp(U—-Uy) —exp(Us, — Uy) texp(Up — U) —exp(Up, — Usg)
= (Pw/np) X (U = Ug) + Z(LD/L)ZJ.(O2 U/aY*)axU + (aU/dX)3 from (18) (46)
U (X, Y)— U5 (Y)=sign(Ug — Ug) X (Cp/Co) XU/ X)),
- ()COI/L)ZJM‘I(J2 U/aY*aXaX — (1/2) (xm/LD)ZﬂQooxide]/qni)aXaX from (19) “4n
U (X.Y) - USQ(Y)Zs:g;l(UGZ— Us) X (Cp/Co) X QU/IX),
- (XOZ/L)Zindev(az U/0Y*)dXaX — (1/2)(sz/LD)Zﬂ(poxmcz/qni)ﬂXﬂX from (19) (48)
X = Jsign(U — Us)dxU/F (Integrated from U = Us to U = Ug,) (The Thickness Equation) (49)

The general current and Y equations from (20) to (23) or (9) to (12) are
IDN =+ ann,(W/L)LD((’)UN/QY)CXP(_ UN)JeXp(+ U)axU/F(Ua UanNaUszaplmvEyaE)(z) (9) (50)

S anni(W/L)LDJHYUNeXp(— UN>Jexp<+ UDaxU/F(U.UpsUxsUs s PrgsEy s Exs) (10) (51)
[Dp =+ qunl(W/L)LD(QUP/JY)eXp('F Up)JeXp(— U)axU/F(Ue UanN9U527P]M9Ey9Exz) (11) (52)

=+ quni(W/L)LDJJYUpeXp(+ Up)Jexp(— U)axU/F(U,UpsUxsUs s PousEysExs) (12) (53)
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The y-variation equations to give Ux(y),Up(y), Us (y) and U (y).and their derivatives,d/dy,are just the
double integration of (50) and (52) multiplied by d Y and evaluated at Y ,invoking the y-independence of Ipy
and Ipp.

IDN =+ ann,(W/L)(LD/Y)JQYUNGX[)(— UN)JeXp(+ U)(’})(U/F(Uq UP9UN9U529P]M7Ey9E,\/z) (10) (54)

Inp=+qgDyni(W/L)Ly/(1 - Y)jayUpepr- Up)Jexp(— U)dyU/F(U,Up s UxsUs; s PisEv s Exy) (12) (55)

The flatband boundary separating the two sections is
given by (13) to (16) with (45) for dU/JX.
Symmetrical-Gate Thin Pure-Base (FinFET)

This is a special case with simpler solutions than
the general asymmetrical case just described. It is the

FinFET geometry that has been analyzed by many''!

due to its technological importance or promise'® .
Due to the complete symmetry between the two
gates, including applied gate voltages which contain
the offset from workfunction differences of the con-

tacts, by virtue of connecting the two gates, the solu-

Z(LD/L)ZJ(JZ U/9Y?)dxU (Dominant 2-D term)

tion is symmetrical with respect to the bisection
plane, x = x3/2 where U(x = x3/2,y) = Uy (y) is a
maximum (when Ugs™>0) or minimum (when Ugs<<
0> and at this plane,we have dU(x = xp/2,y)/dx =
0. The symmetry of two gates also gives Ug (y) =
Uu(y)=Us(y),while dUg/dX = —-9Ugy/d X. The
solutions are obtained by treating just half of the
thickness of the channel,x =0 to x = x5/2,giving the
following equations from the general results just ob-
tained for the asymmetrical gates. The dominant 2-D
term is the longitudinal field gradient given by (56).

(56)

((7U/(7X)2 :FQ(UvUp,UNyUOsPIM’EY): +eXp(U7UN)feXp(UofUN)+eXp(UP7U)7eXp(Up7U0)

(Pu/n) X (U = U + 2(LD/L)2J(92 U/2Y)a,U from (46)

UGS_ Uszsign(Us_ UO)X(CD/CO>X(3U/(7X)S
- (xo/ 1’

oxide

X = ZJsign(U - UydxU/F (Integrated from U = U, to U = Us) (The Thickness Equation)

The general current and Y equations are

IDN =+ ann,(W/L)LD((’)UN/(’)Y)CXP(_ UN)JeXp(+ U)(’))(U/F(UaUpaUNanapnvlaEy) (9)
=+ anni(W/L)LDJJYUNeXp(— UN)JeXp('F U)axU/F<U9 UanNyU()gP[MaEy) (10)
IDp =+ qun,(W/L)LD(HUP/QY)eXp(-F Up)\[exp(* U)a)(U/F(UyUp9UN9UQ9PIM7Ey) (11)

- quni(W/L)LDJQYUPexp(+ Up)Jexp(— UNOxU/FCU . Ups U Uy Pra o Ey) (12)

(1-D term)

(57)
(58)

(PU/IY*)IXIX — (1/2)(xo/LD)Zﬂ(pmidc/qni)aXaX (2-D terms) from (47) (59)

(60)

(61)

(62)

(63)

(64)

The y-variation equations to give Ux(y), Uy (y), Us(y) and U, (y),and their derivatives,d/dy,are just
(61) and (63) multiplied by 9 Y and evaluated at Y,invoking the y-independence of Ipy and Ipp.

IDN =+ ann,(W/L)LD/(Y) J(?yUNeXp(_ UN)JeXp('F U)JxU/F(Us UanNaU(ij]MgEy) (10)

IDp =+ qun,(W/L)LD/(l - Y)J(?yUpeXp(f Up)\[exp(* U)axU/F(UyUp9UN7U09PIM7Ey) (12)

(65)

(66)

The location of the flatband plane,y = y,,is given by (13) to (16) which are

(vo/xg) = (QUx/9y) « exp(U, — Uny) /J(JUN/ay)ayJexp(U — Ux)dx (x = 0to xpg;y = 0to y,)
(L =y /xs=Ux/2y) « exp(U,—Uxy) /J(QUN/Oy)HyJexp(U — Ux)dx (x = 0to xpg;y = y, to L)
(L =y /xp=Up/dy) « exp(Up — Uy)/ J(aUp/r?y)OyJexp(Up - U)dx (x = 0to xg;y = y, to L)

(yo/xp) = (QUp/dy) » exp(Up, — Uo>/J(aUp/<7y)9yJexp(Up —U)dx (x =0to xg;y = 0to y,)

4 Summary

The general bipolar DC current-voltage solutions
of the bipolar field effect transistor are derived rigor-

(67)
(68)
(69)

(70)

ously based on the electrostatic theory from the Cou-
lomb Law, which avoids over-specifying the internal
and boundary conditions,such as the erroneous tradi-
tional and recent assumptions made on the spatial var-
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