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Abstract: The previous report (XI) gave the electrochemical-potential theory of the Bipolar Field-Effect Transistors. This
report (XID) gives the drift-diffusion theory. Both treat 1-gate and 2-gate, pure-base and impure-base,and thin and thick
base. Both utilize the surface and bulk potentials as the parametric variables to couple the voltage and current equations. In
the present drift-diffusion theory,the very many current terms are identified by their mobility multiplier for the compo-
nents of drift current,and the diffusivity multiplier for the components of the diffusion current. Complete analytical drift-
diffusion equations are presented to give the DC current-voltage characteristics of four common MOS transistor structures.
The drift current consists of four terms: 1-D (One-Dimensional) bulk charge drift term, 1-D carrier space-charge drift
term,1-D E% (transverse electric field) drift term,2-D drift term. The diffusion current consists of three terms:1-D bulk
charge diffusion term.1-D carrier space-charge diffusion term,and 2-D diffusion term. The 1-D E% drift term was missed
by all the existing transistor theories,and contributes significantly,as much as 25% of the total current when the base layer
is nearly pure. The 2-D terms come from longitudinal gradient of the longitudinal electric field, which scales as the square
of the Debye to Channel length ratio,at 25nm channel length with nearly pure base, (Lp/L)? = 10°, but with impurity
concentration of 10®¥cm *,(Lp/L)?=10"2.
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1 Introduction

In the previous report of this series on the theory
of the bipolar field effect transistors (BiFET)"' we
have presented the general theory in the electron and
hole electrochemical potentials representation (EC)
to give the electron and hole currents, using the sur-
face and bulk potentials as the parametric variables to
relate the terminal DC currents and admittances to
the terminal DC voltages applied to each of the termi-
nal node (or point). In EC theory, the electron and
hole currents are respectively proportional to the gra-
dient of their electrochemical potentials times their
concentrations. As stated in [1] and proven in [2],EC
is mathematically as exact as and is completely equiv-
alent to the more familiar drift and diffusion repre-
sentation (DD) favored by transistor engineers. The
proof and the interchangeable usage of EC and DD
representations to facilitate device physics under-
standing and approximation were first given by
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Shockley''®'. The terms from the electrical drift cur-
rent vector are labeled by the drift mobility multipli-
er, u, for electrons and y, for holes, therefore, the
electron and hole drift current areal densities are
+ qu.nE and + gu, pE.Similarly, the terms from the
electrical diffusion current vector are labeled by the
diffusivity multiplier, D, for electrons and D, for
holes,giving + gD,V n and — gD, V p.Our usage of
identifiers y, and D, for electrons and s, and D, for
holes, are designed to serve two purposes. The first
purpose, just briefly stated,was to help keep track of
the physics-origin of the many electric current terms
when the transistor theory is represented by the two-
component drift-diffusion model in this paper, in
contrast to the one-component electrochemical poten-
tial theory in the previous report'! where all terms
are from the electrochemical potential gradient. The
second purpose,as indicated in [2],was to allow for a
different representation and approximation to the
mobility for the drift current which dominates in the
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strong inversion range and to the diffusivity for the
diffusion current which dominates in the weak inver-
sion or subthreshold range., as we know the surface
channel thickness and the surface potential well are
very different in these two ranges, which would pro-
vide a better approximation model if this difference is
accounted for. Another part of the second purpose is
to provide a simple theory that can be readily extend-
ed to conditions of significant deviation from thermal
equilibrium™!, namely the warm and hot carrier
effects,in order to treat the effects of high electric
fields and high current or particle densities at thermal
non-equilibrium on the electron and hole currents.
The two hot carrier effects were first formulated
mathematically by Shockley in 1951 using the Max-
wellian Distribution” to analyze mobility and drift
velocity of the warm to hot electrons and holes under
acoustical and optical phonon scattering,and in 1961
using the spike distribution or the lucky electron mod-
el” to analyze the interband impact generation of
electron-hole pairs by an energetic primary electron
or hole. Thus,we do not use the macroscopic Einstein
kgT/q and D,/u, = ksT/q
which is valid only at thermal equilibrium™*' with the
quantity temperature T=T(r,t) = T, (r,t) equal to

relationship D,/u. =

the macroscopic lattice temperature defined by the
average of the kinetic energy of the vibrating ionic
cores of the crystal atoms or phonons, at thermal e-
quilibrium with negligible phonon transport as heat
and sound or the near thermal equilibrium heat trans-

port temperature (in contrast to ultrasound). The
generalized non-equilibrium Einstein relationships
would be D,/p, = ksyTx/q and D,/p, = ksTw/q
where Ty and T, are the warm and hot electron and
hole temperatures, defined by their average kinetic
energies dependent on the local macroscopic electric
field. However, the equilibrium Einstein relationship
facilitates the first order extension to the analysis of
the nonequilibrium hot carrier effects, especially in
compacting the transistor model, just like the expo-
nential or electrochemical potential representation of
the nonequilibrium electron and hole concentrations,
by simply replacing T(r,t) by Tnx(r,t) for hot elec-
trons and T» (r, t) for hot holes, separately or not
necessarily at the same time (same transistor operat-
ing condition,such as the same applied terminal volta-
ges) . Just like the quasi-Fermi potentials for electrons
and holes, these generalized Einstein relationships
give the correct asymptotic limits as the electrons ap-
proach thermal equilibrium with the lattice vibration
or phonons, Tx(r,t)—T,(r,t) and holes, Tp(r,t)—
T, (r,t),although not necessarily simultaneously. The
exponential representation or transform, first used by

Shockley in 1951 for diode-transistor analyses,
comes from a Boltzmann-Maxwellian-like distribution
of electrons and holes in their kinetic energies. It was
firmly established by Wolff in 1954'% using the solu-
tion of the near-equilibrium ionized gas molecule
model to give the Maxwellian distribution of the ki-
netic energies of the hot electrons,exp(— E/kgTx)
and holes, exp( — E/kgTy) where the hot clectron
and hole temperatures are functions of the macro-
scopic electric field™™ . This Maxwellian distribution
was proven by Baraff in 1962"%' with numerical com-
putations of analytical formulas and by Kane in
1967") using the Monte Carlo method with simplified
one-electron energy band structure, and later by Fis-
chetti and Laux in 1988 using the complete one-
electron energy band. For recent and future genera-
tions of nanometer transistors operating at low volta-
ges,the acceleration potential can be barely above the
kinetic energy threshold of electron-hole pair genera-
tion, making the orientation dependence of the
threshold kinetic energy or acceleration potential, as
indicated by Lu and Sah in 1995, very important on
the impact generation rate of electron-hole pairs.
The exact equivalence of these two representa-
tions was first given, proven and applied by Shockley
in his 1949 Bipolar Junction Transistor (BJT) inven-

[2) 'The main difference between the two

tion article
representations is EC’s simplicity and ease of making
and justifying the approximations necessary to give
analytical solutions, approximations, and numerical
solutions,as benchmarks for compacting the transistor
models,and DD’s complexities with very many more
terms and numerically difficult if not impossible com-
putation of some of the drift current terms. Neverthe-
less, we shall complete the general formulation of the
bipolar field-effect transistor theory, started in [1],
by presenting in this report the more frequently used
drift-diffusion theory. A new key result was the dis-
covery of the substantial contributions to the total
current by the 1-Dimensional E% term or transverse
electric field term, which was neglected in all the pre-
vious drift-diffusion-theory-based compact models and
their applications. This E% term can contribute as
much as 25% or more of the total channel current in
nanometer size, thin and pure or impure (low-
impurity-concentration) silicon base with two MOS gates

such as the FInFET,SOI and TFT device geometries.

2 The General Drift and Diffusion Bipo-
lar FET Theory
The bipolar electrochemical potential theory of

Field-Effect Transistors has been given completely in
the previous report- in this series of exposition. As in
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[1], we start from the Shockley equations to derive
drift and diffusion current formulas of BiFET and to
derive some analytical approximations.

A detailed algebraic derivation of the three equa-
tions, (1),(2) and (3) listed below,are given respec-
tively in equations (1A) to (1H),(ZA) to (2E) and
(3A) to (3E) ,also listed below. They are then used to
obtain the
Voltage equations of the BiFET. The Cartesian coor-

surface-potential-coupled Current and

dinate unit vectors are defined by r=iyx +iyy +i,z
and the volume element is given by dU =dxdydz. In
order to simplify the notation and also to bring out
the device and material physics in scaling,we normal-

ize the x-axis to the Debye Screening Length of pure
silicon, Lp = (esks T/2q*°n;)"*, X = x/Lp.and the y-
axis to the channel length L, Y = y/L. The Debye
screening Length of impure silicon can be used for x-
normalization of transistors with impure base layer.
The impure Debye screening length is obtained from
replacing 2n; by the sum of the equilibrium electron
and hole concentrations N + Pz. A nonequilibrium
local Debye screening Length can also be defined by
using N(x,y,z)+ P(x,y,z) in place of 2n;,provid-
ed the elemental volume dxdydz is sufficiently large
to contain many particles or electrons and holes to re-
tain statistical significance.

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

Poisson Equation
V o+ (esE) =p(x,y,z) = q(P—N—Py)
=es[+ (WEx/dx) + (IEy/dy)]

=es(ky T/~ (*U/Ix*) — (*U/Iy*)] = q(P—~N~— P+ Ny)
=gnilexp(Up— U) —exp(U— Uyx) —exp(+Up) + exp(— Up)]
[-@*U/Ix*) —*U/Iy*)] = (q*/esksyT) (P—N— P+ Ny)
= (/2L [exp(Up — U) —exp(U - Uyx) —exp(+ Up) + exp(— Up)]
[ -(*U/9X?*)—(Lp/L)**U/dY*)]=(P— N-Pr+Np)/2n;
=[lexp(Up— U) —exp(U— Uy) —exp(+ Up) + exp(—Up)]/2
[ = (?U/aX?) — (Lp/L)?(3*U/2y*)]=[exp(Up = U) —exp(U — Ux) /2

Electron Current Continuity Equation
V e jntqlgen—ry)=3dn/dt
V eJutqg(Gy—Ry) =0
V «Jv=0

@V’JNdU: @JN‘C‘S

@ vV« JydU = S@SJN . ds = 3§JNXayz + ﬂgJNyﬁxZ =0

jJNXJyZ + JJNYOXZ = constant = — [y

Hole Current Continuity Equation
Vo ejetq(ge—rpy)=dp/dt
Vo edotq(Gpy—Rp) =0
V o« Jy=0

@V'de(j:@l’p'dszo

@v-hdu:@@h-ds

JJPXHyZ + JJPYHXZ = constant = — [

SEJPXQyZ + #JPYJXZ =0

Poisson Equation 3-Dimensional Impure (1A)
= q(P—N — Pg+ Nr) 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)

0 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)

GRT-free DC Steady State Hole 3-D Continuity Equation (3C)

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

Hole 2-D Continuity Equation (3E)

Kirchoff Law 2-D Hole Current Continuity (3)

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, Py (x,y) = Py, we get the general solu-

tion as follows™ . Let X, = X be a variable,then

((7U/(7X)§_((7U/(7X)%:F2(U27UP9UN’U19PIM9EY>

2-Dimensional Impure (4A)

QU/aX)* =F*(U,Up,Ux-U, Py-Ey)+@QU/IX)}

:FZ(UyUpsUN7U17P|M9EY7EX1)

2-Dimensional Impure (4B)

= 4+ exp(U—-Uy) —exp(U, = Ux) + exp(Up—U) —exp(Up,—U;)
+ (Pw/n) X (U=U) +2(Lp/L)*[*U/2Y*)axU+ (AU/I X))}

2-Dimensional Impure (4C)
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= + exp(U—Uyx) —exp(U, = Uy) Texp(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'"

JJ“OaXaX = JSEXQX - JEEXIQX + EJj(aEy/ay)aan =—e(V - Vl) - (x — X1)€EXl + EJJ‘(aEy/ay)aan
UX,.Y)-U,(X,,Y) = (C./Cx_x1)X@U/IX ),

- ()cE/L)Zﬂ(O2 U/dY?)oXIX — (1/2)(xE/LDE)ZH(p/qni)aXaX 2-Dimensional terms (5)
QU/aX,), =sign(U— U,) X {exp(U— Uyx) —exp(U, = Ux) texp(Up,— U) —exp(Up, — Uy)
+ (Py/n) X (U -U)) + Z(LD/L)ZJ(J2 U/aY?axU + QU/IX), " }"? (5A)

Current Equation,Y-Equation. (1996-Sah Modelf*-1¢-171)
Electron Current

Jy = tqu.NE+ gD, VN=-¢gD,N V Uy 3-Dimensional (6A)
=Juxix tJayviy= = gD, N[ (QU\/Ix)iy + (QUx/Iy)iy ] 2-Dimensional (6B)
Jaxix= —gD,N@Ux/dx)ix =0 Gradual-Channel .. Uy(x,y) = Ux(y) 6C)
JNyly:(qflnNEy) + (an VN) lyio (6D)
@JN «dS = 3@JNX9yZ + SEJW(?XZ = 3QJNy(7xZ =0 .'.jJNyaxZ = constant = — [py (6)
Hole Current
Jp = +qu,PE-gD, VP =—-¢gD,P VU, 3-Dimensional (7A)
=Joxixt Joviy=—qD,PL(QUN/IxX)ix + (QUx/IV)iy ] 2-Dimensional (7B)
Jexix=—qD,P(Uy/Ix)ix= 0 Gradual-Channel .. Up(x,y) = Up(y) (70)
priY: <q#pPEy) _qu VPlyio (7D)
@JP «dS = SEJPXEJyZ + ﬂngyc’JxZ = SEJPYJXZ =0 .'.jlpyaxZ = constant = — [pp e

Total Terminal Current
(Flowing into the Drain and Source Nodes from Outside)
Ip= Ipn+ Ipp=—1Is (integrate x =0 to xg;y can be any value between 0 to L.) (8)
By following the derivation steps in the 1996-Sah transistor theory "¢
equation can be obtained. The two dimensional Poisson equation (1B) can be rearranged as follows:
P—-N-Pwn= (es/q) (JEx/dx + IEy/Iy) €D
Using the above equation, the drift term in the drain electron current (6D) and (6) can be rearranged as
follows:

JNEan = J(P - P[M)Eyax - (65/51) J(E)Ex/ax + aEy/ay)Ean

,the general drift-diffusion current

- J(P — Pa0Evax — (es/q) J(aEX/am Evax - (es/q) J(aEY/awEYax (10
where x is integrated from the front interface x =0 to the back interface x = xp.

J(QEX/(’)X) Evox = [ExEy(x = x3) —ExEy(x = 0)] *jEX(aEy/Ox) dx

[QAV/30)V/ay)(x = xu) — (AV/9)@V/Iy)(x = 0)] —JEX(QEX/(?y) ox

= [@V/Ix)@@V/Jdy)(x

xw) = AV/20@V/0y) (= 0] -+ <9/ay>J Ey? ox
an
(Lo L)7'(kT/@)?[(QU/9X) (QU/IY) (X = Xp) — QU/aX) QU/IY) (X=0)]

J(JEX/Jx) Eyox

- (Lo <kT/q>2% /9 Y)j(a U/aX)'aX

(Lo L) ' (kT/@)?[(QU/IX)(0Us/2Y) — (QU/IX )5 (dUg/dY)]
- <LDL>’1<kT/q>2% (9/a Y)J(QU/HX)ZHX

- % (a/aY)J(aU/aX)ZaX } (12)
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where (AU/dX)g and (AU/9dX)s, are normalized surface electric fields and U and Us, are the normalized sur-
face potentials,respectively at the front and back interfaces x =0 and xg. The drain total,electron drift and dif-
fusion currents are then given by the following four terms with integration perpendicular to the channel from x
=0to xgand X=x/Lp=0to X = Xy. Three are due to drift with the electron mobility multiplier,u,,and one
is due to diffusion with the electron diffusivity multiplier, D, .

Ion = *ﬂ]Nyaxaz = - qW[IuanEy(?x + Dn(a/ay)jNax]

=—-gW{+ ,unJ(P - Pu)Eydx —#n(es/q)J(ﬁEX/(?x) Eyox —Ian(es/q)J(r?Ey/ay)Ey(?x + Dn(9/9y)JN9x}

=— gW{+ (Ly/L)(kT/q) mJ(P,M - PYU/IY)IX

— Lo/ L) KT/ g2 [ (VU /0 X5 QU [0Y) = QU/0X)g IUs /2Y) = L0/ Y)J((?U/E)X)ZEJX]

= (Lo/L)Y' (kT/q) pani(3/3 Y)J(JU/O Y)oX

. (LD/L)Dn(a/E)Y)JNaX}
IDN: _kT/jn nlLD(W/L)X
{+J<PIM P/ nQU/IYIIX

—2[U/3X)s(QUs/3Y) = (QU/IX)(dUg /dY)]

+ a/aYJ(aU/aX)ZaX
- (Lp/L)*a/a YJ(E)U/H Y)20X)

— gD, n, Lo(W/L) X 3/3YJN/ni X

Shown in (14) above, the drain clectron current by
the drift mechanism has been broken into four terms.
By following the 1996-Sah transistor theory'™', they
are called: (i) 1-dimensional fixed ionized impurity
charge or bulk charge drift term indicated by the fac-
tor (P — P),(i1) 1-dimensional mobile carrier space-
charge drift term, (iii) 1-dimensional transverse elec-
tric-field drift term,and (iv) 2-dimensional drift term
indicated by the pre-factor ( Lp/L)* which is very
important in lowly doped short channels since L~

IDN: - kT/ln n,LD(W/L)X
{ + J(P.M - P)/nU/IY)X

—2[U/9X)s(Us/3Y) = (QU/IX)q (AU /YY) ]

+39/9 YJ QU/IX)aX

- (Lp/L)* (/9 Y)j(aU/aY)ZaX}

- gD, niL,(W/L) X
{—=(/2Y) J(PIM - P)/n;oX
+202/aY)O[QQU/IX)g = (QU/IX)g ]
+ 2(LD/L)2((7/0Y)j((72 U/aY*H)oX)

(13)

ionized impurity charge or bulk charge drift term
carrier space-charge drift term

transverse clectric-field drift term
2-dimensional drift term

carrier-injection diffusion term (14)

25pm and current and future nanometer transistors
have channel length of L ~ 25nm to 100nm making
the ratio (Lp/L)* = (25X 107°?/25 X 107°)* = 10°.
The drain electron current by the diffusion mecha-
nism is still given by one term in Eq. (14),called car-
rier-injection diffusion term since it depends on the
barrier height of the source/channel junction. By
using Eq. (9) again,this diffusion term can be broken
into three terms.

ionized impurity charge or bulk charge drift term
carrier space-charge drift term

transverse electric-field drift term

2-dimensional drift term

ionized impurity charge or bulk charge diffusion term

carrier space-charge diffusion term

2-dimensional diffusion term (15)

These three diffusion current terms are called: (v) 1-dimensional fixed ionized impurity charge or bulk charge
diffusion term indicated by the factor (P, — P), (vi) 1-dimensional carrier space-charge diffusion term, and
(vii) 2-dimensional diffusion term indicated by the pre-factor (Lp/L)*.

The drain hole current can be obtained using similar algebraic steps:
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Iop = = kTy, niLo(W/L) X

+2[QU/3X) (AU /2Y)— (QU/IX)s(QUg/aY)]

- 9/9 YJ (QU/aX)*aX

+ (Lp/L)* J/JYJ.(JU/JY)ZJX}
—qD, niL,(W/L) X

(= (2/aY) J'<PIM +N)/niaX

~2(9/aY)[QU/IX)s — (QU/IX)g ]

~ 2(Ly/L)*/d Y)Jkaz U/aYHox)

In the following sections, the general drift and diffu-
sion theory are applied to the four volume-application
and volume-produced MOSFET structures.

3 Applications to MOS Transistors

For ease of presentation, we collect the previous
equations 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 equations
and the Current or Y equations. They are to be solved
simultaneously, analytically as much as possible, but
exactly in order to serve as the bench mark,for a giv-
en transistor structure to give the drain terminal elec-
tron and hole currents, Ipy and Ipp,as a function of
the terminal electric potentials Ugis» Ugys of gatel,
gateZ and Ups of drain, all relative to the source
which may be connected to the absolute reference,the
remote ground, previously designated by the subscript
B (for Base) F (for at
equilibrium) . In order to give analytical solutions, we
use what we called the thin transistor model in which
the transistor base layer is thin so the electron and

or Fermi thermal

hole currents, confined in the thin base layer, are
nearly parallel to the length direction of the thin base
layer,which gives a physical and pictorial basis of our
model,and the approximations we shall make to give
analytical formulas. This was what Shockley called

ionized impurity charge or bulk charge drift term

carrier space-charge drift term

transverse electric-field drift term

2-dimensional drift term

ionized impurity charge or bulk charge diffusion term

carrier space-charge diffusion term
2-dimensional diffusion term (16)

the “gradual channel” approximation or just “gradual
approximation” in his 1952 FET invention paper'®’,
which was based on the assumption that the conduc-
tion channel width does not change very fast in the
channel length direction. It can also be called and is
actually the long channel approximation. However,
none can be completely justified in any of the tran-
sistor geometries or the practical combination of the
transistor channel length and base impurity concen-
trations. Nevertheless, it gives us the start, by drop-
ping the 2-D term which is proportional to (L /L)*
and may not be small enough (1% contribution) to be
dropped, because the 1-D solution does provide and
has provided simple,useful and easy to understand an-
alytically results,widely used for more than 40 years,
since their first use by Sah during the mid-
19607°s"*) . So the best and new 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 direction (y = axis),
which were used in (6C) for the electron current
namely,/xx = — gD, N@/dx)Ux(x,y) =0 or (3/dx)
Ux(x,y)=0,then,since N(x,y)#0,s0 Ux(x,y) =
Ux(y),similarly in (7C) for the hole current, Jpy =
—qD,PX/dx)Up(x,y) = 0or (3/dx)Up(x,y) =
0,then,since P(x,y)#0,s0 Up(x,y)=Up(y). The
general voltage or X equations from (4B) and (4C)
and (5) are

WU/aX)? =F*(U,Up,Ux-U,,Py-Ey) +QQU/IX),?

:FZ(UyUpaUN9U17PIM9EY9EX1>

= +exp(U—Uy) —exp(U, — Ux) +exp(Up—U) —exp(U, — Uy)
+ (Po/n) (U~ U + 2<LD/L>ZJ<a‘—’U/a YU + (QU/IX),"

UX,Y)-U (X, Y)

(C./Cx-x)XQU/IX 1

2-D Impure (4B) an
2-D Impure (4C) (18)
2-D terms (5) a9

- /L[] @ uayhaxax - /2 /Lo |G/ annaxox
The general current or Y equations from (15) to (16) are

Iow = = KTy m Loy (W/L) X {+ [(Poy = PY/n,(0U/0 V)X
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—2[U/9X)(QUs/3Y) — (QU/3X)5(dUg /dY)] + 9/9 YJ(aU/aX)ZaX

- (Ly/L)*a/a YJ(HU/Q Y)2oX}

- an nlLD(W/L) X {_a/aYJ(PIM - P)/nlaX

+ 20/0Y[QU/IX)e — QU/AX)g] + 2(Lo/L)? 2/3 YJ(az U/aYHax)

(20)

Iop == kTyu, ni Lo (W/L) X {- J(PIM + N)/niQU/IY)IX

L 2L OU/IX)g (VUG /IY) — QU/IX)s (AUs /Y)Y = /0 YJ(aU/aX>2aX

+ (Lo/L) 9/d YJ(aU/aYmX}

- qu nlLD(W/L) X {—H/QYJ(PIM-FN)/H,JX

—29/9Y[U/IX)sy — (QU/IX)s ] — 2(Lp/L)*39/3 Yj(a2 U/oY*)aX)

3.1 1-Gate MOSFETs

We will consider two base-layer thicknesses. The
finite base-thickness MOS transistor consists of two
kinds of base material fabrication processes, hence
base materials properties. The evaporated Silicon on
Insulator thin-film field-effect transistors (SOI TFT)
are widely used in the large array but relatively slower
circuits such as the pixel driver in the large area flat
panel LCD (Liquid Crystal Display) for TV sets. The
separation by implanted oxide (SIMOX) Silicon on
Insulator transistors (SOI SIMOX) with thin silicon
surface layer insulated by a layer of oxygen implanted
thermally converted SiO, are widely used in very fast
circuits for game stations. The semi-infinite base-
thickness 1-Gate MOS transistor with the remote con-
tact on the back surface that has little effect on the
transistor characteristics are the traditional bulk tran-
sistor which is used in all MOS signal processing cir-
cuits to this day except the two SOI transistors just de-
scribed. It is evident that the finite base-thickness so-
lutions would degenerate into the semi-infinite base-
thickness solution. However, we will see that there are
additional features from the remote boundary condi-
tions that can be applied to the remote back surface
of the semi-infinite base-thickness bulk transistor,
which is too specific for the finite-thickness SOI tran-
sistors.

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

The general 1-gate MOS transistor has a finite
silicon base thickness of xy from x =0 to x = x5 with
a dielectric constant of es = kgiconeo Where g, = 8. 854 X
10" F/m is the permittivity or electric constant of
free space and k5 = 11. 7 is the relative dielectric con-
stant of silicon while for the silicon dioxide, ksor =
3.90 giving a ratio of kg /ksioe = 11.7/3.90=3.00. The

2D

1-gate or front gate is composed of a gate conductor
over a gate insulator or oxide of thickness xo with di-
electric constant of eg = 3. 9¢, » which is located from x
= — xo to x =0 and the oxide/silicon interface plane
is located at x = 0. Oxide and interface trapped char-
ges can be readily included in the general voltage
equation and it is understood 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 and it
is determined by the contact material properties and
contact geometry. The back surface,at plane x = xj at
all 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 = x3,y) = U,(y) and Ex
=(kT/q)[(3/ax)U(x = x5,y)]=0.0ne cannot and
must not assign a condition for the second derivative,
*U(x,y)/dx* at the back interface, x = xg,or any
(x,y) point since it not only forces electrical neutral-
ity at all y at the back interface which cannot true in
general and which must be determined by the applied
potential to the terminals which determines the spa-
tial variation of the electron and hole concentrations,
which is determined by the Poisson Equation, but such
an assumption on 9*U (x, y)/d x* also over-specifies
the problem which usually one cannot find a physical-
ly realistic situation to give such a specification. Fur-
thermore, the insulating back boundary at x = x; is in-
deed not inconsistent with the general assumption that
the electron and hole currents both flow in the y di-
rection,i.e.at x = xg,both dUx/dx =0 and dUp/dx =
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 (xz,y = L) for the
drain and (xg,y =0) for the source. We do not speci-
fy how these are connected to the external lead, which
is covered by the contact theory. Therefore the cur-
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rent-voltage solutions are those limited by the ‘intrin-
sic” transistor with perfect drain and source contacts
or are those with very long “intrinsic” transistor which
is current limiting to dominate the electrical charac-

electrochemical potential type of boundaries'® . So,
based on the above, with the source as the reference
for the potentials applied to the terminals, Ugs =
qVes/ksT and Ups = qVps/ kT, the X-equations for

this 1-Gate thin-base of finite-thickness-base but im-
pure,MOS transistor (with pox =0 and pivrerrace = 0 5

teristics while the source and drain contacts appear as
nearly short circuits or the electric potential type of
boundaries*’ . In real transistors,the contacts must be  valid for all y values between the source (x = x5,y =
taken into account in the analysis, which has been

taken into account in the transistor theory only as the
Ugs — Us = (Cp/Co) X QU/IX)s — (xo/L)Zﬂ((?2 U/9Y?)aXaX from (19) (22)
QU/aX)* =F*(U,Up,UxsUys Piy-Ey) = texp(U—Uy) —exp(U, — Uy) +texp(Up — U) —exp(Up — Uy)

0) and the drain (x = xz,y= L) ,are

+ (Py/n) X (U - Uy + Z(LD/L)ZJ(E)Z U/aY?)dxU from (17) (23)
(JU/JX)s:sign(Us—U())X{FZ(Uqup,UN,U(),PIMqu)}l"VZ (24)
Xg = Jsign(U - Uy)dxU/F (Integrated from U = U, to U = Us) (The Thickness Equation) (25)

From the current equations (20) to (21),with (AU/9X)s =0,0U/dX)s = QU/IX)s,Us = U, and Uy = Us,
we have

Tox = — kTyen niLo(W/L) X {+ J(P,M —PY/n(AU/IY)IX
L 200U/0X)s(AUS/IY) + /0 YJ(ZJU/ZJX)ZZJX —(Ly/L)?(3/2 Y)j(aU/aYVaX}

- an n,LD(W/L) X {_ ((/)/(,)Y) J(P[M - P)/nl aX

—-2@/aY)[ QU/aX)s]+ 2(Lyp/L)*(3/3 Y)j(a2 U/oYHaX) (26)
IDp = - kT/,(P n,LD(W/L) X {_J[(PIM + N)/n,](aU/QY)QX
- 2U/aX)s(aUs/Y) — (a/aY)J(a U/aX)'0X + (Lp/L)* 9/ YJ(H U/aY)*aX}
- qu n,LD(W/L) X {_ (Q/HY)J(P[M + N)//’Li E)X
+23/9Y[(QU/IX)s] — 2(Lp/L)*(3/9 Y)J(a2 U/aY»aX} @27
By dropping the 2-dimensional term in (22),we obtain

Following the x-independent longitudinal electric field approximation used in the 2006-Jie-Sah analytical mod-
el ,(U/9Y)(X,Y) =aUs/d Y ,substituting (28) into both (26) and (27),and dropping the 2-dimensional
terms in (26) and (27),we get

Ion=—kTy, niLo(W/L) X

{+ (dUs/9 Y)J[(PIM - P)/niJoX
+(2 /Y[ (Co/Cp) X (2Ugs X Us = Us) ]
+ (a/aY)J(aU/aX)ZaX}
- gD, n;Lr,(W/L) X
{(-9a/a YJ(PIM - P)/n;dX

+(2/9Y) [(Co/Cp) X2Us]}
IDp: - kT/Jp n,LD(W/L)X

{- (QUS/JY)J(P,M + N)/n; X
=9 /aY[(Co/Cp) X (2Ugs X Us— Us*)]
-3/ YJfaU/aX)ZaX}

—qD, nLy(W/L) X

ionized impurity charge or bulk charge drift term
carrier space-charge drift term

transverse electric-field drift term

ionized impurity charge or bulk charge diffusion term

carrier space-charge diffusion term (29)

ionized impurity charge or bulk charge drift term
carrier space-charge drift term

transverse electric-field drift term
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{7(/)/9YJ(P1M+N>/I’LIJX

—3/3aY [(Co/Cp) *X2Us |} carrier space-charge diffusion term (30)
If the silicon base of a single gate nMOSFET is very highly doped.then we have Py /n; X (U — Uy)>(P — Py)
> (N — N,).which is the depletion assumption in the silicon base. Using (23) and dropping the 2-dimensional
term,the bulk charge drift and diffusion terms and transverse electric-field drift term in the drain electron cur-

ionized impurity charge or bulk charge diffusion term

rent can be evaluated analytically as follows.

J(PIM - P)/n; X = JI:— exp(Up — U) + (Piy/n)]/QU/IX) X aU from U = Usto U,

= J Slgn(U - U()) X

[exp(U_ UN)_CXP(UQ - UN)+€Xp(Up— U) _CXP(UP_ Uo) + (P[M/ni)X(U_ Uo):lil/z
Xr?[exp(Up— U)—eXp(Up— U, + (P,M/n;)X(U— U())]

%J[O -0

+exp(Up—U)— exp(Up—U,) + (Py/ny) X (U =Uy) ]V

Xr?[ eXp(Up— U)_CXP(UP_ U())+(P1M/ni)X(U_ U())]XSign(Us_ U(j)
= = 2[exp(Up — Ug) —exp(Up = Uy) + (Py/n) X (Us— Uy) JV* Xsign(Us — Uy)

~-2[0 -0

+ (P[M/ni)X(Usf Uo)]lxzxsign( Usf UO)

= _Z(PIM/”li)l”z ><((]s_ U0)1,’2 XSign(Us_ UO)

J(P[M - P)/ni aX ~-2 (PIM/I’l;)l"2 X (U5 - l]o)lr[2 X Sign(Us - Uo)

J(au/aX)ZaX - J(JU/OX) IU from U = Us to U,

3D

- Jsign(U— Uy) X Lexp(U — Uy) — exp(U, — Uy)
+€Xp(UP_ U)_CXp(UP— Uy) + (Pp/ni) X (U= UU):II"VZQU

~ sign(Us — U,) XJ[O
+ 0 -0

-0
+ (Pw/n) X (U-Uyp]V2aU

= - (2/3)(P1M/ni)1"2 X (Usf Uo)&”z Xsign( US - Uo)

J([)U/[)X)ZJX =~ - (2/3)(P|M/I’l,)12 X (Ug - U(J)SV'Z X Slgn(Us - U())

(32)

The analytical formula for the drain electron current for the single-gate nMOSFETs with highly doped silicon

base-well can be obtained:
IDN = - kT/[nniLD( W/L) Xsign( Us - Uo) X

2/9Y){ = (4/3) X (Py/n)V? X (Us— Uy)** ionized impurity charge or bulk charge drift term

+Sign(U5_ U(j)X(CO/CD)X(ZUGS_ Us) US

—(2/3) X (Py/n)Y* X (Usg— Uy)¥?)
gD, n Ly (W/L) Xsign(Ug— Uy) X
(2/IY){+2X(P/n)"* X (Us— U"?

carrier space-charge drift term
transverse electric-field drift term

ionized impurity charge or bulk charge diffusion term
+sign( Us— Uy) X(Co/Cp) X 2Us)

carrier space-charge diffusion term (33)

Ion==¢qDuniLo(W/L)X(/2Y){ (Co/Cp) X 2Ugs +2— Us) Us

+ sign(Us— U)X (Piy/n)"EX[(=2)X(Us=U))**+2X(Us— UV ]}

Semi-Infinite-Thickness Impure-Base (Bulk MOSFET)
This is the traditional or classic MOSFET with a
single front MOS gate and a semi-infinite thick im-
pure-base layer so that the remote boundary condition
at the back boundary does not affect the transistor
characteristics, except near and at flat-band, which
has caused numerical divergence in compact modeling
using the surface potential as the parameter, first re-
ported and fixed by McAndrews, Gildenblat and col-
laborators™*'. Its fundamental cause was later
traced™ to the remote charge neutrality condition at
the far boundary on the back. The remote boundary

(34)

condition,such as open and short circuited, Uy (x =
wo,y) = Up(x=0o,y)=Unp(y) and Uy(x = ,y) —
Up(x = ,y)=0,showed little effect on the surface
channel current except at flatband which is usually ig-
nored because it is far below the parasitic leakage cur-
rent of a real transistor,except when numerical solu-
tions are need to connect the transistor properties,
such as capacitance,on the two sides of the flatband.
The preceding results for the 1-Gate impure thin-base
are readily applied to the bulk MOSFET,such as the
very thick (~500pm) impure-base (P =10"""cm *)
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on a 12-inch diameter silicon wafer, which has been
the basic building block (BBB) device of all integrat-
ed circuits. Our previous analysis showed that the
characteristic length of the FET is the Debye screen-
ing length of the semiconductor, which for the pure
silicon base is about 25pm at room temperature, and
which decreases as the impurity concentration increa-
ses, by the ratio of (2n;/P;y)"*.So,for the tradition-
al bulk MOSFET with ion-implanted impure base lay-
er of Py =10""®cm™® and a room temperature intrin-

sic carrier concentration of n; =10"cm™?, the impure
Debye length drops to 25,m X (2 X 10'/2 X 10")"* =
2.5nm. Thus, the current nanometer technology of 10
to 50nm dimensions would still qualify as long and
thick transistors. For this case,Ex(x = xg—>,y) =0
still applies,and U, (x = xg—>< ,y) = U, (y) can be
assumed to take some boundary values determined by

the contacts,such as U, (y =0) = Uz and U, (y = L)
= Upp which replaces the meaningless or no longer vi-
able thickness equation (25) 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 dU,(y)/dy = 0
or Up (y) = Up = constant such as Ug. Alternative
boundary conditions could be U, (x = xg—>,y=0)
= 0and Us(x=0,y= L) = Upg.Another pair was U,
(x=xg—~o,y)=0and P*U(x = xg—>,y)/dX*=0,
the so-called remote charge neutrality condition to re-
moved the imaginary electric field near flatband™* .
Thus,the voltage equations from finite-base-thickness
(22) to (24) reduces to the following for the infinite-
base-thickness Bulk transistor, with U, = 0 and the
thickness equation removed. Or, more generally, for a
body or source bias of U,(y) = Uz = constant.

from (22) (35)

((’)U/(’)X)Z :Fz(U’UvaN,onleyEy): + eXp(UﬁUN)feXp(UofUN)"'eXp(Up* U)fexp(Upro)

P/ X (U= U + 2(LD/L)2J(92 U/aYHa, U from (23)

n; X Lexp(Up, — Uy) —exp(U, — Ux)]— Py =0 (remote charge neutrality)

(36)
(37

The general current or Y equations from (26) to (27) are

IDN = - kTILLn n; LD(W/L) X { +J(P[M - P)/n,(aU/aY)aX

L 200U /0X)s(AU/IY) + (/0 Y)jmu/axmx C(Ly/L)? 2/ Y)j(a U/aY)ax )

— gDy 1y Lo(W/L) X {~ (2/9Y) Jkpm ~P)/n, 0X

-20/aY)[ QU/IX)s] + 2(LD/L)2(9/3Y)J(<72 U/aY*)oX }

(38)

IDp = - kT/Jp n; LD(W/L) X { 7J(P1M + N)/Yll(aU/aY)(’)X

- 200U/0X0,0U/0Y) = 2/a¥ [(QU/X) X + (Lo/L) 2/aY[U/aY)*0X)

— 4D, ny Lo(W/L) % {~ J/OYJ(PIM N/ n X

+23/9Y[QU/IX)s] — 2(Ly/L)* H/JYJ((?Z U/aY*)oX }

3P

The further simplification of the above current equations when Py = 10" cm ™ has been discussed by us"'"'. By

using the x-independent longitudinal electric field approximation

[17] ]

and the depletion assumptions™™ in the

2006-Jie-Sah analytical models, the analytical expressions for these drift and diffusion terms were derived.

+ J(P'M - P)/ni(QU/dY)IX ~+ (dUs/d Y)J(P.M - P)/nidX

= Jsign(U) X

Lexp(U — Uyx) —exp(— Uyx) + exp(Up — U) — exp(Up)

(40)

Usto O

+

(Pyi/ny) X U:lil'/z

X dlexp(Up — U) —exp(Up) + (Py/ny) X U]

%J[O -0

+ exp(Up — U) — exp(Up) + exp(Up) X U] ?

X dlexp(Uyp — U) —exp(Up) +exp(Up) X U] Xsign(Us)
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J(PIM - P)/n;dX =-2[exp(U, — Us) — exp(Up) + exp(Up) X Us]"* X sign(Us) 41
~-2[0 —exp(Up) + exp(Up) X Us]V* X sign(Us)

J(PIM —P)/n,aX = -2 [exp(Up) X Us — exp(Up) 1" X sign(Us) (42)
~ —2[exp(Up) X Ugs -0 1% X sign(Us)

J(PIM - P)/nidX = — 2 [exp(Up) X Us]"* X sign(Us) (43)

Substituting (41-43) into (40) ,respectively
J(PIM - P)/nQU/IY)IX == (9/aY){ exp(Up/2) [ exp(— Us) — 1 + Us]*?} X (= 4/3) sign(Us) (44)

J(PIM - P)/nQU/IY)IX =~ (/3 Y){exp(Up/2) [Us — 117*} X (= 4/3) sign(Us) (45)
J(PIM -P)/n0U/aY)IX = (/3 Y){exp(Uy/2) [Us]"*} X (= 4/3) sign(Us) (46)
J(aU/aX)Zax = J(aU/aX) AU from U = Usto 0

= JSign(U) X [exp(U — Uy) — exp(— Uy) + exp(Up — U) — exp(Uyp) + (Pyy/n) x UJV?2aU

Using the different depletion assumptions in (41—-43) ,respectively

J.(OU/OX)ZOX ~ J.sign(U) x [0 -0 +exp(Up — U) — exp(Uyp) + exp(Uyp) X UJV?0U

~{exp(Up/2) [exp(—Us) =1 + Us**} X (=2/3) sign(Us) 4n
J'(HU/(?X)Z(?X %J.sign(U) x [0 -0 +0 —exp(Uyp) + exp(Uyp) X UJ*9U

= {exp(Up/2) [Us— 1172} %X (~2/3) sign(Us) (48)
J(HU/HX)ZHX%Jsign(U) X [0 -0 +0 -0 + exp(Up) X U]V 9U

= {exp(Up/2)[UsJ*?) X (—2/3) sign(Us) (49)

By substituting (35) without 2-dimensional term, (41 -43), (44 -46),and (47—-49) into (38) without 2-dimen-
sional terms,respectively,three 1-dimensional analytical drain electron current expressions can be obtained.
Ion= — kTu.n; Lo (W/L) Xsign(Us) X
(2/3Y){ = (4/3) Xexp(U,/2) X [Us—1+exp(— Us) J**
ionized impurity charge or bulk charge drift term
+sign(Us) X (Co/Cp) X (2Ugs — Us) Us carrier space-charge drift term
= (2/3)Xexp(U,/2) X[ Us—1+exp(— Us) J¥*)} transverse electric-field drift term
—qD.n;Ly(W/L) Xsign(Us) X
(2/9Y){+ 2Xexp(Up/2) X[ Us—1+exp(— Us)]"?
ionized impurity charge or bulk charge diffusion term

+ sign(Us) X (Co/Cp) X2Us) carrier space-charge diffusion term (50)
Ion = —kTp,n, Ly (W/L) Xsign(Us) X
(9/2Y){—(4/3) Xexp(Up/2) X (Us —1)** ionized impurity charge or bulk charge drift term
+sign(Us) X (Co/Cp) X (2Ugs — Us) Us carrier space-charge drift term
= (2/3)Xexp(Uyp/2) X (Us — D¥*} transverse electric-field drift term
—gD.n; Ly (W/L) Xsign(Us) X
@/dY){+2Xexp(U,/2) X (Us— 1"V ionized impurity charge or bulk charge diffusion term
+ sign(Us) X (Co/Cp) X2Us )} carrier space-charge diffusion term (51)
Ion=—kTp,nLy(W/L) Xsign(Us) X
(2/3Y){ = (4/3) Xexp(U,/2) X (Ug)¥* ionized impurity charge or bulk charge drift term
+sign(Ugs) X (Co/Cp) X (2Ugs — Us) Us carrier space-charge drift term
= (2/3) Xexp(Uyp/2) X (Ug)**} transverse electric-field drift term
—qD.,n; Ly (W/L) Xsign(Us) X
(9/0Y){+2Xexp(U,p/2) X (UsH'* ionized impurity charge or bulk charge diffusion term

+ sign(Us) X (Co/Cp) X2Us} carrier space-charge diffusion term (52)
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3.2 2-Gate MOSFETSs

The results just obtained for thick and thin 1-
Gate can be easily extended to 2-Gate transistors. We
shall first give the equations for the general 2-asym-
metrical-Gate finite-thickness impure base, then sim-
plify to the supposedly ultimate 2-symmetrical-Gate
finite-thickness pure-base. These are known as the
FinFETs'*' while the (2-)wrap-around-gate(s) finite-
thickness-width impure-base is known as the nanowire
FET™'.
2-Asymmetrical-Gate Finite-Thickness Impure-Base

We apply the general results, listed in (17) to
(21) ,with the two gates labeled by 1 in the front at x
=0 and 2 in the back at x = xp,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 (21),the results for the asymmetrical 2-
Gate Impure-Base transistor are easily obtained. Here
the asymmetry is from the two different gates, from
two different applied gate voltages, different oxide
thicknesses, different oxide charges, and/or different
gate-material-work-functions. The gate flat-band volt-
ages are included in the applied gate voltages, Ug and
Ug. . The terminal voltages,applied to or measured at
each terminal contact point,are all measured with re-

spect to a common reference point,such as U(r= o)
=0 at infinity by virtual of the Coulomb Law,or at

some reference point,rg=_(xy, yr»2zr) where R = B
for a real or virtual base contact with a applied con-
stant potential Uy relative to that at infinity which is
the Coulomb zero potential reference. We can also
find a reference point R = F that is always at equilib-
rium (or nearly so under all transient and steady-state
application conditions of the transistor) so that the
electron and hole electrochemical potentials or quasi-
Fermi potentials at this reference point are equal and
given by Up(rg =rg) = Ur and Uy (rg = rg) = Ug and
Ur is given by Py = nexp(+ Ur) , Ny = njexp(— Up) »
and that is electrically neutral,p(rg =r) = g(Pr — Ng
— Pyy) = 0.1In fact,any point can be used as a refer-
ence as long as its electric and electron and hole elec-
trochemical potentials,and their first and second de-
rivatives are given at a particular excitation or applied
voltages to the terminals and applied optical and par-
ticle exposure to the transistor. To wit, this boundary
value problem is precisely defined mathematically,not
the perceived uncertainty disguised as the floating
base. The choice of the reference potential point is
one to make the solution the simplest,for example the
source contact point in the 2-Gate MOSFET.

(E)U/(’)X)Z :FZ(U’UPQUNQUSZ’PIMQEY) + (aU/aX)SZZ:FZ(UeUp,UNyUggyleyEnyxz) from (17) (53)
= +exp(U— Uy) —exp(Us, = Ux) +exp(Up — U) —exp(Up — Usy)

+ (Py/np) X (U~ Ug) + 2(LD/L)2J(92 U/dY*)axU + QU/IX)s,” from (18)
f)U/f)X:Slgn(U— Usg)x {FZ(U9U[)’UNaUszaleaEy,E)(z)}l'”Z

U(n - Us}(Y):(CD/Co)X(aU/aX>51

- (xm/L)zﬂ (*U/IY*)IXaX — (1/2) (XOI/LD)Zﬂ(pUxide]/qni)aXaX
oxidel

UGZ_ USz(Y): (CD/CQ)X(QU/;)X)SZ

- (xoz/Lﬂﬂ (PU/IY?)aXIX — (1/2) (xog/LD)Zﬂ(‘ooxidez/qn;)JXJX
oxide2

Xp = Jsign(U — Us)dxU/F (Integrated from U = Ug to U = Ug) (The Thickness Equation)

(54)
(55)
from (19) (56)
from (19) (57)
(58)

Two distinct boundary conditions at 0 << X = X,<C Xj in the finite-thickness base can be specified from
the polarity of the voltage applied to the two gates: the boundary condition (9U/9d X), =0 when the two gate-
to-source voltages have the same polarity,and the boundary condition U, = Usg when the two gate-to-source

voltages have the opposite polarity. These two conditions at X = X, result in different approaches to be used to

numerically compute the above voltage and thickness equations.
The general current or Y equations from (20) to (21) or (15) to (16) are

Iow = = KTy Lo CW/L) % (+ [Py = PY/n, U/ Y)0X
—2[U/3X)QUg/0Y) = (QU/IX)s(QUg/dY)]
+ a/an(aU/aX)zaX - (Lp/L)? a/an(aU/a Y)2oX)

- qD" nlLD<W/L> X {_(’)/(’)YJ‘(PIM - P)/nlﬂX

+20/0Y[QU/IX)s, — (QU/IX)s | + 2(Lp/L)* J/JYJ(OZ U/aY»oX}

(59)
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IDP = - kTﬂp n,LD(W/L) X {7J(P[M + N)/n,(?JU/aY)HX
+2[U/0X)Ugx/0Y) = (0U/IX)g (QUg/2Y)]
- 3/9 YJ(JU/JX)ZJX + (Lp/L)%3/d YJ(QU/J Y)oX}

- qu nlLD(W/L) X {7(7/(7YJ(P1M + N)/n,aX

=23/9Y[QU/IX)y — QU/IX)g]—2(Ly/L)*9/dY[(*U/IY*)IX}

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 promising technological importance'*'. Due
to the complete symmetry between the two gates,in-
cluding applied gate voltages which contain the offset
from workfunction differences of the contacts, by vir-
tue of connecting the two gates, the solution is sym-
metrical with respect to the bisection plane, x = x5/2

(60)
where U(x = x5/2,y) = U,(y) is a maximum (when
Ugs>>0) or minimum (when Ug <<0) and at this
plane,we have d U (x = x3/2,y)/dx =0. The symme-
try of two gates also gives Ug (y) = Uy (y) = Us(y),
while QU/9X)g = —(QU/IX)y =(dU/I X)s. The
solutions are obtained by treating just half of the
thickness of the channel,x =0 to x = x3/2,giving the
following equations from the general results just ob-
tained for the asymmetrical gates.

(aU/aX)Z:FZ(UaUanNaU()vleaEy): +eXp(U— UN)_eXp(UQ_UN>+eXp<Up_U)_eXp(Up_U0)

+ (Pi/n) X (U = Ug) + 2(LD/L>ZJ(32U/8 Y*)axU from (54)
(E}U/(’)X)s:Sign(Us_ U())X {Fz(UsvUpeUNaU(),PIM,Ey)}l,"z

UGS_USZ(CD/C())X(QU/HX)S (1-D term)

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

The general current or Y equations are

Iow == KTya niLo(W/L) X (+ J(PIM ~ P)/n(aU/AY)IX

— gDy niLy(W/L) X {— 9/3YJ<P.M ~P)/naX

61)
from (55) (62)
- (xO/L)ZH (*U/IY?)aXaX — (1/2)(xO/LD)Zﬂ(poxme/qni)aan (2-D terms) from (56) (63)
oxide
(64)
+2@U/aX)s(AUs/IY) + a/aYJ(aU/aX)zaX - (Lp/L)* a/aYJ(aU/a Y)i0X)
(65)

= 29/dY[QU/IX)s]+ 2(Lp/L)* 3/ YJ@Z U/aY*)oX}

Tov = = KTy miLpCW/L) X (= [Py + N/ U/ YIIX

2 QU/IX) (AU /Y] - 2/a YJ(QU/EJX)ZEJX (Lo /L)9/a YJ(EJU/EJ Y)Y ax)

— gD, miLo(W/L) X {~a/aY J(PIM T NY/noX

+29/9Y[(QU/aX)s] — 2(Lyp/L)* (7/r7YJ((72 U/aY*»)aX}

(66)

By dropping all the 2-dimensional terms and P, terms,both the current equation and voltage equation can be

simplified as follows:
dU/IX =sign(U—Uy) XF(U,Up,Ux,Uyp)

= sign(U - Uy) X[ exp(U - Uy) —exp(U, —

UGS_US:<CD/C0)X(9U/9X)S
IDN:_kT/jnniLD(W/L)X
{+9/0Y[(Co/Cp) X (2Ugs X Us — Us®) ]

+3/9 YJ(JU/(?X)ZJX}

— gD, n; Lo (W/L)X{ +3/9Y[(Co/Cp)*X2Us] }

Ux) + exp(Up = U) —exp(Up — Uy ]"? 7

(68)

carrier space-charge drift term
transverse electric-field drift term

carrier space-charge diffusion term (69)
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I]_)p: - kT/jp Yl,LD(W/L) X
{—=3/0Y[(Co/Cp) X (2Ugs X Us— Us*)]

- 3/9 YJ(aU/aX)ZaX}

- qun,LD(W/L)X { _(’)/JY[(C()/CD)XZUS:I}

The further simplification of the above equations for
the one-section and two-sections unipolar solution of
the bipolar theory of the FinFET with pure base has
been described in [25] and [26].

4 Summary

The general analytical solutions in the drift-dif-

fusion representation of the bipolar DC current-volt-
age characteristics of the bipolar field effect tran-
sistor are derived. The solutions cover both the one-
gate finite thickness SOI and TFT and semi-infinite
thickness bulk MOSFET, and the general two-gate
transistor and its simplest case of symmetrical two-
gate and pure-base, the FInFET. The drift and diffu-
sion current terms are easily identified by the multi-
pliers of drift mobility and diffusivity. This distinction
also serves to include high electric-field effects such as
the mobility variation with electric field, and the in-
terband impact generation of eclectron-hole pairs in
the high-electric-field drain junction space-charge re-
gion when the drain-source voltage exceeds the drain-
gate voltage. This is a principle mechanism for stand-
by current and power dissipation.
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