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Abstract: This paper describes the drift-diffusion theory of the bipolar field-effect transistor (BiFET) with two
identical and connected metal-oxide-silicon-gates (MOS-gates) on a thin-pure-base. Analytical solution is obtained

by partitioning the two-dimensional transistor into two one-dimensional problems coupled by the parametric sur-

face-electric-potential. Total and component output and transfer currents and conductances versus D. C. voltages

from the drift-diffusion theory,and their deviations from the electrochemical (quasi-Fermi) potential-gradient

theory,are presented over practical ranges of thicknesses of the silicon base and gate oxide. A substantial contri-

bution from the longitudinal gradient of the square of the transverse electric field is shown.
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1 Introduction

The silicon MOS field-effect transistor tech-
nology is advancing towards the nanometer range
in the form of double-gate and thin pure-base,fin-
like structure,known as the FinFET" .
perimental electrical current-voltage characteris-

tics, recently reported by IMEC with 4-company
1

Their ex-

assignees'®’ , could not be accounted for by the tra-
ditional unipolar field-effect theory, invented by
Shockley in 1952 and followed by recent device
theorists and engineers,such as those reviewed by

Ortiz-Conde —GarciaSanchez —Liou™’ .

It was re-
cently demonstrated by us"*~" that the observed
experimental current-voltage characteristics re-
ported by IMEC +Assignees”’ showed distinct bi-
polar behavior, namely the simultaneous presence
of both electron and hole surface-inversion-chan-
nel currents, even a hint of volume-channel cur-
rents, giving six channels in their two-MOS-gates
on thin-base FinFET structures. The IMEC data
covered wide ranges of oxide and base thicknesses
and gate or base lengths, and also drain-source
contact types, giving confidence that first-silicon
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random variations observed in the data do not
mask the observed current voltage characteristics
that pointed to the bipolar nature in these Fin-
FETs. We named the discovery of the bipolar na-
ture of the FET and its theory, the Bipolar Field
Effect Transistor (BiFET) Theory ™" ,to replace
Shockley’s 1952 Unipolar Field-Effect Transistor
Theory (UniFET). Such a bipolar FET character-
istic in one transistor structure was conceived as
early as 1970 by a complementary pair of FETs
and experimentally demonstrated in 1971-Fu-
Sah",showing bistable negative conductance I-V
characteristics in a FET containing a surface-in-
version-channel pMOST in the n-basewell on a p-
Si substrate,and a n-volume-channel nJGFET (n-
basewell/p-substrate Junction-Gate FET).

In our previous reportt?, we presented the
electrochemical-potential-gradient driven current
theory for the two-MOS-gates on pure-base silicon
BiFET, using the classical parametric surface-po-
tential approach given in 1966-Sah-Pao'*'"'. This
present paper describes the more popular drift-
diffusion current theory, which is as exact as the
electrochemical potential gradient current theo-
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ry"*~"". In this drift-diffusion current theory, the

drift and diffusion current components are further
decomposed into subcomponents. These subcom-
ponents are similar to the subcomponents shown
by us for the single-MOS-gate thick impure-base
FET reported in Refs. [ 13, 14 ]. The analytical
formulas of the subcomponents of the drift and
diffusion currents were rigorously derived by Sah
in 1996-Sah™™' for the single-MOS-gate on thick
impure-base unipolar field-effect transistor which
included also the 2-dimensional terms. These rig-
orous 1996-Sah formulas were verified mathemati-
cally by Jie in 2005-Jie-Sah'"* and 2007-Jie-
Sah'"). In this present paper,the 1996-Sah 4-com-
ponent drift-diffusion UniFET theory* "/ is ex-
tended to the two-MOS-gates on thin pure-base
BiFET or the FinFET. We also present the com-
puted deviations of the drift-diffusion current
components from those computed from the elec-
trochemical current theory presented in the first

7], similar to the deviations

report of this series
computed for the single-gate on thick impure-base
in 2007-Jie-Sah'*'.

numerical origin from the complicated numerical

The present deviations are of

integration formulas of the component terms in
the drift-diffusion theory. In this paper,we pres-
ent graphs of sample families of transfer and out-
put current-voltage and conductance-voltage char-
acteristics, (Ip-Vgs) s (Ip-Vips) s (€~ Vs ) s (Gms-
Vis) s (gas-Viss) and (gg- Vps) »their drift and dif-
fusion components, and their deviations from the
electrochemical current theory'” . Especially im-
portant is the discovery of the substantial added-
on contribution (~25%) to each of the electron
and hole channel currents in the 2-gate-pure-base
BiFET from the longitudinal gradient ( y-direc-
tion is longitudinal to the channel current flow di-
rection) of the square of the transverse electric
field,to be denoted as @/dy)Ex)? or abbreviated to
just (Ex)*. This suggests that the neglected (x)*
term could also account for the 2% to 5% missing
current observed in the 4-component drift-diffu-
sion theory of bulk transistor with one gate and
semi-infinite base-body™®'*** | This small (2% ~
5% ) missing current was originally attributed by
us entirely to the approximation of x-independent
longitudinal electric field, Ey (x, y)=E, (x =0,

y)13140 S which was commonly known as the

[12] [11]

charge-sheet approximation"*' ,a misnomer

2  Drift and Diffusion Theory of the
Two-Gate on Pure-Base Transistors

The voltage and current equations of the
drift-diffusion theory of the UniFET with single-
gate on thick or semi-infinite impure-base from
1996-Sah™"*~"*) are modified for the BiFET with
two identical gates on a thin pure-base"*~" . They
are summarized as follows. The variables are
functions of the 2-dimensional coordinates (x,y)
with no variation along the width of the gate and
channel in the z-direction from z=0to z=Z =
W. The y-axis is the direction of the channels
and the x-axis, the SiO,/Si interfacial planes of
the two gates, located at x = 0 and x = x with
base thickness xz. The two gate oxides have equal
electrical thickness of x,. The impurity concen-
tration in the pure base is zero, Py = 0. The con-
centrations of the traps or generation-recombina-
tion-trapping centers are also assumed zero in
both the pure-base and at the two gate-oxide/
pure-base interfaces. The source and drain con-
tacts to the pure-base are located respectively at y
=0 and y= L. The effects from the contacts will
be considered in the fifth report of this 5-report
series. The three potential variables are normal-
ized to kT/q and denoted by U, = qV,/kT where
respectively,a = N, P, and I are for the electron
and hole clectrochemical, and the electric poten-
tials and I for midgap or intrinsic is usually omit-
ted. Near thermal equilibrium (low electric field
or no hot carriers) is assumed,so the Einstein re-
lationship between mobility and diffusivity holds
for electrons and holes, D, /u, = (kT/q) and D,/
up = (kT/q) where T = T, is the lattice or heat-
transfer temperature. The Poisson Equation and
the electron and hole current equations are then
given by the classical macroscopic equations
which are three non-zero equations of the six
Shockley Equations of electric charge transport in
solids'”'. The terminal currents are denoted by I
where T =D (drain),S (source),G1 (gate-1),G2
(gate-2) ,B (Base).

Ve (esE) =p(x,y,z) = q(P~ N— Py

3-Dimensional Impure

=e[(AEx/dx) + (QEy/dy)]=q(P— N)

2-Dimensional Pure (1)
=gnLexp(Up, = U) —exp(U-Uyx)] (1A
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Ion =— (W/L)H[(])UHNEY + gD, (IN/dy)] axdy
(x =0toxg;y =0to L) (2)
Top=— (W/L)HEQ;LPPEY+qu((7P/r7y) Joxay

(x =0toxg;y =0to L) (3

In=1Ipn+ Iop = — I €))

Following the rigorous derivation algebra given in
1996-Sah'"®', the diffusion terms can be readily
evaluated and have the linear dependence on the
surface potential and applied gate voltages. The
drift terms are subject to further tedious algebra
as shown in Ref.[15] with the remote boundary
condition at x = o moved into the symmetry
plane, x = xg/2, where only the electric field
boundary condition holds, Ex (x = x3/2,y) =0,
not the clectrical neutrality. Using Ex = — (kT/
q)(AU/dx) and Ey = — (kT/q>(2U/dy),and
the x-independent clectrochemical potential as-
sumptiont =711 Leypressed by Up (x, y) =
Up(y) and Uy(x,y) = Ux(y), we get the 1-di-
mensional (1-D) Gauss Law from converting the
volume integration of the Poisson Equation (1)
into a surface integration using the divergence

theoremﬂt_&v + (e E)dU = S{}G(eoE) « dS with the

line integrals J(a/ay)(eoEy)ax (x == xo to0

for MOS gate-1 and x3 to xg + xo for MOS gate-2)
omitted as next order 2-Dimensional corrections:
€sEx(X - O’y) - - COI:VGB -

VFB - Vix = O9y)] (5)
€5E)((X = ngy) = + COI:VGB_
VFB_ Vix = xB!y)] (6)

Using V(x =0, y) = V(x = xp,y) = Vs (y) =

Us(y) (kT/q) s V(x=x5/2,y) = U, (y)(kT/q) s

and Ex(x=0,y) =Ex(x=xy,y)=Es(y),we get
Ugs — Uz — Us = (signUs) X (Cp/Co) X

[eXp(US - UN) - eXp(Uo - UN)] +
1/2
Lexp(Up — Ug) — exp(Up — Uo)]} D)

xg/Lp = Xy = ZJ(signU) Lexp(U — Uy)

—exp(U, — U]+ [exp(Up — U) —
-1/2

exp(Up - Uo)] QXU (8)

where the integration is taken from U = U, to
Us. L, = (e,kT/2q*n;)"* is the Debye screening
length ~26p,m at room temperature. In the elec-

[4~7]

tron emitter section ,the electron terms domi-

nate and the hole terms can be neglected as a first
approximation. In the hole emitter section*~",
the hole terms dominate and the electron terms
can be neglected as a first approximation. Thus,
the first approximation of Eq. (8) in the electron

emitter section is given by

Xo/Lo = Xy = ZJ(signU)

exp(U — Uy) —
exp(Us - UN) + (CO/CD)Z(UGB - U}-‘B -
-1/2
US)Z} U 9

where the integration is from U = Uy + log, [ exp
(Us—Ux) = (Co/Cp)?*(Ugs —Ugp —Us)* ] to Us.
In this first attempt of characterization of the
bipolar MOSFET, we have assumed that the drain
and source regions of the thin pure base are iden-
tical,therefore,the use of the words “source” and
“drain” to label these two ends of the thin pure-
base is entirely arbitrary. Nevertheless,to connect
this new bipolar FET to the past unipolar FET
terminology coined by Shockley in 1952 and used
by all subsequent engineers and scientists until to-
day.we will name them'*~"! as the source electron
emitter section which simultaneously is also the
source hole collector region. Similarly, the drain
electron collector section is simultanecously also
the drain hole emitter region. This creates a se-

mantic conflict of the words drain and emitter,
and source and collector. Therefore, it may be
preferable to discard the arbitrary designation of
drain and source at the two ends of the base layer of
the bipolar thin-base FET, and retain the bipolar
junction transistor (BJT) terminology of emitter and
collector, which were also coined by Shockley, in

1949, for the bipolar junction transistor ™"

» noting
the only difference between the two is that drift cur-
rent dominates in the FET operation and diffusion
current dominates in the BJT operation,regardless
of the conductivity type of the base layer.

The electron emitter section and hole collec-
tor section occupy the same physical space of the
bipolar field-effect transistor. This is a previously
unrecognized cardinal feature of the BIiFET or all
FETs. Thus, once the hole concentration in the
hole collector (electron emitter) drain section is
solved, the spatial variation ( y-dependence) of
the hole quasi-Fermi potential can be computed.
The next order solution of the two coupled equa-
tions,(7) and (8),is then obtained. If only the
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dominant carrier terms in either the electron or
hole emitter section are kept, U, can be elimina-
ted between (7) and (8) to give one gate-voltage-
surface-potential equation which can then be
solved numerically without iteration as attained
by many investigators™'"'.

Following 1996-Sah'®’, the current equations
(2) and (3) can be manipulated with the help of

the bipolar Poisson Equation (1) as follows to
give the total drift and diffusion currents and also
their components. In the pure-base electron chan-
nel used here with the identical double gates, the
electron terms dominate, thus, we use Eq. (1) for
N in the drift term of Eq. (2),and the integration
limits y=0to y=L and x =0 to x = x3 where Ey
(x=x5/2,y) = 0. Then we get

—HqNEyaxay = J esL(AEx/dx) + (QEy/dy)]Eydxdy

= CO{[VGB -

Vg -

‘/S(O)]Z ’[VGB - VFB - Vs(L)jz +

H(a/ayxEyZ/Z)axay +ﬂ<9/ay)( - Ex*/2)dxady (10)

[t is important to note that the first double integralﬂ(a/(?y)(Eyz/Z)axay is the short-channel drift cur-
rent correction term, which is reported in a future paper, while the second double integral
H(O/(?yﬂEXZ/Z)(?ny is a long-channel drift current term,which is independent of channel length. It is

the longitudinal gradient of the square of the transverse electric ficld mentioned earlier and in the ab-

stract. It can be evaluated analytically to give three components which are:

[[@an - Bximaxay =+ 20k/g)Col VoL -

+ Co(Xu/2)(Co/Co) [[Ven = Vim -

+ CO(XB/Z)(CD/CO)(kT/q)Z{exp[Us(L) -

Collecting the above into the electron channel
current equation (2),we obtain (with Ug =0)

Iv = (W/L) X co<kT/q>2{[UGB -

UFB - US(O)]Z ’[UGB - UFB’ US(L)]Z +
2LUs(L) - Us(0) ]+ (X/2)(Co/Cp) X
[(UGB’UFB’US(O))2 7(UGB7UFB7US(L))2]+
(X5/2)(Cp/Co)exp(Us(L) -

UN(L)) - eXp(Us(O) - UN(O))] +

D, (W/L) X 2Co(kT/q@)[Us(L) - Us(0)]
a2»
The same procedure gives the hole channel cur-
rent (with Vs =0 as the reference).

I, = /,cp(W/L) X Co(kT/q)z [UGB -

U — Us(O ) ~[Ug - U - Us(L)]" +
2LU(L) - Us(0)] + (X/2)(Co/Cp)
[((Ugs ~Ups ~Us(0))* = (Ugy ~Upgy ~Us(L))*] +
(X3/2)(Cp/Co)exp(Up(L) - Us(L)) -

eXp(Up(O) - US(O))] +

D,(W/L) X 2Co(kT/@)[Us(L) - Us(0)]
(13

Vs - [V -

UN<L):| - eXp[Us(O) -

V(0] linear term

Ve = V(LT parabolic term

exponential term

1D
The total channel current or the drain and source

Us<o>]}

terminal currents of the bipolar field-effect tran-
sistor with two identical MOS gates are then given
by the sum Iy + I, = I, = — Is. These are exactly
those obtained in the 1996-Sah space-charge theo-
ry""® with four current-components (P;. P,, D,
and D) ,which is reduced to two (P, and D,) be-
cause of pure base with P, =0 and which uses the
boundary condition at x = x/2 to obtain the sur-
face potential at the oxide/silicon interface, V (x
=0,y)=Vs(y)=(kT/q)> Us(y) which appeared
in Eq. (9).

3 Computed Current- and Conduct-
ance-Voltage Characteristics

In order to provide in one article all the im-
portant characteristics that may be needed by
compact model developing engineers to assess the
accuracy of their approximations,we shall present
the computed characteristics in 18 figures as self-
explainable as possible, each with three or two
parts, consisting of the total value, the drift and
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Fig.1  Gate-source voltage Vgs dependence of the
DC current of an nFinFET or the transfer characteris-
tics. (a) Total drain terminal current I and the elec-
tron and hole drift and diffusion channel current com-
ponents. (b) The fraction of the parabolic drift cur-
rent P, diffusion current D, , and the (3/9y) (Ex)?
components of the total current Ip. (¢) The percent-
age deviation of the electron Iy and hole /p, and total
I currents from their electrochemical potential gradi-

ent values.

diffusion component values, and the percentage
deviation of the drift-diffusion values from the
electrochemical potential-gradient values compu-
ted previously'” . The first three figures give the
three transfer characteristics, drain current, drain
conductance and transconductance as a function
of the gate voltage. The second three figures give
the three output characteristics, drain current,
drain conductance and transconductance as a
function of the drain voltage. The source is tied
to the reference denoted by base or B,so Vi =0.
This distinguishes the previously not recognized
property which is central to the bipolar nature
and operation of the MOSFET'', namely, the
threshold gate voltage at the source is Vgsy =
Vaem — Vs while the threshold gate voltage at the
drain is Vpw = Veem — Vos. This recognition first
described in Ref.[4] allowed the solutions to be
applied at once to both the electron and the hole
channels®~" with only a simple change of sym-
bols,signs,and reference voltages. The remaining
twelve figures,Figs.7 to 18,show the very signifi-
cant contributions (as much as 25%) to the chan-
nel currents and conductances from the long-
channel (or channel-length-independent) longitu-
dinal-gradient of the square of the transverse elec-

tric field, (3/9y) (Ex)*. This was not recognized

=}

-0.5 0.0 0.5 1.0 1.5
Gate-to-Source Voltage Vs(V)

Fig. 2 Same as Figs. 1 (a), 1 (b) and 1 (¢) except
the currents are replaced by the transconductances,

8m-

in both the past theory of the single-gate on semi-
infinite-thick impure-base™~'*! and the recent the-
ory of double-gate on thin pure-base'*"'"'. The
effects of longitudinal electric field, Ey,from the
same origin with the same form, (9/dy) (Ey)?,
was well-known for the single-gate semi-infinite-
thick impure-base, described in 1990-Mitiko-
Miura-Mattausch'® and rigorously derived in
1996-Sah'™’ .

its analysis is deferred to a future report on the
[4~7]

It is channel-length dependent and

two-section model for the short channels
The characteristics given by these 18 figures will
now be discussed.

Figure 1 gives the transfer characteristics,
with Vg =0 or the source as the reference. Fig-
ure 1 (a) shows the total drain current and its
drift and diffusion components in the electron and
hole channels. Figure 1 (b) shows the fractional
contribution to the total current (or their ratios to
the total electron or hole channel current) of the
parabolic drift P, and linear diffusion D, current
components, and the previously not recognized
large contribution from the longitudinal-gradient
term (9/dy) (Ex)* which reaches ~25% around
the electron and hole threshold voltages defined
previously by us for pure-base!” ( Vg~ + 0.5V
and 0.0V). Figure 1 (¢) shows the excellent ac-
curacy (<10 " % deviation at Ipm, =2 X107 °A/
sq at Vg = +0.25V) in both the electron and
hole channel currents in the entire operation
range, Vgs or Vgg = —1.0V to +1.5V. Note the
approximate threshold voltages of the pMOST
and the nMOST of + 0.5V shifted by the applied
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Fig. 3 Same as Fig. 2 except the output or drain con-
ductance gq is shown. However, note that the mini-
mum of the V-shaped curve is shifted to Vs = +0.5V
instead of +0.25V of Figs. 1 and 2 because the chan-
nels are in or out of the drain current saturation range
of the Vg bias range at the fixed Vps = +0.5V.

source-drain voltage of + 0.5V, which is defined
by us previously'”! from the oxide and Debye
screening capacitance ratio, Vggn = 2 (kT/q) X
log.(Co/Cp) ~ +0.5V. Thus,the hole channel
threshold voltage is Vspmnoe = Vosn — Vg = 0.5
— 0.5V =0.0V and the electron channel threshold
voltage is Vasmetceron = Vasn — Vs = T 0.5-0.0V
= + 0.5V which are confirmed in Figs.1 (a) and

T 08F .10V
< Xo=1.5nm
g 6 xz=30nm
n
% 0.4
=
502
- 0/ ‘Pl

1.0
2 Py
S 0.5F Electron
~ E; D,

0 I 1
g 10—8; L —I m"wo (c)
= - %—.—_TM———V\ “°W¢°WMW
0 0. 1.0 1.5 2.0 2.5

Drain-to-Source Voltage V;,5(V)

Fig. 4 Drain-source voltage Vps dependence of the
DC current of an nFinFET or the output characteris-
tics. The three parts, 4 (a), 4 (b) and 4 (¢), are sim-
ilar to those in Figs. 1 (a), 1 (b) and 1 (¢). Note a
most important feature, that is, the onset of the hole
channel current at Vps = + 1.5V because Vgs =
+1.0V,or Vps = Vpsa = Vas + Vgsw in the hole
channel current ‘saturation’ range.

Drain-to-Source Voltage V;,4(V)

Fig. 5 Same as Fig. 4 but for output or drain conduct-
ance, gq. The three parts, 5 (a), 5 (b) and 5 (¢),
are similar to those in Figs. 3 (a), 3 (b) and 3 (¢). In
the drain-current saturation range, g4 decreases expo-
nentially with Vpg, similar to its exponential decrease
with Vs in the non-saturation or parabolic range

shown in Fig. 3 (a).
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Fig. 6 Drain-source voltage Vps dependence of the
transconductance, g.. The three parts, 6 (a), 6 (b)
and 6 (¢), are similar to those in Figs. 2 (a), 2 (b)
and 2 (c¢). In the drain-electron-current saturation
range, and drain hole-current exponentially rising,
gmn from the electron channel saturates to a constant
value, while g.» from the hole channel increases ex-
ponentially with Vg, from Vs =0 to Vpsa = Vs +
Vasm =1.0 + 0.5 = + 1.5V, then parabolically with
further increasing Vps > Vpsq in which Vgp also in-
creases with Vps to keep the hole channel continually
at the hole-channel-current at the saturation point,
giving the parabolic rise of the hole channel and hole
transconductance, gmpo( Vps + Vg )?» obtained in
the 1964-Sah theory of pure-base or voltage-independ-
ent-base-impurity-(or bulk)-charge.
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Fig. 7  Effects of base thickness, xz = 3nm and
300nm, on the contributions of the three (Ex )?*
terms, Exponential, Parabolic, and Linear to the
electron and hole channel currents. (a) Similar to that
given in Fig. 1 (a) except that the three (3/dy) (Ex)?
terms are given in place of the drift and diffusion
components. (b) The contributions of the three terms
of (3/9y) (Ex)* as a fraction of the total (9/dy) X
(Ex)? contributions. Note the near complete cancel-
lation of the parabolic and exponential (3/9y) (Ex)?
terms in the subthreshold range 0 << V<< + 0.5V,
and the linear and exponential (9/9y) (Ex)?* terms in
the strong channel current range, Vgs<<0 for the hole
channel and Vg > + 0.5V for the electron channel.

1 (b). Figure 1 (b) shows that these threshold
voltages are also where the (9/9y) (Ex)?* contri-
bution to the channel current peaks. Our assump-
tion of identical electron and hole mobilities gives
the V-shaped I- Vs with the mirror image plane
centrally located between the electron and hole
threshold voltages: Ipmn at Vismin Vps/2 =
+0.25V as illustrated in Fig.1 (a).
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Fig. 8 Similar to Fig. 7 but for the transconductance,
8m-
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Fig. 9 Similar to Fig. 8 but for the output or drain
conductance, gq.

Figure 2 (a) gives the transconductance and
its dominant drift component in the strong surface
channel range, Vgs<<—0. 25V from holes,and Vs
>+ 0.75V from eclectrons, and its dominant dif-
fusion component in the subthreshold surface
channel range, + 0.15V << Vg << + 0.25V from
holes and + 0.25V< Vs << +0.35V from elec-
trons. Figure 2 (b) gives the fraction of the domi-
nant parabolic drift current P,, linear diffusion
current D, ,and (9/dy)(Ex)? current,in the volt-
age ranges corresponding to those in Fig. 2 (a).
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0.0 0.5 1.0 1.5 2.0 2.5
Drain-to-Source Voltage V;,((V)

Fig. 10 These two parts of the figure are similar to
those in Fig. 7. They give the effects of base thick-
ness, xg =3nm and 300nm, on the contributions from
three (d/9 y) (Ex)* terms, Exponential, Parabolic,
and Linear, to the electron and hole channel currents.
(a) Similar to that given in Fig. 4 (a) except that the
three (9/9y)(Ex)* terms (linear, parabolic, and ex-
ponential) are shown in place of the drift and diffu-
sion components. (b) The contributions of the three
components of the (3/dy) (Eyx)* as a fraction of the
total (9/dy) (Ex)?* contributions.
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Fig. 11 Similar to Fig. 10 but for the output or drain Fig. 13 Effects of oxide thickness, xo = 1. 0nm and

conductance, gd.

Figure 2 (c) gives the percentage deviation of the
electron and hole channel transconductance from
their
computed previously'” . showing less than 107" %
in the strong channel current range and less than 2
X 10"" % in the subthreshold current range and at
the minimum g, = 2 X 107% U /sq at Vg = +
0.25V.

Figures 3 (a),3 (b) and 3 (¢) show the gate
voltage dependence of drain-source terminal con-

electrochemical-potential-gradient  values

ductance and its components,similar to the corre-
sponding Figs. 2 (a),2 (b) and 2 (c) for the trans-
conductance and its components just described.
The larger deviations of the electron and hole
channel conductances are again present in their
subthreshold ranges where the second carrier spe-
cies contributes, but the deviations are still very
small,1.0X 1077 % at the minimum g, =1Xx 107"
U /sq at Vgs= +0.50V.
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Fig. 12 Similar to Fig. 11 but for transconductance,
8m-

2.0nm, on the contributions of the three (9/dy) X
(Ex)* components, Exponential, Parabolic, and Lin-
ear to the electron and hole channel current. (a) Sim-
1 (a) except that the
(9/dy)(Ex)* terms are shown in place of the drift

ilar to that given in Fig.

and diffusion components. (b) The contributions of
the three components of the (/9 y) (Ex)* (linear,
parabolic, and exponential) as a fraction of the total
(2/3y)(Ex)*. Note the cancellation of the parabolic
and exponential (3/dy) (Ex)?* terms in the subthresh-
old range 0 << V<< + 0.5V, and the linear and ex-
ponential (3/9y) (Ex)* terms in the strong channel
current range, Vss<Z0 for the hole channel and Vgs >
+ 0.5V for the electron channel where the two parts
of the pair both have large values but opposite in sign
to give near complete cancellation of the two terms in
the two voltage ranges.

The output characteristics are shown in Figs.
4,5, and 6 for positive Vps or electron channel
dominant initially. i. e. when Vps increases from
0, because hole channel would overwhelm after
the electron channel current saturates when Vg
continues to increase as explained below. Identi-
10!
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Fig. 14

ance, gm.

Similar to Fig. 13 but for the transconduct-
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Fig. 15 Similar to Fig. 14 but for the output or drain
conductance, gq-

cal curves and points are obtained but not presen-
ted in this paper for negative Vps or hole channel
initially dominant. Figures 4 (a),4 (b) and 4 (c¢)
show the drain voltage ( Vps) dependences corre-
sponding to the gate voltage dependences shown
in Figs.1 (a),1 (b) and 1 (c),except the constant
parametric gate voltage is now set at Vs

+ 1.0V, which shifts the onset of the parabolic
drift saturation current of the hole channel to
Vissathoe = T 1.5V as indicated in Fig.4 (a). Fig-
ure 4 (b) shows clearly the importance of the
(9/2y)(Ex)* contribution, rising to a fraction of
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Fig. 16 These two parts of the figure are similar to
those in Fig. 13. They give the effects of oxide thick-
ness, xo = 1.0nm and 2. Onm, on contribution from
the three (2/9 y) (Ex)? components, Exponential,
Parabolic, and Linear to the electron and hole channel
currents. (a) Similar to that given in Fig. 4 (a) ex-
cept that the (3/dy) (Ex)?* term is shown in place of
the drift and diffusion components. (b) The contribu-
tions of the three components of the (9/9dy) (Ex)?* as
a fraction of the total (9/dy) (Ex)?* contribution.

Drain-to-Source Voltage V,4(V)

Fig. 17 Similar to Fig. 16 but for the output or drain
conductance, gq.

0.25 or 25% of the total channel current when
the parabolic electron drift current saturates.
Vssateeeron = Vios = Vsieeleeron = T 1.0V = 0.5V =
+0.5V. As indicated in Fig. 4 (¢),the deviations
of the present Drift-Diffusion theory (DD) are
still less than 10°%% from the Electrochemical
Potential Gradient (ECP) theory of [7],and the
deviations are purely numerical from the 64-bit fi-
nite precision of the computer hardware and the
Fortran software.

The output characteristics in Figs. 5 and 6 are
the drain voltage dependencies of the drain con-
ductance and transconductance characteristics.
They are similar to the gate voltage dependencies
just shown and described on Figs. 2 and 3, there-
fore,they are not describe further.

The base and oxide thickness dependences are
shown in Figs. 7 to 18, which further delineate the
importance of the three (3/9y) (Ex)* component
terms (linear, parabolic, and exponential). These
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Fig. 18 Similar to Fig. 17 but for the transconduct-

ance gm -
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are illustrated in part (a) of these 12 figures. The
fractional contribution of each of the three terms
to the total,is shown in part (b). These suggest
that very accurate compact models can be devel-
oped by assuming the channel current and con-
ductances are proportional to the base to oxide
thickness ratio, (xg/xo) »with a higher order term
from the oxide thickness. The underlying device
physics is described in the figure discussions.

The six figures, Figs. 7 to 12, show the same
families of characteristics as Figs. 1 to 6, at the
same gate oxide thickness, xo = 1. 5nm, but at two
different base thicknesses, xz = 3nm and 300nm,
while Figs.1 to 6 are for xz =30nm. In contrast,
Figs. 7 to 12,shows the relative importance of the
three components of the (9/dy)(Ex)*, which
were given by Eq. (11) and labeled in the figures
as L (for Linear),P (for Parabolic) and E (for
Exponential). These six figures also illustrate two
base-thickness effects on the total contribution
from the (9/9y) (Eyx)? to the electron and hole
channel currents: (1) the tremendous reduction,
~100 (the xp ratio of 300nm/3nm),over the en-
tire voltage ranges from strong surface channel to
subthreshold;and (2) the smaller reduction of the
hole and electron channel currents and conduct-
ances in thinner base of very strong surface chan-
nel range of Vs, due to closer proximity of the
second gate to the first gate.

The oxide thickness dependences are shown
by the last six figures, Figs. 13 to 18, for xo =
1.0nm and 2. Onm, while Figs. 1 to 6 has xo =
1. 5nm, both sets with base thickness, xz = 30nm.
The main results are (1) the strong electron and
hole channel currents are nearly inversely propor-
tional to the oxide thickness,as expected from the
larger electron and hole channel charges and
hence currents induced by the thinner gate oxide
at a given gate voltage,and (2) the subthreshold
currents are not affected by the oxide thickness,
because the oxide is electrically thin compared
with the base-thickness and the Debye length,
thus, the applied gate voltage is mostly used to
create the space-charge layer over the entire
thickness, xp,of the pure base.
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