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Abstract: This paper gives the short channel analytical theory of the bipolar field-effect transistor (BiFET) with the drift
and diffusion currents separately computed in the analytical theory. As in the last-month paper which represented the
drift and diffusion current by the single electrochemical (potential-gradient) current, the two-dimensional transistor is
partitioned into two sections, the source and drain sections, each can operate as the electron or hole emitter or collector
under specific combinations of applied terminal voltages. Analytical solution is then obtained in the source and drain sec-
tions by separating the two-dimensional trap-free Shockley Equations into two one-dimensional equations parametrically
coupled via the surface-electric-potential and by using electron current continuity and hole current continuity at the bound-
ary between the emitter and collector sections. Total and the drift and diffusion components of the electron-channel and
hole-channel currents and output and transfer conductances, and the electrical lengths of the two sections are computed
and presented in graphs as a function of the D. C. terminal voltages for the model transistor with two identical and con-
nected metal-oxide-silicon-gates (MOS-gates) on a thin pure-silicon base over practical ranges of thicknesses of the silicon
base and gate oxide. Deviations of the two-section short-channel theory from the one-section long-channel theory are
described.
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students in January 2007, It was soon theorized and

demonstrated in March 2007’ and later presented by
gstér 10~14)

1 Introduction

The silicon MOS field-effect transistor (FET) that the observed experimental current-

technology is advancing into the nanometer dimen-
sions in the form of double-gate and thin pure-base,
fin-like structure, known as the FinFETs''. Their
experimental electrical current-voltage characteris-
tics, recently reported by IMEC with Assignees from
four companies®’ , could not be accounted for?' by
the current MOSFET theory that was developed from
the traditional 55-year-old unipolar field-effect theory
of the p/n junction-gate ficld-effect transistor (JG-
FET ) invented and
1952" %/, and reduced to practice by Dacey and
Ross'® . This 1952-Shockley theory was followed by
recent device theorists and engineers to compact mod-
el (i) the MOS-gate and Insulator-Gate FETs (MOS-
FET and IGFET) with single-gate on semi-infinite-
thick-base, “bulk” transistors’ *
FinFETs which was extensively and carefully re-

theorized by Shockley in

and (ii) also the

viewed by Ortiz-Conde, Garcia-Sanchez, Liou and

voltage characteristics reported by IMEC + Assign-
ees? showed distinct bipolar behavior, namely the
simultaneous presence of both electron and hole sur-
face-inversion-channel currents, even a hint of vol-
ume-channel currents, giving six channels in their
two-MOS-gates on thin-base FinFET structures. The
bipolar nature of the FET and our theory were named
the 100% Bipolar Field Effect Transistor (BiFET)
Theory"® 1“1, since it includes all four currents, the
drift and diffusion currents of both electrons and
holes. In contrast, the now 55-year-old Shockley’s
1952 Unipolar Field-Effect Transistor Theory (Uni-
FET) is a 25% FET theory because its theory and an-
alytical solution™*~%
drift of one carrier species. This 25% UniFET theory
was employed by 1964-Sah''®) in the constant thresh-
old-voltage-based MOS transistor model with parabol-

considered only one current, the

ic voltage dependence of the current, and it was used
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by the initial circuit simulator SPICE'". It was soon
extended to account for the non-parabolic voltage de-
pendence of the current by including the voltage-
dependence of the threshold voltage from immobile
impurity ions in the surface space-charge layer with
voltage-dependent by 1965-Sah-Pao''*’,
known as “bulk-charge”. This was immediately used
by the second generation SPICE'"'. These were fur-
ther extended in the 1966 Sah-Pao theory"® ' for the
‘bulk’ or semi-infinite-thick MOSFET to include both

the drift and the diffusion currents via the electro-

thickness

chemical potential gradient as the effective or total
field that drives the current, but again for only one
carrier species, the electron or the hole, but not
both, thus, it is the 50% BiFET or the 100% UniFET
theory. This was again extended in 1996-Sah and
2005-Jie-Sah'"*~*"! to provide rigorous 2-D analytical
separation of the drift current due to electric field and
the diffusion current due to charge-carriers’ concen-
tration gradient, in order to give the underlying phys-
ics of the multiple drift current terms, and to meet
the preference of the more popular current transport
theory via drift and diffusion currents, rather than
This paper completes the
preceding three analytical expositions of the BiFET

electrochemical current.

theory'*~'*! by providing the analytical solutions and
numerical results for the more popular analytically-
separated drift and diffusion current long-channel
theory™® ', now for electrically short channels, so
as to extend the results we just reported for the elec-
trochemical current in electrically short channels'* .
Following the presentation format given for the ana-
lytically-separated drift-diffusion long channel'®,
families of graphs are presented for the total and the
drift-diffusion components of the drain current and
also the output and transfer conductances, as well as
the voltage dependences of the section length, y,-Vis
and y,-Vps. Fractional or percent deviations of the
long channel theory from the electrically short chan-
nel theory are also computed and presented in
graphs.

2 Short Channel Theory of the Two-Gate
on Pure-Base Transistors
The voltage and current equations of the UniFET

When Ugg<CUg s yo=0
IDN = O

IDP:/lp(W/L)XCO(kT/q)ZX{ [U(}B_ US(L)]Z_I:UGB_ US(O)]Z

theory with single-gate on thick or semi-infinite im-
pure-base from the Electrochemical Potential Theory
given in 1966-Sah-Pao"'®'” and from the Drift-
Diffusion Theory given in 1996-2005-Sah-Jie!'®~*"
were modified for the BIiFET with two identical gates
on a thin pure-base® "' They are immediately ap-
plicable to each of the two sections separated by the
boundary y = y,(x). The complete analytical solution
also requires the additional equations from matching
the electric-potential and electric-current-density so-
lutions in the two sections at their boundary.

From both the integration form and differential
form of the electrochemical current theory™*', a
match of the electron and hole currents at the bound-
ary between the two sections of the BiFET gives the
unipolar initial guess solution of the flatband line
yo"'"'. From the drift and diffusion current theory,

the electron and hole currents read:

Tox == (W/y)[CapaNE, + aD,ON/2y) T axdy

(x =0to xg;y = 0to yy) @D
IDP:—[W/(L—yo)]H[q#pPEY +qD,(dP/dy) ] dxdy
(x =0toxgsy = y,to L) (2)

In = Ipn + Iy == Is 3

where our notation and coordinate system in
Ref.[14] are used. In the unipolar initial guess for
the bipolar gate-voltage-equations, Equations (11),
(13) and (14) of Ref.[14] are also used here. It is
very important to note that when the flatband line is
located inside the base region (0<<y,<TL) away from
its two physical boundaries y =0 and y = L, the cor-
rect quasi-Fermi potential boundary values are Uys =
Uss and Up, = Upy when Ug << Ups™'*'. Following
Ref.[13], the current equations (1) and (2) can be
manipulated with the help of the bipolar Poisson e-
quation. Thus, the three components (parabolic drift
P,, (3/9y)(Ex)? drift, and linear diffusion D,)"*
of the drift-diffusion currents for electrically short
channel BiFET are obtained as follows (for the range
of Upg>Ugs or Ups >0 which is the case of initial e-
lectron surface inversion channel and later hole sur-
face inversion channel when the electron current is
saturated after Ups > Ugs or Upg >0 or Ugp<<O to in-
duce the surface-inversion hole channel in pure base,
or surface accumulation hole channel in p-type base) :

4)
Parabolic drift P,

+2[Us(L) —Us(0) ]+ (Xy/2)(Co/Cp) [(Ugs — Us(L))* = (Ugy — Us(0))* ]

+(XB/2)(CD/CO) I:exp(Usgf US(O))*GXP(UDB* Us(L)) :I }
+ D, (W/L)X2Co(kT/q) X[ Us(L) = Us(0)]

(9/3y)(Ex)? or drift E%
Linear diffusion D, (5)
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When USB< UGB< UDB’ 0<y0<L
IDN:#n(W/YO) X Co(kT/q)Z X {[UGB* US(O)]Z

Parabolic drift P,

+2|:UGB_ U5(0>:|+ (XB/Z)(C()/CD>[UGB_ Us(o):lz

+ <XB/2)(CD/C0)[1_6XP( Us(O) - USB>:|}
+ D, (W/y) X2Co(kT/q) X[ Ugy — Us(0)]

Iop = pp W/ (L = yo) ] XCo(kT/q@)* X{[Ugs — Us(L)

(2/ay)(Ex)? or drift E%
Linear diffusion D, (6)
Parabolic drift P,

+2|:U5(L) - UGB]+ (XB/2>(CO/CD)[UGB - Us(L)]2

+ (XB/Z)(CD/Co)[l_eXp( UDB_ Us(L))]}

+Dp|:w/(L_yo)]XZCo(kT/C])X[Us(L)_ UGB]

When UGB>UDB’ Yo = L

IDN :/J,I(W/L) X Co(kT/q)Z X {I:UGB_ Us(o)jz _I:UGB_ Us(L)]Z

(9/9y) (Ex)? or drift E%
Linear diffusion D, 7

Parabolic drift P,

+2[U5(L) - US(O)] + (XB/Z)(C()/CD)[(UGB_ Us(O))Z - (UGB - Us(L))Z]

+ (XB/Z)(CD/Co)[ eXp( Ug(L) - UDB) _eXp(Ug(O) - USB):I}

+ D, (W/L)X 2Co(kT/q) X[ Us(L) — Us(0) ]
IDp:0

3  Computed Variations of the Electrical
Lengths with Electrical Potential

The numerical solutions of the analytical formulas
given in the previous section are given in sixteen figures in
this section. They are from the initial solution for the Bi-
FET theory which is dominated by the majority carrier in
each of the two sections, so the minority carriers are neg-
lected in the initial solution. The higher order solutions
including both carrier species and their approach to the
bipolar solution is reported in a future paper to assess the
deviations of the initial solutions and convergence speeds
for optimization of deviation and computation time. To
illustrate the voltage dependences of electrical length of
the two sections, the normalized electrical lengths, y,/ L
and 1- (y,/L), and their voltage derivatives are graphed
respectively in Figs.1 and 2 as a function of the fractional
current-saturation voltages. Vgs/ Vps from 0 to 1 and
1- (Vgs/ Vis) from 0 to 1 . These two figures show the

Vps=0.5V Veg =0.0V
xg =30nm

Xo =L.5nm /~

L+H(/0U ) 3, /L)

. yl,/i/
107 F

L—"

y(]/L,(@/@UXS)( ¥,/L)
>

—(@I8U ) 3,/L)

10¢ 10° 10" 10 102 1000 1d
VGS/VDS

Fig. 1 Source section electrical length y, /L is continuous at Vs =
0. Its derivative with respect to the drain voltage (9/9Ups) (yo/L)
is continuous at Vs = 0. Its derivative with respect to the gate volt-
age (9/9dUgs) (yo/L) diverges at Vs =0 as shown in this log-log
plot.

(9/ay)(Ex)* or drift E%
Linear diffusion D, (8

)
continuous electrical lengths through the current satura-
tion point, and the discontinuous voltage derivatives.
These are indicative of the match of the analytical solu-
tions from the two sections at the electrical boundary of
the two sections, which was defined'*' as the flatband
point (or line or plane), y,.

4 Computed Current-Voltage Characteris-
tics and Channel Section Lengths

Selected results from computed terminal current-volt-
age and conductance-voltage characteristics and their
voltage and oxide-base thicknesses dependences are illus-
trated in twelve figures from Figs.3 to 14, in four groups
of three figures each, versus Vg or Vps. These are simi-
lar to those in our second BiFET theory report**’ which
were obtained, without taking into account of the electri-
cally shortened channels, by letting y, = L for the source
electron emitter and L — y, = L for the drain hole emit-
ter. These 12 figures show increases of currents and con-
ductances by the shortened channel, but not the general
dependences on the terminal voltage, Vs and Vips. The

Vps= 0.5V Vsg =0.0V

xg=30nm
x5=1.5nm /|

+(8/0U ;) v, /L) /\

j —(@I0U ) y,/L)

(L=y, )L, (8/0U ) v, /L)
=
T

S e e et
10° 107 10 107 107 10" 10
Ve Vsr=(Vos=Vs) Vs

Fig. 2 Drain section electrical length (L — y,)/L is continuous at
Vs = Vips. Its derivatives with respect to the gate voltage and drain
voltage, (9/dUgs) (yo/L) and (9/d Ups) (ys/L) both diverge at
Vs = Vs



196 SR A N 4 920 %
%)
/ma_ 10_4
< 107
= 10°
I -8
s 10
&) 10—10
10"
5 100 5
510" ) g
£10” =
Electron
1073 1 L
1 —~
100 6@c) (L)L WL SN
< 10 - 2
& 10! Hole emitter Electron emitter =
82 § Xo=1.5nm I~ 3 x,=1.5nm
107 F ype=0.5v ¥3=30nm 2 o1 Vps=0.5V . . %,=30nm
0 T 5 e T 0 205 0 0.5 10 15
Gate voltage V(V) Gate voltage V5(V)

Fig. 3 The DC transfer characteristics at two Drain-Source volta-
ges, Vps = 0.50V and 1. 0V. (a) The total drain current I, and e-
lectron and hole drift and diffusion channel current components; (b)
The fractional electron or hole parabolic drift current P;, linear
diffusion current D, , and (3/dy) (E%) current normalized to the
total electron or hole channel currents, Ipy or Ipp. (¢) The nor-
malized electron emitter electrical length y,/L and hole emitter
electrical length (L — y,) /L.

quantitative details in percentage deviations are reported
in Figs.15 and 16.

4.1 Current-Voltage and Conductance-Voltage Characteris-
tics
The Vs and Vg variations of the total drain current
and the drift and diffusion components of the
drain current, their transconductances and output
102
o B
g 107l ep
£ 10k
E; 10
10—10
10!
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i T m
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]0_; 1 1 1
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Y
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;S VDS=O.51V jI,:3Onm
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Gate voltage V;4(V)
Fig.4 The D. C. transconductance-gate-voltage characteristics at

two Vps =0.5V and 1. 0V. (a) The total transconductance g,, and
electron and hole drift and diffusion components; (b) The fractional
electron or hole transconductance from the parabolic drift current
P, , linear diffusion current D, , and (3/dy)(E%) current normal-
ized to the total electron or hole transconductances g~ or gue. (¢)
The derivative of emitter length (9/dUgs) (yo/L). The discontinu-
ity at Vs =0 and Vs is not significant.

Fig. 5 The D.C. output-conductance-gate-voltage characteristics at
two Vps =0.5V and 1. 0V. (a) The total output conductance g4 and
electron and hole drift and diffusion components; (b) The fractional
output conductance from the parabolic drift current P, . linear dif-
fusion current D; . and (9/dy) (E%) current normalized to the total
output conductances g or ga. (¢) The derivative of emitter sec-
tion electrical length (3/9Ups) X (y,/L). The discontinuity at Vs
= Vps is apparent.

conductances, and the electron and hole electrical chan-
nel lengths, are given in six figures, from Figs. 3 to 8.

Figures 3, 4,
conductances and their drift and diffusion compo-
nents, as well as the length of the two electrical sections
versus Vis.

and 5 are the currents and two

Figures 6, 7, and 8 are the currents and two con-
ductances and their drift and diffusion components, as
well as the length of the two electrical sections versus
VDS-
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Drain voltage V,¢(V)

Fig. 6 The DC output current-voltage characteristics at two gate-
source voltages Vgs =1.0V and 1.5V. (a) The total drain current
I, and the electron and hole drift and diffusion channel current
components; (b) The fractional electron or hole parabolic drift cur-
rent P,, linear diffusion current D,, and the (9/dy)(E%) drift
current normalized to the total electron or hole current, Ipy or Ipp.
(¢) The electron emitter length y, and the hole emitter length (L
= Yo).
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Fig. 7
Vgs =1.0V, 1. 5V. (a) The total transconductance g, and electron

The transconductance-drain-voltage characteristics at two

and hole drift and diffusion components; (b) The fractional electron
or hole transconductance from the parabolic drift current P; , linear
diffusion current D, , and (3/9y) (E%) current normalized to the
total electron or hole transconductances gmn Or gme. (¢) The deriv-
ative of emitter length (9/9dUgs) (y,/L). The discontinuity at Vs
= Vps is not significant.

4.2 Gate-Oxide and Base Thickness Dependences

The Vs and Vg variations of the variables just
shown in the six figures, Figs.3~8, at x, =1.5nm and
xg =30nm, are given in six more figures in Figs.9~14,
for two base thicknesses, xy = 3nm and 300nm and two
oxide thickness, xo =2nm and 1nm.
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Fig. 8 The output-conductance-drain-voltage characteristics at two
Vss =1.0V and 1. 5V. (a) The total output conductance g4 and the
electron or hole drift and diffusion components; (b) The fractional
electron or hole output conductance from the parabolic drift current
P, , linear diffusion current D, , and the (9/dy)(E%) current nor-
malized to the total electron or hole output conductance gy or gap -
(¢) The derivative of emitter electrical length (9/9 Ups) Cyy/L).
The discontinuity at Vgs = Vps is apparent.

Drain voltage Vs(V)

Fig. 9 The DC output current-voltage characteristics at two base
thicknesses, xz = 300nm and 3nm. (a) The total drain current Ip
and electron or hole drift and diffusion channel current compo-
nents; (b) The fractional parabolic electron or hole parabolic drift
current P, , linear diffusion current D, , and the (9/9y) (E%) cur-
rent, normalized to the total electron or hole channel currents, Ipx
or Ipp. (c)The electron emitter electrical length y, and the hole e-
mitter electrical length (L — y,).

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

The deviations of the three components of drain cur-
rent, transconductance and output conductance of the
one-section long-channel BiFET theory"®' from the two-
section short-channel BiFET theory are given in Figs. 15
and 16. In the one-section long-channel BiFET theory,
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o
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B 0.0 et
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boE -2.0 _gm' 1 1 !
1.0 D)
0.8F
é 0'6_Electron Hole
8 04F
= 0.2F X
0 Sy e wn e e oy N
< 0.04
= (o
-=0.03 )
S@ 0.02F
% 0.01¢ xB:30(I)nm .
00 0.5 1.0 1.5 2.0 2.5

Drain voltage V,(V)

Fig. 10
drain-voltage characteristics. (a) The total transconductance g, and
electron and hole drift and diffusion components; (b) The fractional
transconductance from the parabolic drift current P;, linear diffu-

Base thickness xp dependence of the transconductance-

sion current D, , and the (9/dy) (E%) current, normalized to the
total electron or hole transconductances gmw Or gme. (¢) The deriv-
ative of emitter electrical length (9/dUcgs) (yo/L). The discontinu-
ity at Vs = Vps is not significant.
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Fig. 11 Base thickness xp dependence of the output-conductance-
drain-voltage characteristics. (a) The total output conductance gd
and electron and hole drift and diffusion components; (b) The frac-
tional output conductance from the electron or hole parabolic drift
current P, , linear diffusion current D, , and the (9/9y)(E%) cur-
rent, normalized to the total electron or hole output conductances
gan O gap. () The derivative of emitter length (9/9 Ups) (y,/L).
The discontinuity at Vs = Vs is apparent.

the channel section lengths are taken as the physical base
length L, not taking account of the shorten electrical
lengths of both electron and hole emitters.

S Summary

The electrically short channel is a universal intrinsic
property of all field-effect transistors. Our previous-
month paper''*' reported its effects using the electrochem-

ical potential representation in which the drift and

2.0
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4F  Electron E;
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»
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Vs =1.0V
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107"
=
107 F X0=2.0nm
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Drain voltage V4(V)

Ly )L

Fig. 12 Oxide thickness xo dependence of the DC output current-
voltage characteristics. (a) The total drain current I and the elec-
tron or hole drift and diffusion channel current components; (b)
The fractional electron or hole parabolic drift current P;, linear
diffusion current D, , and the (9/dy) (E%) current, normalized to
the total electron or hole current, Ipy or Ipp. (c¢) The electron
emitter length y, and the hole emitter length (L — y,).

Drain voltage V,s(V)

Fig. 13 Oxide thickness x, dependence of the transconductance-
drain-voltage characteristics. (a) The total transconductance g, and
electron and hole drift and diffusion components; (b) The fractional
electron and hole transconductance from the parabolic drift current
P, ., linear diffusion current D, , and the (9/dy)(E%) current nor-
malized to the electron or hole total transconductances g,n OF gup -
(¢)The derivative of emitter length (/9 Ugs) (yo/L). The discon-
tinuity at Vs = Vps is not significant.

diffusion currents are combined into oneterm which is
proportional to the electrochemical potential gradient.
This paper reports the electrically short channel effects u-
sing the more popular and traditional representation in
which the drift and the currents are each represented by
its own term, the drift is proportional to the electric field
and the diffusion is proportional to the concentration gra-
dient. The electrically short channel increases the currents

g(10_3mho/sq )
P

d
; o
S W
T /

Fraction

)
= -0.01F
- —0.02 ¢ x=30nm
S -0.03 F x,=2.0nm Ves=1.0V
~ _ t 4 1 1 1 1
00 0.0 0.5 1.0 1.5 2.0 2.5

Drain voltage Vp,s(V)

Fig. 14 Okxide thickness xo dependence of the output-conductance-
drain-voltage characteristics. (a) The total output conductance gy
and electron or hole drift and diffusion components; (b) The frac-
tional electron or hole output conductance from the parabolic drift
current P, . linear diffusion current D, . and the (9/9y) (E%) cur-
rent, normalized to the total electron or hole output conductances
gan Or gap. (¢) The derivative of emitter length (/9 Ups) (yy/L).
The discontinuity at Vs = Vps is apparent.
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