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Abstract: This paper reports the DC steady-state voltage and current transfer characteristics and power dissipation of the

Complimentary Metal-Oxide-Silicon (CMOS) voltage-inverter circuit using one physical Bipolar Field-Effect Transistor

(BiFET) of nanometer dimensions. The electrical characteristics are numerically obtained by solving the five partial dif-

ferential equations for the transistor structure of two MOS-gates on the two surfaces of a thin pure silicon base layer with

electron and hole contacts on both ends of the thin base. Internal and CMOS boundary conditions are used on the three

potentials (electrostatic and electron and hole electrochemical potentials). Families of curves are rapidly computed using a

dual-processor personal computer running the 64-bit FORTRAN on the Windows XP operating system.
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1 Introduction

Field-effect transistor (FET) was the intended
name coined by Shockley and Pearson in their unsuc-
cessful experiment 60 years ago in 1948 to obtain con-
ductivity modulation of a silicon film by the applica-
tion of a perpendicular electric field'''. Conductivity
modulation was used first by Lilienfeld 80 years ago
in his field-effect transistor patents filed in 1926 and
1928, Only one charge carrier type. the electrons,
was considered. Also, only one region, the volume of
the semiconductor, was considered. Lilienfeld did not
know surface channel and electronic states on the sur-
face.Shockley and Pearson failed because of them. In
addition,only drift current was considered. These two
earlier restrictions or limitations (one carrier type
and one conduction region,the volume) were contin-
ued by Shockley 55 years ago in 1952 in his invention
of the volume-channel field-effect transistor using p/
n junction gates to change the width of the volume
channel and hence the conductance modulation of the
volume channel, rather than conductivity modulation
of the surface channel from changing the carrier con-
centration in the surface channel'’. Shockley also
stated explicitly,in the title of his 1952 invention pa-
per,that it is unipolar,i. e. only the electrons or the
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holes are changed to give the modulation of conduct-
ance of the volume channel. Nevertheless, technology
advances had enabled the manufacturing of electrical
circuits using field-effect transistors with the MOS
gate to control the conductivity of silicon surface, but
still only either the electron or the hole channel on
the surface under the gate oxide' . It was then repor-
ted in 1963 by Wanlass,Sah and Moore'** that a very
desirable (low power dissipation) voltage inverter can
be obtained by connecting an unipolar p-surface-
inversion-channel MOS field-effect-transistor in series
with an unipolar n-surface-inversion-channel MOS
field-effect-transistor. It was recognized only 18
months ago in March 2007 from the experimental da-
ta of nanometer MOS field-effect transistors*® that
six current components can be simultaneously present
in one physical field-effect transistor,which are:elec-
tron and hole channels,on the surface and volume of
the semiconductor, and diffusion and drift. Electron-
hole generation-recombination-trapping is not includ-
ed but is another, solely bipolar, mechanism. Thus,
field-effect transistors are inherently bipolar ( Bi-
FET) ,although some of the bipolar currents can be
suppressed by proper device design, but not elimina-
ted. It was immediately recognized by us'***’, based on
our previous experiences ', that the bipolar nature
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Fig. 1 The configuration of a BiFET with two MOS gates and a
pure base under the CMOS voltage inverter circuit operation.

can be used to advantage for realizing of a circuit
function in just one BiFET'"** such as the CMOS volt-
age inverter and the SRAM memory,which could give
a factor of two jump of the Moore’s law with existing
technology. In this paper,we report for the first time.,
the calculated CMOS voltage inverter characteristics
from one physical MOS BiFET, that were described

earlier™ .

2 CMOS Voltage Inverter Circuit Bias
Configuration and Theory

Figure 1 shows the cross-sectional view of a nan-
ometer  metal-oxide-silicon  field-effect-transistor
(MOSFET) with two identical MOS gates on a pure
silicon base to illustrate the DC bias configuration for
the voltage inverter circuit operation using one physi-
cal 2-MOS-gates Bipolar Field Effect transistor (Bi-
FET) . The physical realization of the voltage inverter
function using two physical 1-MOS-gate Unipolar
Field-Effect transistors (UniFET) had been reported
by Wanlass, Moore and Sah some 45 years ago in
1963"'7* . The two transistors of 1-MOS-gate had the
two opposite base conductivity types and gate-voltage-
induced surface inversion channels, the n-channel or
electron-channel on the p-base and the p-channel or
hole channel on the n-base. They coined this 2-tran-
sistor circuit in 1962 as the Complimentary Metal-Ox-
ide-Silicon (CMOS) voltage inverter circuit. It was re-
cently taught,in 1991, to college sophomore students
as one of the two Basic Building Block (BBB) cir-
cuit'™ .

For this new 1-transistor BIFET CMOS voltage
inverter,the contacts to the two ends of the pure-base
layer, as schematically illustrated in Fig. 1, are the
unique specialty of this first circuit realization of the
CMOS voltage inverter by one 2-gate BiFET,namely,
these contacts are the source and drain (or sink) of
electrons and holes,such as the two electrically isola-
ted semiconductor junctions.the p + Drain/pure-Base
and n+ D/pure-Base junctions for the two drain con-
tacts and the p + Source/pure-Base and n + Source/
pure-Base junctions for the two source contacts. For

our numerical computations, these contacts are as-
sumed to cover the entire width and thickness of the
two ends of the base layer or base sheet so that both
electron and hole surface and volume channels are
simultaneously present and conducting,which give the
maximum geometry current. Such topology generali-
zation offers device designers ingenuities to localize
the current-carrying channels, hence quiescent state
currents and power dissipation, and also peak switc-
hing current. To avoid symbol conflict between pure-
Si and p-type-Si, we shall use the term intrinsic-Si or i-
Si to denote pure-Si. Thus, these contacts to the pure-
base layer are the p+ D/i-B and n + D/i-B junctions.
We recognize that the term “intrinsic” covers much
broader conditions than “pure”,such as an impure and
a defective silicon at a sufficiently high temperature
that the intrinsic carrier concentration is much higher
than the chemical impurity and physical defect con-
centrations, n,>> | Npp — Naa| and n,>> N1
For the CMOS voltage inverter, the two drain
contacts,n+ D/i-B and p+ D/i-B.are tied together by
a metallic short circuit such as the interconnect con-
ductor metal, and this serves as the output terminal
node, with the terminal voltage or output voltage des-
ignated by Vpg= V=V, where B is the reference-
node of the applied voltage. The DC power supply
voltages,0 and Vs ,are applied to the two electrically
isolated source contacts,with a positive voltage V>
0 applied to the p + S/i-B contact, V, . = V>0,
and a negative voltage or zero reference applied to
the n+ S/i-B contact, V. = Ve<<0.In our analysis,
we use the asymmetrical or positive supply voltage,
thus, Vs = 0. For balanced case,we would have Vg =
— V. The two MOS gates are identical,i. e. with the
same threshold voltage.and they are tied together to
serve as the input terminal with the input voltage, V,
= V. This CMOS bias configuration gives the fol-
lowing boundary conditions of the quasi-Fermi poten-
tials of the MOS BiFET. In the mathematical analysis
and numerical computations, all the potential varia-
bles,both internal and at the terminals, are normal-
ized to the thermal voltage, kyT/qg.i.e. Uy = qV/
kT, Up=qVp/ksgT and Ug = qVx/keT,where I is
electric potential represented by the intrinsic Fermi
potential, R = Reference potential node, kz = Boltz-
mann constant and T = lattice or thermal phonon
temperature. Then, in the not-normalized forms, the
boundary values are:
Vily =0) = Vgg =0, Ve(y =0) = Vg (1)
Valy = L) = Viely = L) = Vourpur = Vo (2)
The DC electrical characteristics are governed by
three DC steady-state Shockley equations (Poisson
and Electron and Hole Current Continuity Equations)
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with no electron-hole-generation-recombination-trap-
ping. Five simultaneous DC MOS transistor equations
were derived from the three Shockley equations™
with the previously justified assumptions on (i) the x-
independence of the electron and hole electrochemi-

cal potentials, (ii) the constancy and near thermal

The Voltage Equation:

equilibrium of the electron and hole mobilities and
diffusivity, D, (x, y, z, t, Vy, Vp, V, T) =D, =
(kg T/q) u, for electrons and similarly for holes,and
(iii) the omission of 2-dimential terms in the Poisson
equation. These five equations are (Integration U =
Usto Uy):

U(_‘,S_ US :Slgn(Us_ UO) X (CD/C()) X [eXp( US_ UN) _eXp( Uo - UN) +6Xp( Up - Us) _exp( Up_ Uo)]l/z (3)

The Thickness Equation:

Xp = ZJsign(U - U)DaxU + [exp(U — Uy) —exp(U, — Uy) +exp(Up — U) — exp(Up — Uy)]Y* (4)

The Total Current Equation:

Ixn = + gD n; Lo (W/L)QUx/IY)exp(— UN)Jexp(+ U)oxU = [exp(U — Uy) — exp(U, — Uy)

+ eXp( Up - U) - eXp( Up - U())]lﬂz

(5

I = + gD,n,Lo(W/L)(U,/2Y)exp(+ UP>Jexp<— U)axU + [exp(U — Uy) — exp(U, — Uy)

+exp(Up, — U) —exp(U, — Uy ]"*

(6)

The CMOS Circuit Transistor Total Internal Current Conservation-Continuity Equation (excluding loading)

Ien=1Ix=-1,
The notations here are defined in [8] except that Iy
is the channel current of the BiFET connected as the
CMOS voltage inverter. The boundary or terminal
Uk = 0, Ugr = Ugurs = Ugs =
Unevr = Uy = qvl/kBT’ and Upr = Upy:s = Ups =
Uoureur = Uo = qV o/ ks T . Note subscript O here is for
Output, not zero 0. In order to illustrate the device

values are: U, .sx =

physics succinctly, we take D, = D, = D so that elec-
tron and hole are interchangeable.

It is very important to note a cardinal device
physics feature in the CMOS voltage inverter applica-
tion,that is, when both the input voltage and output
voltages are forced to be at one half of the power sup-
ply voltage., U, = Uy, = U /2, the entire base region is
at flatband,either a plane or a volume depending on
solving the transistor as a 2-D or 3-D device. This flat-
band gives a very simple but most application impor-
tant (maximum power dissipation solution) terminal

Iy

VP
current-voltage equation, which, from symmetry con-
siderations,is also the peak current that can flow in
the two surface channels and one volume channel in
the 2-MOS-gate BiFET in the CMOS voltage inverter
circuit connection. Using this important feature,with-
out and before solving the five simultaneous equations
given above, the exact total (not area density) elec-
tron current, Iy, (which is the sum of its surface and
volume channel currents, which we can also compute
separately,if needed, by x-integration or U (x)-inte-
gration between the gate-oxide/base-silicon interface
and defined surface/volume channel boundary) and
the exact total hole current I, at U; = Uy = Ug/2 can
be computed as follows where the device-physics-
based coordinate normalizations are given by X, =
xg/Lpand Y =y/L where Ly is the Debye length in
the pure base and L is the base length:

gD (Wxg)(NIUx/dy) = gD(Wxg)n; Xexp(Uss/2— Uyx) X (@Ux/3y)
gD(W/L)(n;Lp) X Xexp(Uss/2) Xexp(— Ux) XQUx/IY) (8

Iv = gD(Wxg)(PIU,/dy) = gD (Wxg)n; Xexp(Up — Uss/2)(QUp/dy)
= qD( W/L)(HILD)XB Xexp( Uss/z) Xexp( Up - Uss) X (aUP/aY) 9D

Using the boundary values of the electrochemical or
quasi-Fermi potentials of electrons and holes given by
(1) and (2) in the two total current equations given
by (8) and (9)

Un(Y=0)=0,

Un(Y=1)=Up(Y=1)=Ug/2 and

Up(Y=0)=Uss> 1o
we obtain the exact channel current expression at U,
= U, = Uss/2 which is a very simple one, most ap-
pealing certainly for compact modeling purposes (We
temporarily call this the CMOS Leakage Current

Peak Equation.) .

Tcw=In=—1, =(W/L)(gDn;Ly) Xglexp(Us/2) — 1]
an

This is also the peak current,a very important number

in applications with the consideration of power dissi-

pation in the integrated circuits containing many MOS

transistors.

When the input voltage deviates from V/2,the
output voltage and the channel current can only be
obtained by numerically solving the simultaneous
equations (3-7) with the boundary conditions (1-2).
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It has been observed during our numerical calculation
experiences, consistent with and expected from the
well-known fact of the very steep or sharp-step in the
voltage transfer characteristic of the CMOS voltage
inverter circuit-”! ,that when the input voltage is only
slightly less or more than V/2.the output voltage is
already very close to the power supply voltage or ze-
ro. The underlying device physics, readily proven by
numerical calculations,is that when the input voltage
is less than V/2,a hole surface channel is formed in
series with an electron volume channel,since the hole
surface channel has much higher conductivity, due to
high surface hole concentration,than the electron vol-
ume channel which has only the very low intrinsic
electron concentration,most of the power supply volt-
age drop occurs along the electron volume channel.
Thus the output voltage is close to the power supply
voltage. Similarly, when the input voltage is larger
than Vg /2, a higher-conductivity electron surface
channel is formed in series with the intrinsic-conduc-
tivity hole volume channel, most of the power supply
voltage drop occurs along the hole volume channel,
and thus the output voltage is close to the zero.

3 Analytical Solutions

3.1 Non-Recursive Solution

In order to obtain a fast numerical solution over

the whole input voltage range of this CMOS voltage-
inverter application of the single Bipolar Field Effect
transistor with 2-MOS gates, simplifications of the
five simultaneous equations (3-7) must be made.

(Thickness and purity of the base layer are only spe-
cial considerations made here by us to simplify the il-
lustration on how this circuit works;they are not the
necessary conditions,i.e.the transistor could be thick
and not very pure,i.e. ,then it would approach two 1-
gate bulk MOS transistors,and if for CMOS applica-
tion,then the n-channel transistor and the p-channel
transistor would require an abrupt or graded p/n junc-
tion or a buried oxide-or-insulator layer for isolation
by dividing the base layer into two isolated base lay-
ers,but then without the most desirable consequences
from the thin pure-base with simultaneous electron
and hole surface and volume channels of our MOS Bi-
FET.) To make these simplifications, four physical
parameters are selected: (1) the surface potential at
the source Y =0, Uy, (2) the mid-plane potential at
the source Y =0, Uy, (3) the total (areal density)
hole concentration at the source Y =0, Py, and (4)
the total (areal density) electron concentration at the
source Y =0, N,.They are computed from the follow-
ing equations where the integration is from U = Uy, to
Ug.

U —Usgy=Sign(U, — Uss/2) X (Cp,/Co) X Lexp(Ugs — Usy) —exp(Uss — Ugy) T exp(Usg) —exp(Uy) ] (12)

X = Sign(U, — Uss/2) X 2 X J(?XU + [exp(Uss — U) — exp(Uss — Uy + exp(U) — exp(Uy) "% (13)

P() = Slgn(U[ - Uss/z) X 2 X (niLD) XJexp(Uss - U)axU - [eXp(U) - exp(U()()) + eXp( Uss - U

- eXP( Ug — Uoo)]wz

(14

N, = Sign(U, - Uss/2) X 2 X (n,Lp) X Jexp(U)axU s [exp(U) — exp(Us) + exp(Uss — U)

- eXp(USS - UUQ):IMZ

(15)

When the input voltage is less than half of the power supply voltage,the output voltage is very close to the
power supply voltage,thus the following approximations are made to simplify the hole and electron current in-

tegrals:

I, = 2aniW<LD/L>J<aYU,,>exp<+ Up)JeXp(— U)axU =+ [exp(U — Ux) — exp(Us — Uy)

+ eXp( Up - U) - eXp( Up - U()):I“Z

with integration ranges of U, = Uss to Uy and U = U, to Us

~~ ZaniLD(W/L)J(r?yUp)exp(Jr Uss)JeXp(— U)ayU + [exp(U = 0) —exp(Uy — 0)

+ eXp( USS - U) - eXp(Uss - Uoo):l“z

with integration ranges of U, = Us to Uy and U = Uy to Uy

= ZanlLD(W/L)(UO - Uss)Jexp( USS - U)axU - [exp(U) - exp( Uoo)

+ exp(Us — U) — exp(Uss — Uy ]'*
with integration range of U= U, to Ug
Iv~+gD(W/L)X (Uss— Uy) X Py

(16)
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Ix=2gDn; Ly (W/L) X (dUx/9Y)exp(— UN)Jexp(+ U)axyU + [exp(U — Uy)
+ exp( UO - UN) + CXp( Up - U) - eXp( Up - Uo)]l"/z
with integration range of U= U, to Us
2 2gDn Ly (W/L) X (3Ux/2Y)exp(— UN)JeXp(Jr U)axU + [exp(U - 0)
—exp(Uy — 0) + exp(Uss — U) — exp(Uss — Uy) J"*
with integration range of U= Uy to Uy
Ixn~—-gD(W/L)@QUy/9Y)exp(— Ux) X N, a7
Integrating (17) and using Ux(Y =0) =0 and Ux(Y =1) = Uy ,we get
1—eXp(—U0):IN+ [_qD(W/L)XN():I (18)
Since Icy = — Iy = Iy.combining (16) and (18)
17€Xp(7U0):(U557Uo)XPo/NO (19)
Noting exp( — Ug)=exp( — Ugx) K1
Us— Uo=N,/P, (20)
Icu=¢qgD(W/L)X N, 21D

When the input voltage is larger than half of the power supply voltage,the output voltage is very close to
the zero voltage, thus the following approximations are made to simplify the electron and hole current inte-

grals:
Iy = ZaniW(LD/L)Jr?yUNexp(— UN)Jexp(+ U)ayU + [exp(U — Uy) — exp(U, — Ux)

+ eXp( Up - U) - eXp( Up - U()):Il”z
with integration ranges of Uy =0 to Uy and U= U, to Us

~ 2qDn;L( W/L)JQYUNexp(— O)Jexp(+ U)axU + [exp(U — 0) —exp(Uy — 0)

+ exp(Us — U) — exp(Uss — Uoo)]w
with integration ranges of Uy =0 to Up and U = Uy to Uy

= 2gDn;L,(W/L) X U, XJexp(U)axU + Lexp(U) — exp(Uy) + exp(Uss— U)— exp(Usgs — Upy) 1V*

with integration range of U= Uy to Ug
[N ~qD( W/L) X UOX N()

I, = 2aniW(LD/L)((?UP/HY)exp(Up)Jexp(— U)axU + [exp(U — Uy) + exp(U, — Uy)

+ exp(Up — U) —exp(U, — Uy JV*
with integration range of U = U, to Us

2~ 2qDn L, (W/L)(U,/dY)exp( Up)Jexp(— U)ayU + [exp(U = 0) —exp(Uy — 0)

+ exp( USS -U) - CXp( USS - U()o)jlxz
with integration range of U= Uy to Uy

= 2qDn Ly (W/L)(QU»/9dY)exp(Up — USS)JeXp( Us — UDaxU + [exp(U) — exp(Uy)

+exp(Us— U) —exp(Uss — Uy "2
with integration range of U= Uy, to Uy
Iia~gD(W /L)X @QUp/3Y) exp(Up — Uss) X P,
Integrating (23) and using Up(Y =0) = Uss and Up(Y =1) = Uo
exp(Uo— Us) —1= I:/[gD(W/L) X P,]
Since Icy = — Iy = In,combining (22) and (24)
exp(Up— Us) —1= = Uy X N,/ P,
Noting exp( Uy — Uss) = exp(— Ug) <1
Uo=Py/N,
Ien=qD (W/L)X P,

(22)

(23)

(24)

(25)

(26)
27)

The equations (12-15), (20-21) and (26-27), taken together,is the non-recursive approximate solution of

the BiFET in the CMOS voltage inverter bias configuration which are derived from the recursive exact solution

given by the five simultaneous equations (3-7).
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3.2 Close-Form Solution

It is obvious that the equations (12-15) for four physical parameters, Uy, Us » Py, and N, are still suffi-

ciently too complicated for compact modeling. The following derivation is to simplify these equations further

by use of the Taylor series expansion. To make the algebra easy, the following variable transformations are

made:
ur=U, = Uss/2,us=Usy = Uss/2,uy = Upy = Uss/2,u = U = Uss /2 (28)
Equations (12-15) can then be rewritten as follows with the integration range of u = u, to us
u;— us=Sign(u;) X (Cp/Co) Xexp(Uss/4) X Lexp(— us) —exp(—uy) +explus) —explu,)]"? (29)
Xp = SignCu;) X 2 X exp(— Uss/4) Jﬁxu + [exp(— u) —exp(—u,) + explu) — explu,)]"? (30)
Po=n;LyX Sign(u;) X 2 X exp( Uss/4)Jexp(—u)c7Xu + [exp(—u) — exp(—uy) + exp(u) — explu,)]* (31
Ny=n;Lp X Sign(u,;) X 2 X exp(USS/4)Jexp(+u)9Xu + Lexp(—u) —exp(—u,) + exp(u) —explu,)]"* (32)
The second order Taylor expansion gives:
exp(—u) —exp(— u,) texp(u) —explug)~u’ - u,’ (33
From the thickness equation (30),
Xpa=d exp(— Ug/d) X [Cus—uy)/Qu)]"*X[1-(1/3)Cus— uy)/(4uy)] (34)
Let t =[Cus—uo)/(2u,)]"*<1,then (34) can be rearranged as follows:
1= (Xg5/4) Xexp(Ug/4) + (1/6) X ¢? (35
From the voltage equation (29),
uo=u, ~[(Cp/Co) Xexp(Us/4) X2t X (14 )" +2¢* +1] (36)
The total (areal density) hole concentration, (31),is approximated by
Pya~(n; Lp)4Xexp[(Us/4) = uo JX[1=(1+0.25/u,)/3X(2t%uy) ]t (37)
From the total (areal density) electron concentration equation (32) ,
Noz~(n; Lp)4Xexp[(Uss/4) + ug JX[1+(1-0.25/uy)/3X (2t%u,) ]t (38)

The simplified approximation equations (35-38), (20-
21),and (26-27) give a compact solution for the cur-
rent-voltage and voltage-voltage characteristics of the
2-MOS-gate thin pure-base Bipolar Field-Effect tran-
sistor as wired for the CMOS voltage inverter opera-
tion.

4 Computed Transfer Characteristics

4.1 Comparison of the 1-BiFET and 2-UniFET CMOS
Voltage Inverters

It is very important for us to provide a compari-
son of this novel one-BiFET (1-Transistor or 1-T)
CMOS voltage inverter with the two-UniFET (2-
Transistor or 2-T) CMOS voltage inverter which was
first demonstrated and reported by Wanlass, Moore
and Sah™* in 1963. For this comparison, we use the
ideal 2-T CMOS voltage inverter which was described
by the 1964-Sah drift-current-only model, given by
Equations (672.15) to (672.22) in section 672 of
FSSE'" . Based on the discussion of the threshold volt-
age of a BiFET in [9],we will assume that the p-Uni-
FET has a threshold voltage Vi, = — kT/q log.(Co/
Cp) while the n-UniFET has Vv = kT/q log. (Co/
Cp). In addition, the diffusion current in the sub-
threshold range of the two UniFETs, neglected in the

UniFET CMOS example given by Fig.672.24 on page
631 of FSSE'" are now taken into account using the
subthreshold diffusion-current approximation given
by section 682 and Fig.682. 1 on page 655 of FSSE'".

Figure 2 (a) shows that the one-BiFET CMOS
voltage inverter (solid line) has a much sharper tran-
sition at transition voltage Vi = Vs /2 than that of
the two-UniFET CMOS voltage inverter (dash lines).
Figure 2 (b) shows that (i) the channel current peak.
I+r s of the 2-T UniFET CMOS voltage inverter have

1.0

. Xo=1.5 nm

> 0.8 xg=30 nm

o

x0.6 v =

° =V p=Vo=kT/q log (Co/Cpy
g 04 1OV

<>D 0.2F h
R :84 3 o TV
2 g
2 10 P N ~0.
\% 1077 ‘ N ) \ A N
= 108 ’ 0.8Vy N T
g fb . --- UniFET inverter ~~ ~
5 10°F —— BIFET inverter AU
© IO—IO ’ 1 1 Il 1 Il 1 1 A 1 [

0 01 02 03 04 05 06 07 08 09 10

Input Voltage /, (V)

Fig. 2 Comparison of the one-BiFET CMOS voltage inverter
and the two-UniFET CMOS voltage inverter.
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Fig. 3 Normalized transfer characteristics of a BIFET with two
MOS gates and pure base under the CMOS voltage inverter cir-
cuit operation,with Vg varied.

slower rise with the power supply voltage, Vi, than
that of the 1-T BIFET CMOS voltage inverter; and
(i1) the current in the 2-T UniFET CMOS voltage in-
verter has a sharper or exponential drop-off with the
input voltage at the nearly ideal slope of 60mV per
decay of a subthreshold surface inversion channel,
while the current in the 1-T BiFET CMOS voltage in-
verter has a bell-shaped characteristic leveling off at
the volume channel leakage current. These differences
are accounted for analytically. For the 2-UniFET
CMOS inverter Equation (672.19) of FSSE'" gave
I~ V®,and at the transition voltage,one saturated
surface inversion p-channel and one saturated surface
inversion n-channel are in series. For the 1-BiFET
CMOS inverter,Equation (11) of this paper gave I
~exp( Vg /2),and at the transition voltage.,one vol-
ume p-channel and one volume n-channel are in
series. Thus, the 2-UniFET CMOS inverter at both of
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Fig. 4 Normalized transfer characteristics of a BIFET with two
MOS gates and pure base under the CMOS voltage inverter cir-
cuit operation,with Xy varied.
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Fig. 5 Normalized transfer characteristics of a BIFET with two
MOS gates and pure base under the CMOS voltage inverter cir-

cuit operation,with X, varied.

the two quiescent states, Vipur = 0 or Vs, has a sub-
threshold surface inversion channel (electron or hole)
which leads to exponentially very small channel cur-
rent that is exponentially dependent on the input volt-
age; while the 1-BiFET CMOS inverter at the two qui-
escent states, Vinpur =0 or Vg, has a volume channel
which leads to large channel current, but only nearly
linear dependence on the power supply voltage ap-
plied to a thin intrinsic or pure silicon resistance with
its width slightly modulated by the width of the two
surface channels.

4.2 Dependences of the 1-BiFET CMOS Voltage In-
verter Characteristics on Vg, X and X,

The power supply voltage dependence of the
voltage transfer and current transfer characteristics
are computed using the recursive algorithm to investi-
gate the power-supply voltage dependences, Vs, and
the dependences on the pure-base thickness., X3, and
gate oxide thickness, Xo. These are presented respec-
tively in Figs.3,4,and 5,in normalized scales in order
to show the salient features. Figures 3(a),4(a) and 5
(a) indicate that the sharp voltage transition shape is
hardly affected by these three variables. Figure (b)’s
show that the current decays exponentially with in-
creasing V= Vpyur but overtaken quickly by the vol-
ume channel leakage current, while the quiescent state
current increases with channel thickness as X3? (in
the 3nm to 300nm range) but nearly independent of
the oxide thickness X, (in the 1.5nm to 2.4nm
range) . These are consistent with that expected from
the device equations and device physics.

4.3 Current Peak and Switching Power Dissipation

Peak current and switching power dissipation are



{ZNE S 4

% 29 &

107
o 3 Xg= }OO nm
%) Xo=1.5 nm
< 100}
%
2:‘:: 107 F
N
o 108k
8 10
p=t
= 100
™ - [CHpcak
élO"“ E’ . B ’ switching
o

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Power Supply Voltage V¢ (V)
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Fig. 7 Percentage deviation of channel current and output volt-
age of the close-form solution from the non-recursive solution,
with Vs varied.

the most important characteristics in circuit applica-
tions. Figure 6 shows the dependences of these charac-
teristics on the power supply voltage, Vs, with base
thickness in the range of 3nm to 300nm and oxide
thickness of 1. 5nm since they are relatively insensi-
tive to the latter. The computed curves show the ex-
pected linear dependence on the base layer thickness
X3 from the leakage current through the width of the
pure silicon base. They both show the exponential de-
pendence on the power supply voltage Vs with a
slope (or voltage swing per decade of currents) be-
tween the two ideal limits of kzT/g at 60mV and
2kgT/q at 120mV per decade of current change.

4.4 Deviations of the Compact Solution

The deviations of the compact solution of the
output voltage, Vo, and the channel current, Icy,

from their corresponding non-recursive solutions are

shown in Figs.7 (a) and 7 (b). The increasing V, de-
viations occur when V, is closer to Vi and when Vg
approaches zero. Similarly, the increasing percentage-
deviation of Iy occurs when V;approaches the quies-
cent voltages,0 and Vi, where the current is small.
Thus,deviations of the compact solution should not be
serious when design applications require the use of the
much faster compact solution.

S Summary

We have presented in this paper the current-volt-
age and voltage-voltage transfer characteristics and
power-dissipation-vs-supply-voltage characteristics of
the 1-BiFET CMOS voltage inverter circuit. We also
investigated the deviation of the compact solution
from the recursive-iteration solution and compared
the CMOS voltage inverter circuit using 1-BiFET with
that using 2-UniFET.
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