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Abstract: This paper reports the intrinsic-structure DC characteristics computed from the analytical electrochemical cur-
rent theory of the bipolar field-effect transistor (BiFET) with two identical MOS gates on nanometer-thick pure-base of
silicon with no generation-recombination-trapping. Numerical solutions are rapidly obtained for the three potential varia-
bles,electrostatic and electron and hole electrochemical potentials,to give the electron and hole surface and volume chan-
nel currents,using our cross-link two-route or zig-zag one-route recursive iteration algorithms. Boundary conditions on the
three potentials dominantly affect the intrinsic-structure DC characteristics,illustrated by examples covering 20-decades of
current (107% to 10™* A/Square at 400cm?*/(V « s) mobility for 1.5nm gate-oxide, and 30nm-thick pure-base). Aside
from the domination of carrier space-charge-limited drift current in the strong surface channels,observed in the theory is

also the classical drift current saturation due to physical pinch-off of an impure-base volume channel depicted by the 1952
Shockley junction-gate field-effect transistor theory.and its extension to complete cut-off of the pure-base volume chan-
nel,due to vanishing carrier screening by the few electron and hole carriers in the pure-base,with Debye length (25mm)
much larger than device dimension (25nm).
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1 Introduction

In three previous reports, 0, I and III"'™%, we
presented the one-section and two-section electro-
chemical potential theory of the DC current-voltage
(DCIV) and conductance-voltage (DCgV) character-
istics of the recently discovered bipolar currents (sim-
ultaneous presence of electron and hole surface and
volume channel currents) in nanometer field effect
transistors with two identical MOS gates on thin pure
silicon base known as FinFETs"''. We renamed the 55-
year-old unipolar field effect transistor (UniFET),
coined by Shockley in 1952, the bipolar field effect
transistor (BiFET), on account of this new, bipolar,
mode of operation. We noticed and stated that the bi-
polar mode is a simultaneous presence of both elec-
tron and hole channels in any combinations of single
We also
noted that the bipolar mode is universally present in
all types, compositions and structures, of field effect
transistors by virtual that semiconductor is a two-

or multiple surface and volume channels.
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carrier-species (electron and hole) conductor of elec-
tricity,that is controlled by one or more transverse e-
lectric fields of the field-effect gates.

Numerical recursive iteration solutions, termina-
ted at the initial guess of the unipolar solution, were
given in these three reports ™ to illustrate the
effects of base silicon and gate oxide thicknesses on
the bipolar DCIV characteristics. from which it was
stipulated on simple device physics that the bipolar
DCIV and DCgV could deviate significantly from the
unipolar solutions,only when the two unipolar (elec-
tron or hole) currents are comparable. This report
presents a continuation of our study to understand the
electrical properties of the FIinFET in view of its emi-
nent position and promise as the future MOS tran-
sistor'™ , especially to illustrate the importance of the
boundary and internal conditions on the DC charac-
teristics of the intrinsic transistor since the boundary
conditions are in fact simulations of the real tran-
sistors containing the two contacts to the two ends of
the base-body channel'® . The rigorously derived gov-
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erning DC steady-state equations given in the report
last month"™ ,used in the preceding paper® ,are again
used as the starting equations in this report.

2 Electrochemical Potential Theory

The DC electrical characteristics are governed by
three DC steady-state equations (Poisson and Electron
and Hole Continuity Equations) given by (1) to (3)
below in pure-silicon (P, = 0) with no electron-hole
generation-recombination-trapping (Gy = Ry = Gp =
Ry=0)*"

Ve (e&E) =p(x,y,z2) =q(P=N-Py)=q(P-N)
3-D Poisson Equation (1)
Vedn=—g(Gy—Ry)=0
3-D Electron Current Continuity Equation (2)
Voedp=+qg(Gp—Rp)=0
3-D Hole Current Continuity Equation (3)
[—@*U/dX*) = (Lp/L)*(*U/aY?*) ] =[exp(Up —
U)—exp(U-Uyx)]/2 2-Dimensional (4)

JJNXc?yZ + JJNyaxZ = constant = — [
2-Dimensional (5)
ijXE)yZ + JJPYxZ = constant = — [,

2-Dimensional (6)

Symmetrical-Gate Thin Pure-Base (FinFET)

In (4) ~ (6), the Cartesian Coordinates is employed
which is defined by r=i,x +i,y + i,z with the differ-
ential volume element dU = dxdydz. The transistor
is scaled by normalizing the base thickness and x-vari-
able to the pure-silicon-base Debye Length, X = x/ Ly
where Ly = (e kg T/2gn;)"*, the base or channel
length and the y-variable to the Channel Length, Y =
y/L ,and the z-variable to the Channel width.,Z = z/
W and the properties are assumed to be constant in
the z-direction. The currents are given as the sheet
current in Ampere per Square,where 1 Square is W/
L =1. The carrier concentrations are represented by
their electrochemical potentials, N = njexp(U — Uy)
and P = n;exp(Up — U) where n; is the intrinsic carri-
er concentration, ~ 1.333484 X 10" ¢cm™® at T =
300.00K. qVp(x,y,2)/kyT £ Up(x,y,2) =Up(y)

and qVn(x,y,2)/ksgT £ Uy (x, y,z)=Ux(y) are
the electrochemical potentials of electrons and holes,
assumed to be independent of x and z. The solution
for the FinFET given below is copied from [7],using
the same equation numbers as [ 7] for convenience.
The impurity terms, Py ,and the 2-D terms,dEy/dY
~d*U/dY?*~(Lyp/L)?,are deleted in the present pa-
per which are studied in a future report.

(aU/aX)ZZFZ(UyUp,UNaUl)ele’Ey): +eXp(U— UN)—eXp(UO— UN)+eXp(Up— U)_eXp(UP_ U(j)

— (Po/n0) X (U - Uy) + 2<LD/L>2J<32 U/0YHaxU
UGS_ US:SigH(US_ UO) X (CD/C())X ((’]U/«:)X)s
- (xO/L)Zﬂ (PU/IY*)IXoX — (1/2)(xo/LD)Zﬂ(poxidc/qni)OXaX
oxide

Xg = ZJsign(U— U)axU/F

The general current and Y equations are

IN =+ QDnn,(W/L)LD(;)UN/OY)CXP(_ UN)JCXP(+ U)axU/F(Ua UanNaU()eleaEy)
=+ QDnni(W/L)LDJ(7yUNCXp(_ UN)JeXp(+ U)(’))(U/F(Ua UanNangleaEy)
Iy =+ gDyni(W/L)Lr(dUp/dY)exp(+ Up)JeXp(— U)IxU/F(U,Up,UxsUss PiysEy)

=+ quni(W/L)LDjﬁyUpexp(Jr Up)Jexp(— U)axU/F(U,UpsUxs Uy PrsEy)

(57)
(1-D term) (58)
(2-D terms) (59)

(Integrated from U= Us to U= U,) (The Thickness Equation) (60)

(61)

(62)

(63)

(64)

The y-variation equations to give Ux(y), Up(y), Us(y) and U,(y),and their derivatives,d/dy,are obtained by

integration in Y using the y-independence of Iy and I,.

[N =+ ann,(W/L)[LD/(Y)] JayUNCXp(_ UN)JGXP('F U)a)(U/F(Ua UP’UN’U()?P[M,E)/)

Io =+ gD,ni(W/L)[Ly/(1 - Y)]JayUpexp(+ Up)jexp(— UaxU/F(U,Ups UxsUys Py Ey)

(65)

(66)

The location of the flatband plane,y = y,,that divides the two sections is given by any one of

(yo/xg) = (QUx/dy) « exp(U, — UNU)/J((?UN/(?y)(?yJeXp(U - Uy)dx (x = 0to xg;y = 0to y,) (67)

(L_y())/xB :(aUN()/ay) M exp(U()_UN())/J(OUN/(’)y)ayJeXp(U - UN)(’)X (XZO to XB;y:y() to L) (68)
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(L=y,)/xg = (QUp,/dy) « exp( UPO—UO)/J(HUP/Jy)HyJexp( Up — U)dx (x=0to xpg;y=y,to L) (69)

(yo/xg) = (QUpy/dy) » exp(Up — U())/J(OUp/f?y)JyJexp(Up - U)dx (x = 0toxp;y = 0toy,) (70)

3 Computed Current-Voltage Character-
istics

3.1 Recursive Iteration Algorithms

We need to have three internal relationships (0<<
Y<1) between the four potential variables, Us(Y),
Up(Y),Ux(Y) and Up (Y) in order to obtain the
electron and hole currents, Iy and I,.from either the

single integration of de or J(?XU combined with the
gradient dyUx/d Y and 9dyUs/9 Y given respectively
by (61) and (63) ;or the double integrations ofﬂdxdy

OrJ[‘aanyUN and J(/)XUE)YUP’ (62) and (64). U()( Y)

may be used as the integration variable, then 2,Uy/
JdyU, and 9yUyp/dyU, need to be evaluated analytically
or numerically. Use of U,(Y) may be advantageous
because it has the fundamentally justified and simply
defined boundary conditions, which actually corre-
sponds to the intrinsic-structure transistor with unre-
stricted contacts at the two ends of the channel: U,(Y
=0) = Ug = qVse/ksgT = 0 at the source contact
point S(x = x/2,y=0,z=0to W),and U, (Y =1)

= Upg = qVoe/ks T at the drain contact point D(x =
xg/2,y=L,z=0to W). Here Vpg and Vg are the
DC voltages applied to the drain contact point D (xg/
2,L,z) and source contact point S(xp/2,0,z) rela-
tive to the electric potential reference point B(x, y,
z). However,there are only two explicit internal re-
lationships: (i) the voltage equation given by (58)-
(59) using (57) for the transverse electric field, F oc
Ex,and (ii) the base-thickness equation given by
(60) using (57) for the transverse electric field F.
The third relationship is generated during the recur-
sive iteration,which relates N and P to the divergence
of the electric field, or the electrical displacement,
V « D=V « (¢E), or which relates Uy, Up and U,
given by (1) ,the Poisson Equation.

Thus, the recursive iterations, indicated by the
subscript number index r, may be started using the
unipolar approximation (r = 0) of the voltage equa-
tion, (58)-(59), and thickness equation (60), both
using (57) for the x-component of the electric field,
dxU/dX. As an example, consider the n-channel or
the positive voltages applied to all four terminals (ac-
tually boundaries),S,D,G1 =G2=G,or Ups =< Ugs

—=0. Then from these two internal-condition equa-
tions, the relationships of Us(Uyx) and U, (Uy) can
be obtained numerically by successive approximation
or iteration,to be denoted by the subscript i (not the
recursive iteration number r), or analytically since
there are no holes for this initial-guess solution,i. e.
the unipolar solution.
current density, Iy, (r =0 for the initial unipolar solu-
tion) ,can be obtained by numerical evaluation of the
single integral (61) or double integral (62). The con-
vergent solution from the i-th iteration or the analyti-
cal solution also gives Uy, (Y),Us (Y) and U, (Y),
with r =0. This successive iteration is also carried out
for the unipolar hole current density, I, (with r =0)
and the three potentials U, (YY), Ug, (YY) and
U, (Y),with r = 0. If the successive iterations are

Then, the unipolar eclectron

carried to completion, the two sets of electric poten-
tials Uy, (Y) and U,,(Y),one from computing the e-
lectron current and one from computing the hole cur-
rent,should be equal numerically for r = 0, but also
for any higher recursive iteration cycle, r =>0. So, let
us denote the recursive iterations by the labels Nr and
Pr where N stands for electron current as the majori-
ty and P stands for hole current as the majority,and r
is the number of recursive iteration or the recursive
iteration cycle number. The complete set contains six
members:two currents which are the end results and
four potentials, three of which are iterated to find
their values or to find the values of the two potentials
in terms of the third potential using the two internal
condition equations, the voltage equation (58)-(59)-
(57) and the thickness equation (60)-(57),so that the
two currents can computed as the end results of the
specific recursive iteration cycle, r. The six members
of the set,(Iy s Ip s Uy »Up » U » Uy, ) are split into
four majority carrier terms and two minority carrier
terms. The minority carrier electrochemical potential
is fixed during the iteration and its value at each Y
comes from the previous recursive iteration. For ex-
ample, in the Nr + 1-th recursive iteration cycle, the
minority carrier hole electrochemical potential at
each Y;,Up (Y;) for 0L Y;<1 is fixed to the value
obtained from the previous recursive iteration cycle,
Up . Here j could be 100 or 1000 equal or unequal
AY;’s with which the channel is divided into to facil-
itate the numerical integration and differentiation. In
order to delineate the fixed value,a third numerical
subscript f is added. For example,in the Nr-th recur-
sive iteration, for the electron majority carrier, we
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have the four electron majority carrier terms of I, ,
Uy, »Us, sand Uy, ,and the two hole minority carrier
terms, Up, and Ip. r =0 denotes initial guess which
in this case,is the unipolar electron solution with P =
0. Thus,initial guess in the initial cycle of this recur-
sive iteration algorithm, r =0, gives the unipolar elec-
tron solution, converged at the i-th successive itera-
tion, at the applied terminal (actually “boundary”)
voltages of ( Vg Vsgs Vg ), to be denoted by Iy,
Uno (YD), Uy (YD), Up(Y). The same initial guess
procedure gives the unipolar or initial guess for holes,
Tog, Upo (YY), Uy (Y), Uy (Y). When carried to i-th
successive iteration to reach sufficient accuracy in this
recursive iteration cycle, the two sets of Us, and Uy
should be equal. The next recursive iteration cycle, r
=1,uses the minority carrier solution of the previous
iteration, r = 0, which is fixed and not iterated so de-
noted by additional subscript f. Thus,the set of r =1
solution at a given Y is the initial or first order bipo-
lar solution. They are denoted by N1{ /Iy, Ux (Y),
Us (YD) U (YD) Upot (YD) s Ipi¢ysand P1{1p, Unp
(Y. U (YY) U (YD) Unot (YD) s I} -
iteration cycle can then be carried on and stopped at
the r-th cycle when the user specified convergence
criteria are reached. for example, the electron and
hole currents change less than 0. 001% or some such

The recursive

accuracy. The above description gives a sample recur-
sive iteration algorithm,which is cross-linked between
(Nr;Pr) and (Nr + 1; Pr + 1), like a symmetrical
twisted double-string (double-route) denoted by (Nr
—Pr+1->-Nr+2—>Pr+3—>-+-; Pr>Nr+1—>Pr+2—
Nr +3--+). It is obvious that there are other recursive
iteration algorithms, which might be faster but not
symmetrical so harder to FORTRAN program,such as
the Zig-Zag or ZZ-linked asymmetrical single-route
(Nr—>Pr—>Nr+1—>Pr+1->Nr+2—>Pr+3—>-). It is
also obvious that the end results of electron and hole
currents at a given recursive iteration cycle should be
identical
double-string algorithm, while not identical in the a-
symmetrical zig-zag single-string algorithm, with the

in the symmetrical cross-linked twisted

last current, say Ip , always more accurate than the
previous current, I y_,. This unequal accuracy from
unequal recursive iteration cycles in the zig-zag algo-
rithm was indeed observed in our numerical computa-
tions.

The device physics basis of the foregoing recur-
sive iteration algorithms is of significant importance.
There are three salient features that have been missed
by all transistor and device investigators since the
Shockley inventions of the 1949 bipolar junction tran-
sistors™) and the 1952 junction-gate field-effect tran-
sistor'*/.

The first two salient features are related to the e-
lectrons and holes. The unrestricted electrochemical
potentials of clectrons and holes, both internal and at
the contact points and contact boundaries, mean that
electron and hole currents are not limited by the ex-
trinsic devices,or indeed the computed characteristics
are the very characteristics of the intrinsic(-structure)
transistor. This has been the case of all transistor and
device theories, invented by Shockley, presented by
him in both the 1949 bipolar junction transistor theo-
ry'® and the 1952 two p/n-junction-gate volume-
“J. This important fact
has not been recognized by all subsequent transistor

channel field-effect transistor

investigators and manufacturing engineers. The fun-
damental and application importance of the extrinsic
parts of the transistor structures,treated as an intrin-
sic part of the MOS field-effect transistor, (By intrin-
sic transistors, we do not mean pure without impurity,
but rather the intrinsic physical structure without con-
sidering the structures and compositions or types of
the contacts to the boundaries.) has only been theo-
retically and analytically recognized by us twelve
months ago (March 2007"")) when it was noted by us
that the Debye screening length of the pure silicon,a-
bout 25,m at room temperature,is far larger than the
dimension of the nanometer two-MOS-gate pure-base
silicon fiecld-effect transistor, although the Debye
screening length was emphasized 60 years ago by
Shockley and shown by him with examples such as a
linearly graded p/n junction'® to analytically deline-
ate the condition of quasi-neutrality. The inability to
screen the electrode charge by the insufficiently-dense
or low-concentration mobile electron and hole char-
ges,results in a surface-channel conduction threshold
voltage that is scaled by the log of the ratio of the De-
bye Length to the Gate Oxide thickness,and the elec-
trical channel shortening or the prominence of the
two channel length sections also determined by the
channel length and the Debye Length.

The second implicit fact of device physics from
the unrestricted electrochemical potential of the elec-
trons and holes is that the electron and hole spatial
distributions, N(x,y) = niexp[ U(x,y) — Ux(x,y)]
and P(x,y)=nexp[Up(x,y) — U(x,y)] are indeed
also unrestricted and cannot be set by any arbitrary
assumptions,only by the electrical potential, U(x, y)
applied to the terminal (boundary) electrodes located
at (x,y)’s of the intrinsic transistors. The unrestrict-
ed electron and hole currents means that the total e-
lectron and hole numbers in the volume of the thin-
base of the transistor are also unrestricted. For a
counter example, in the traditional nMOST, the hole
current is set to zero,then the total hole number can-



624 ApH

LS

U
¥

i %29 &

not be changed (since generation-recombination-trap-
ping are ignored) , which poses a serious restriction,
actually impossibility in theory,on unlimited hole ac-
cumulation and depletion at the silicon surface under
the oxide insulated gate electrode because the total
number of holes is fixed when there is no source and
sink. This constancy of the hole number would affect
drastically the electron current. Thus, previous reports
at conferences and in journals where the authors set
Uy (x,y) = constant or zero, would give wrong nu-
merical solutions and wrong current-voltage charac-
teristics,in the voltage range where hole concentra-
tion is significant and not depleted or exhausted.

The third device physics feature of the present
algorithm,also missed by all previous transistor inves-
tigators,is the fact that the electrical potential is the
only fundamental and physical parameter that can be
specified, and only at the transistor’ s terminals
(boundaries) ,and only specified with respect to a ref-
erence potential point in space, (x,,y,,z,),which is
based on the experimental Coulomb Law of the 1/r?
(inverse distance square) force between two point e-
lectrical charges, that is derivable from the gradient
of a scalar electrical potential by neglecting the mag-
netic field.

3.2 Current-Voltage Characteristics and Boundary
Condition Effects

The Vs variations of the total electron and hole
channel currents, I'y and Iy ,are shown in Fig. 1 over a
range of Vps with a gate oxide electrical thickness of
1.5nm and a pure-silicon base thickness of 30nm.
There are two families of curves. One set comes from
specifying the eclectrical potential boundary condi-
tion, Uy (Y =0) = Ugs =0 at the source contact bound-
aryand Uy (Y =1)=Upg = (+ 0.1V to +1.0V) X
(q/kT) at the drain contact boundary,to be denoted
by BC-U,(Y =0,1) with the electrochemical poten-
tials unrestricted. The second set comes from specif-
ying the boundary values of the electrochemical po-
tential for electrons or holes, namely, Uy (Y =0) =
Ug=0and Un(Y=1)=Upp=(+0.1V to +1.0V)
X (q/kT) for the electron surface and volume chan-
nels,denoted by BC-Uy (Y =0,1),and a similar set
from specifying U, (Y =1,0) for the hole surface and
volume channels, denoted by BC-U (Y =1,0). Both
have the electric potential unrestricted. It is obvious
that one can go on and on, with additional potential
boundary conditions imposed on the three or even all
four potentials, Uy, Up and U,,and even Us at the
two boundaries of the base channel, Y=0and Y =1,
actually also the location X ,so that the boundary con-

10 T T T T T
Jps=1.0,0.7,0.5,0.3,0.1V

1.0

(A/Sq)l/z

Iy, 1, (A/sq)
12
P

0.03

12

IN, 1

0.02

0.01

Xo=15nm  xp=30nm  Jp=0V

1.5

24

-1.0

10 00 05 10
Gate Voltage V o V)

-0.5 2.0

Fig.1 Transfer DC characteristics of a BiFET of two MOS
gates and a pure base,with Vs varied. The curves with triangle
symbols have the electrochemical potential boundary condi-
tions, while the curves with circle symbols have the electric po-
tential boundary conditions.

ditions are applied to points ( X, Y), then, our solu-
tion must be extended because it is based on no inter-
nal contact points and no boundary contact points ex-
cept four points at (X =0,Y=0),(X=0,Y=1),(X
=X5/2,Y=0) and (X = X/2, Y =1) for the per-
fectly symmetrical two gates on pure-thin base.

Three salient features each are noted for the sur-
face channel and volume channel currents, all antici-
pated by “simple” FET device and materials physics,
although “anticipation after the facts”,after recogniz-
ing the device physics of the computer-generated
facts. A seventh, verifies the anticipated from recur-
sive iteration algorithm just described.

(1) The currents are higher from the U,(Y =0,
1) boundary conditions family, BC-U,, than the cur-
rents from the Uy(Y =0,1) and U,(Y =0,1),fami-
lies,BC-Uy and BC-U,. This is understood from the
restriction on the electron and hole concentrations
and gradients by the BC-U, and BC-Uy boundary
conditions, while the BC-U, family of current-voltage
curves has no restriction on Ux(Y) and Up(Y).

(2) The sharp cutoff of the electron and hole
currents at flatband of the U, boundary conditions,
BC-U, ,on the semilog scale,is the result of the well-
known parabolic voltage-dependent (shown by Iy,
I¥* on right axis) carrier-space-charge-limited drift
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current in surface channel,due to applying the BC on-
ly to the electric potential, BC-U, ,obviously also ap-
plicable to BC-Us. The decreasing slope of IV? versus
Vs when Vg increases is due to the incomplete De-
bye screening,similarly for Iy* versus Vgs when Vg
decreases.

(3) In contrast,the 60mV per decade exponential
roll-off of the electron and hole currents towards
their very low values at flatbands, Vg = OV (elec-
trons) and Vs = Vs (holes) in the BC-Uy and BC-U,
families respectively, is the indicator of over-the-
barrier-injection and carrier-diffusion limited,like the
n" /iand p”* /i barriers.or the n* /p and p/n" barrier
of the n-inversion channel on p-base pMOST and the
n'/p/n* BIT, with barrier height controlled respec-
tively by transverse MOS capacitor and by applied e-
lectrical potential to the n* /p emitter and p/n” col-
lector diodes. They are simulated in these numerical
computations by applying the boundary condition to
the electrochemical potential for electrons, BC-Uy,
and for holes,BC-Uy. This simulation,used by all de-
vice theorists,has not been recognized as empirical or
ideal contact models,by them or anyone and also not
recognized previously by us.

(4) The electron volume channel current, Iy ~
10 % X Vs saturates at Vg = — 1V for the BC-U,
family. The proportionality to Vps is the indicator
that current is drift. The very low current indicates
the diminishing channel conductance or channel elec-
trical thickness and carrier concentration.

(5) The extremely low saturation current, 10
A/sq.is the indication of pinch-off of the electrical
thickness of the volume channel with physical thick-
ness, xgsand the reduction of N from n; at Flat-band
to nearly zero at the pinch-off (actually cut-off, see
next point). This is entirely consistent with the vol-
ume channel pinch-off mechanism of the impure-base
junction-gate FET illustrated by Shockley in 1952,

(6) However,the flatband electron and hole cur-
rents, Ings and Ippg,can be casily computed by the
back-of-the-envelope formula Ines (A/SqQ) = u, X gn;
X xg X Vs =1.92X 10 " A/sq = Tpps (With g, ~ p, ~
400cm?/(V «s) and n;~10%cm ®). If there is carri-
er screening of the controlling electric field from the
DC voltage applied to the two gates,then the satura-
tion current given by (5) should be close to the flat-
band value. However, the back of the envelope flat-
band current for the electron or hole channel is ~
1.92X107%/2 X 107* = 10° larger than the computer
computed pinch-off or cut-off current. This is ac-
counted for from the vanishing screening of the gate
charge or gate electric field by the few mobile elec-
trons and holes or carriers in the pure-base. This is

10°

L x,;=1.4,1.6,1.8,2.0nm J

107

1072

Iy, 1, (A/sq)

10—15 [ |

10" L ]

& |
2000000000000000000C000000

1074 L ]

P Vsg=0V  Ips=0.5V xg=30nm 3

10—24 1 1 I 1 1
-1.0 05 0.0 0.5 1.0 1.5 2.0

Gate Voltage V V)

Fig.2 Transfer DC characteristics of a BiFET of two MOS
gates and a pure base,with xo varied. The curves with triangle
symbols have the electrochemical potential boundary condi-
tions, while the curves with circle symbols have the electric po-
tential boundary conditions.

estimated by the ratio of the oxide capacitance and
the Debye capacitance, (Co/Cp)* = (g0/e)* (Lp/x0)*
=(3.9/11.7)* X (26pm/1. 5nm)* = 3.4 X 10" which
confirms the observed ratio in the range of 10°.
Thus, for the pure silicon base, the volume channel
current corresponds to the cut-off of the pure volume
channel, rather than to the pinch-off of the impure
volume-channel of impure-base-body of the junction-
gate FET.

(7) The hole volume channel current, I, saturates
t0 0.09X107* A/sq at Vg = +2V and Vps= +0.1V
which rises to 1.2 X 107*° A/sq at Vps = + 1.0V.
These two values are not identical to those of Iy.
This difference is a reflection of the unequal final re-
cursive iteration number of Iy and I, using the zig-zag
recursive iteration algorithm.

3.3 Gate-Oxide and Base Thickness Dependences

The Iy and I, versus Vgs shown Fig. 1 with Vi
as the parameter,is now given in Fig. 2 with gate ox-
ide thickness as a parameter,and in Fig. 3 with base
thickness as a parameter. There is only slight oxide
thickness dependence shown in Fig. 2, while Fig.3
shows that the pinch-off or cut-off drift current is
proportionally to the base thickness, x5, as expected
from the simple resistance model with a drift current.
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Fig.3 Transfer DC characteristics of a BiFET of two MOS
gates and pure base, with xp varied. The curves with triangle
symbols have the electrochemical potential boundary condi-
tions, while the curves with circle symbols have the electric po-
tential boundary conditions.

4 Summary

The bipolar solutions of the bipolar MOS field
effect transistor with tied-identical-double gate on
thin silicon pure-base are obtained in the linear range
with the simultancous presence of both electron and
hole channels. The numerical results of 20-decades of
electron and hole currents (10°* to 10™* A/Square)
over the applied gate voltage range of Vg = —1V to
+ 2V, cover the subthreshold and above-threshold
surface channel ranges and also pinch-off volume
channel range of both the electron and hole currents.
Details including the current saturation range, Vps =
Vs =0, which requires the division of the channel
length into two sections, described by equations (67)
to (70),will be described in a future report in this se-
ries.
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