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Abstract: The bipolar theory of field-effect transistor is introduced to replace the 55-year-old classic unipolar the-

ory invented by Shockley in 1952 in order to account for the characteristics observed in recent double-gate

nanometer silicon MOS field-effect transistors. Two electron and two hole surface channels are simultaneously

present in all channel current ranges. Output and transfer characteristics are computed over practical base and gate

oxide thicknesses. The bipolar theory corroborates well with experimental data reported recently for FinFETs with

metal/silicon and p/n junction source/drain contacts. Single-device realization of CMOS inverter and SRAM mem-

ory circuit functions are recognized.
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1 Introduction

The multiple-gate (single, double and triple
thus far proposed) thin-base short-channel metal-
oxide-silicon (MOS) or insulated-gate (1G) field-
effect transistor (FET) , abbreviated as MOST or
MOSFET,could be a best candidate to replace the
single-gate semi-infinite-thick-bulk MOS
sistor,in order to extend the downward scaling in-
to the deep nanometer range'''. These double or
multiple gate, thin silicon-base MOS transistors
are popularly known as the FinFET with rectan-
gular thin-base semiconductor-silicon and two or
three isolated or connected gates,and as the Wire-
FET with small-diameter cylindrical solid-or-hol-

tran-

low semiconductor-silicon and wrapped-around
single-gate or additional-conductor-core for con-
centric double-gate. The mathematical theory of
the intrinsic transistor (i.e.ideal geometry exclu-
ding parasitic effects) has employed the two clas-
sic assumptions made by Shockely in 1952/,
namely,one carrier (unipolar) and gradual chan-
nel (implies long and narrow-thin channel) , which
were introduced by Shockley to analyze the eclec-
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trical current-voltage characteristics of the p/n-
junction-gate FETs (JGFET) he invented. These
two classic Shockley assumptions have been fol-
lowed in the subsequent 55 years (1952 to 2007)
by all authors to give the baseline electrical (cur-
rent-voltage) model of the JGFET and later the
MOS transistor from which to derive their com-
pact transistor electrical models®*. These com-
pact models are necessary to design and analyze
the electrical current-voltage characteristics of sil-
icon MOSFET in order to speed up the computer-
aided-design of multi-transistor (thousands to bil-
lions MOS transistor) integrated circuits using the
circuit simulator SPICE®* . The channel-length
modulation or shortening is one of the short chan-
nel effects excluded in Shockley gradual channel
assumption. This has been modeled using the car-
rier-depletion calculation, usually one-dimension-
al, of the thickening of the drain p/n junction
space-charge layer, from applied reverse-voltage.
It was first employed by Shockley in 2-dimenions
for the JGFET"™ and later by all subsequent mod-
el developers for MOSFET % . For unipolar-
bipolar device modeling,it is well-known that an-
alytical solutions exist for electrical transport in
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semiconductors and insulators with one carrier
species; known as unipolar conductivity in photo-
conductor literature of the last century. Most if
not all theoretical authors on compact MOS tran-
sistor models have followed the two classic Shock-
ley assumptions to start their compact model de-

velopment™*)

Such analytic solution using the
two classic Shockley assumptions for FET was em-
ployed in 2000 by Yuan Taur® to mathematically
analyze the double-gate thin pure-base MOS tran-
sistor, which has been followed by all recent au-
thors as indicated by the review given by Adelmo
Ortiz-Conde, Francisco J. Garcia-Sanchez, and
Juin J. Liou in 2007,
polar graduate channel theory, as employed by
Taur and followers, cannot account for the re-

However, Shockley’s uni-

cently observed experimental
characteristics of the nanometer double-gate thin
pure-base MOS transistors (FinFETs)""', and in
fact, not some of the current-voltage features in
thin-film and SOI (semiconductor on insulator)
field-effect transistors reported during the last

four decades, including the 1971-Fu-Sah experi-

current-voltage

mental demonstration and their bipolar theorecti-
cal analysis of the bistable memory transistor con-
sisting of a pMOST and an nJGFET on a single
physical silicon FET structure,i. e.,a diffused n-

B In this re-

silicon-well on p-silicon substrate
port,we shall show that the unexplained current-
voltage features of the recent nanometer double-
gate short-channel MOS transistors or FinFETs
are accounted for by the two carrier species (elec-
trons and holes) in our new bipolar theory,absent

in the previous unipolar MOSFET theories.

2 Bipolar Field-Effect Theory

To visualize and analyze the simultanecous ap-
pearance of the four surface channels from two
carrier species (electron and hole species) , we di-
vide the transistor into an emitter section and a
collector section along its length (y-axis),follow-
ing the bipolar-junction-transistor terminology. In
the four-surface-channel bias mode of the double-
gate, with positive terminal voltages, these two
sections are the electron-source-emitter and elec-
tron-drain-collector for the two electron channels
induced by the positive voltage applied to the two
gates relative to the source, with electrons flowing

from the source to the drain, and simultanecously
also the hole-drain-emitter and hole-source-collec-
tor for the two hole channels induced by the nega-
tive voltage applied to two gates relative to the
drain, with holes flowing from the drain to the
source. Similar four channels appear when the ter-
minal voltages are negative,then the electron and
hole current directions are reversed. The current-
voltage characteristics are described by ten simple
equations derived from the traditional MOS theo-
ry using (1) the correct boundary conditions and
correct electric and electrochemical potential ref-
erences and (2) the double-integral electrochemi-
cal-potential-gradient-driven channel current in-
cluding both carrier species (electrons and holes) .

Following the classical approach of decompo-
sing the two-dimensional transistor in each of the
two sections (emitter and collector) ,into two cou-
pled one-dimensional problems™ "', and making
the gradual channel assumption in the emitter sec-
tion, the equations of the four surface channel
currents and the drain terminal current are given
by the following ten equations, in the electron
source emitter and hole drain emitter.

In the electron source emitter (0<CU, < Usg) :

UGB_UFB_US:& exp(— Uyx) (expUs—expU,) »

Co
0<< Vips = Vs (D
ZJUS dU
Uy v/exp(—= Uyx) (expU — expU,)
=g = E=Xpe 0< Vi =Ves (2
D
"Upg
I = ZzDn ECOJ (Ugg = Ups — Us)dUx »
L qa v
0 << Vps < Vs (3)
I+, = 0 (This is the zeroth approximation. ),
0<< Vps << Vs (4
Upp— U~ 1
Iv; = £2Dn ECOJ‘ oo (Ugs = Ups —
L q Usp
UsH)dUn, 0<< Vs << Vi (5

In the hole drain emitter (Us<CU,<<0):

UGB—UFB—US:—@ expU,Lexp(— Us)—exp(— U,) ],

Co
0 << Vgs << Vs (6)
~ ZJUS dU
U, v/ expUplexp(— U) — exp(— Uy) ]
EXB:%EXBQ O< V(‘,5< VDS (7)
D
U
ng:ZZDp ﬂ(j()J _(UGB _UFB_Us)dUp,
L q Ugp~ Upp*1
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0 << Vas << Vs & 102 =
The positive drain terminal current flowing into 107
the drain contact is then given by 'O_E
Ip = Ins + Tpi &~ Inss 0<< Vips << Vigs (9 g:gi
I = Ins + Ios & Inssr + Ipss 0 << Vs << Vips ?10—73
1o E 10—8:
The potentials and terminal voltages are all nor- < 10“);
malized to kT/q. The notations were defined in 10
Ref.[3]. Lp = (eskT/2q*n;)"* is the Debye 10:

length in the pure base~26p,m at room tempera- :8,.5 R S T S R A
-20 -15 -10 =05 0 05 1.0 15 20

ture with n; =1X10"cm ® and es =11. 7 X 8. 852 X
10" F/cm for pure crystalline silicon. Cp = es/
Ly and Co =e0/x0 are the Debye and oxide ca-
pacitance per unit area. Iy. and I,. are the
electron and hole surface channel currents given
by the respective equation number (). xp is the
silicon base thickness; W, the base width;and L,
the base length. It should be noted that the cur-
rent integrals in Eqgs. (3),(5) and (8),were erro-
neously evaluated by compact-model authors due
to replacing Uy or U, by Uyp = Uy — Up"*% which
arbitrarily sets Uy or U, as the constant refer-
ence,including zero. This ten-equation solution is
symmetrical in the polarity of the applied termi-
nal voltages. Thus, in the negative terminal volt-
age range,these ten equations can be used by in-
terchanging electron and hole, which will give the
parabolic hole surface channel current in Vgs <<
Vps<<0 and the constant-saturation hole and para-
bolic-saturation electron surface channel currents
in Vps<< Vis<<0.

3 Computed Characteristics

The V-shaped solid curves with minimum in
Fig. 1 show the computed transfer characteristics,
Ip versus Vs = Vg — Vggswith Vs = Vg — Vg
=0.1,0.3,0.5,0.7,1.0 and 2.0V, of a MOS
transistor with two identical gates and pure base
thickness xp = 30nm, and the gate insulator elec-
trical thickness xo = 1. 5nm. The three flatband
voltages of the three terminals S,G,and D,are set
to zero, or absorbed into the respective terminal
voltages. Electron and hole mobilities are assumed
equal and taken as 400cm?/(V + s). The electron
I\s (dots) and hole Iy (circles) surface channel
current components are also shown in Fig. 1. The
salient features are the minimum of the total
drain terminal current, and the positive-negative

Fig. 1 Drain-source voltage Vps dependence of the
DC transfer current-voltage characteristics of an nFin-
FET with metal/silicon drain and source contacts
Total drain terminal current, I (solid line) ; Electron
Iys (dots) and hole Ips (circles) channel current com-
ponents of the drain terminal current. Inset: I'n-Vps
showing 4 surface channel currents,2 hole and 2 elec-
tron each from two gates.

gate-voltage symmetry centered at the minimum
due to the parallel gate-voltage shift of the hole
parabolic saturation current, Ipp, by the applied
Vps. The V-shaped transfer characteristics and
the minima were observed in recent FinFETs re-
ported by IMEC-Assignees'” but misinterpreted as
GIDL-like (Gate Induced Drain Leakage due to
tunneling through reverse-biased drain p/n junc-
tion) .

The inset in Fig. 1 shows the output charac-
teristics Ip-Vps in the presence of both electron
channel in the source-emitter section, Iys (con-
stant saturation current) ,and hole channel in the
drain-emitter section. Iy, ( parabolic saturation
current). Ipp has not been recognized by recent
authors and seemed to be absent in their data,
which could have been easily discarded by them as
bad devices during first silicon or first-few sili-
con’s. Hints of I, from the parabolic rising I, >
Ipse: when Vipg > Vg, were present in both low-
voltage SOI (silicon on insulator) and thin-film
FETs in the past decades,interpreted as interband
tunneling generation of electron-hole pairs which
could be important only at high Vps and Vgp in
highly impure base/drain junctions. This parabolic
hole-surface-channel current in the saturation
range would give large output conductance.

Figure 2 shows the computed base thickness
dependence of the Ip-Vgs transfer characteristics
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Fig. 2 Base thickness dependence of the DC transfer
current-voltage characteristics of nFinFETs with met-
To-
tal drain terminal current Iy (solid line) ; Electron Iys

al/silicon (pure-base) drain and source contacts

(dots) and hole (circles) channel current components
of the drain terminal current. Note subthreshold volt-
age swing from 120 to 60mV/decade.

at Vps = 0.3V, and its electron and hole surface
channel components, I'ys and Ipp,with x5 =5,10,
50, 100, 1000nm, and gate insulator electrical
thickness xo = 1. 5nm. A salient feature is the sub-
threshold swing that slackens to 120mV/decade
before it steepens to 60mV/decade when the sili-
con base thickens to x = 1000nm = 1pm which is
still thin compared with the ~ 26um pure-base
Debye length. The steep and ideal slope at the
60mV/decade voltage swing in the deep sub-
threshold range, illustrates rapid transformation
from electron-hole equality bipolar conduction at
the Ipmi. to unipolar conduction as the gate volt-
age is increased or decreased from the minimum,
for examples.the Iys/Ips ratio changes from 1 to
100 or 0.01 for a change of | Vas = Vgsmn | Of
+60mV,and by 10*' for * 120mV, giving sub-
stantial on/off ratio in the CMOS inverter mode.

This variation of the subthreshold slope has
been observed in all recent experimental thin-base
FinFETs and WireFETs, although in some cases,
rather subtly. An independent theoretical confir-
mation of the slope change was obtained by us re-
cently from the transfer characteristics Ip- Vs,
computed using the ‘exact’ Jie-Sah integration c-
quations''®’ for the single-gate.long and semi-infi-
nite-wide channel, bulk MOS transistor.,by decrea-
sing the base impurity concentration towards the
pure base,from P,y = 10" to 10° cm * < n; = 10"
cm~?. The dependence on oxide thickness is not
illustrated in this paper due to page-number limit

(b)
10-]3 1 1 1 1
1.0 0.5 0 -0.5 -1.0 -1.5
Vas/V
Fig.3  Corroboration of experiments (a) of pFin-

FETs from Fig. 10 of IMEC + Assignees'” , with our
theory (b) for two kinds of drain and source contacts:
the ohmic metal/silicon (pure-base thicknesses of xp
=10, 15, 20nm and infinite interface recombination
velocity) which gives the V-shaped curves, and the
n+ /p (p-base thickness xz = 30nm and P,y = ~10*
cm™?) which gives the I shaped curves

of short report, but also because it shows just a
constant shift of the current level (log) and gate
voltage (linear) with little shape change in [Iys-
Vas and Ipp-Vgs as predicted by the ten equa-
tions.

4 Corroboration with Experiments

Figure 3 (a) shows the experimental transfer
characteristics, Ip-Vgs, of two groups of pFin-
FETs reported in 2005-IMEC + Assignees'”’ . The
V-shaped curves are from transistors with metal/
silicon contacts to the drain and source ends of the
thin base which were over-alloying-heated that
usually gives ohmic contacts (traditionally repre-
sented by infinite interface recombination veloci-
ty")) while the | shaped curves are transistors
with p+ contacts to the drain and source ends of
the thin base without over-heating. These experi-
mental data are consistent with the present theory
in two groups of curves shown in Fig.3 (b).
These experimental data triggered our investiga-
tion that led to our discovery of the bipolar con-
duction in FET which predicts the occurrence of
four simultaneous surface-channel channels (two
hole and two electron channels) in double-gate
thin-base transistors.

Another corroboration of experiments with
theory is shown in Figs. 4 (a) and (b). Figure 4
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Fig.4 Corroboration of experimental transfer char-
acteristics (a) of nFinFET and pFinFET from Fig. 4 of
IMEC + Assignees' ,with our theory (b) for n+ /p
(nMOST) and p+ /n (pMOST) drain and source con-
tacts

(a) shows the experimental transfer characteris-
tics of an nFinFET (lines) and a pFinFET (sym-
bols) with respectively n + and p + drain and
source contacts reported in 2005-IMEC + Assign-
ees” . Note the subthreshold swing starts from
120mV/decade steepening towards the ideal theo-
retical minimum of 60mV/decade. Note also the
nearly equal Vs shift of the Vs shift of the sup-
posedly Ip-off or accumulation range of the
In-Vis» AV = = AVps == £ 0. 25V respectively
for the nFinFET and pFinFET. These are telltales
of bipolar conduction which the IMEC authors'”
attributed to GIDL-‘like’ and other recent inves-
tigators, GIDL, which is untenable (for interband
tunneling) at such low dopant impurity concentra-
tions, even in rather short physical channels.
Figure 4 (b) is computed using the ten equations

which demonstrate all the features of the experi-
mental data observed in the pFinFET and nFin-
FET shown in Fig. 4 (a). The spread of the exper-
imental data in Fig.4 (a) reflects no doubt the
well-known traditional technology variations of
geometry and especially concentration of residual
impurity in the supposedly pure base in these ear-
ly-technology first-silicon transistors.

5 Concluding Summary

The new bipolar theory of the MOS field-
effect transistor is presented to replace the 55-
year-old classic unipolar theory of the field-effect

transistor, invented by Shockley in 1952, The
transfer and output current-voltage characteristics
are computed and illustrated. They corroborate
very well with that observed recently on nanome-
ter double-gate thin pure-base silicon MOS tran-
sistors known as FinFETs.
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