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Abstract: A new approach. gate-capacitance-shift ( GCS) approach, is described for compact modeling. This ap—

proach is piecewise for various physical effects and comprises the gate-hias—dependent nature of corrections in the

nanoscale regime. Additionally, an approximate-analytical solution to the quantum mechanical (QM) effects in

polysilicon (poly) —gates is obtained based on the density gradient model. It is then combined with the GCS ap-

proach to develop a compact model for these effects. The model results tally well with numerical simulation. Both

the model results and simulation results indicate that the QM effects in poly-gates of nanoscale MOSFET s are non—

negligible and have an opposite influence on the device characteristics as the poly-depletion (PD) effects do.
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1 Introduction

With CMOS technology aggressively scaled
down into the 100nm regime quantum mechnical
(QM) effects in various regions of a MOSFET will
be evident'™ ” and have significant influence on de-
vice characteristics. Therefore, compact models of
the QM effects both in channels and poly-gates
need to be established for circuit designers. How -
ever, the conventional TVS approach for compact
modeling, which has been successfully utilized in
the wellknown SPICE model BSIM'", is ineffec—
tive in the nanoscale regime due to the gate-bhias—
dependent nature of the physical effects. In this

paper. a newly developed approach for compact
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modeling, the gate-copacitance-shift ( GCS) ap-
proach, is described. It expresses the idea that the
gate-bias-dependent nature may be modeled by a
gate capacitance shift in addition to the threshold
voltage shift.

Furthermore, although there is research on the
QM effects in poly-gates based upon numerical

. . s . .
simulations'”, compact modeling for them is ab—

sent. In this paper, based on the DG formulation'®,
an analytical solution to the QM effects in poly-
gates is obtained. It is then combined with the GCS
approach to establish a compact model. Compared
to numerical results, this model is satisfactory us-
ing different device parameters. It is concluded that
the QM effects have an opposite influence on thre—

shold voltage as the poly-depletion( PD) effects do
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In long channel MOSFETSs, where the oxide
layer is thick and the channel doping is light and u-
niform, there is no need to consider any correction
to a charge model. Therefore, in the strong inver—
sion condition, the surface charge density is ex—
pressed in the following way:

Qi = Cox(Ve— V) (1
with Qiwini surface charge density of inversion lay-
er, Cox gate capacitance, Vi gate bias, and Vu thresh—
old voltage. With the gate length scaled down, cor—
rections due to various physical phenomena, e. g.
short channel effects (SCEs) and drain induced
barrier lowering effects ( DIBL), are made with the
threshold—~voltage-shift (T VS) approach as is done
in BSIM 4'Y. The idea of attributing all physical
concerns to a Vu shift, however, is insufficient for
some physical effects in the nanoscale regime,
which have gate-bias-dependence.

To demonstrate the necessity of establishing
gate-bias-dependent corrections, quantum simula-
tions are executed using DESSIS in ISE 8.0, Ex—
tensive explanations for numerical simulations in
this work are presented in Appendix A.In Fig. 1,
the surface charge densities of the inversion layer

20 -3
cm , the

with the poly—gate doping Npy= 3X 10
substrate doping N.w= 10"e¢m™ " and the gate oxide
thickness tw= 1.2X10" 'em are shown. The results
are obtained with the classical simulation in the
substrate without PD effects in the gate consid-
ered, the quantum simulation in the substrate with—
out PD effects in the gate considered, the quantum
simulation in the substrate with the inclusion of
PD effects in the gate, and the quantum simulation
both in the substrate and in the poly-gate. As is
seen in Fig. I, with the inclusion of the QM in the
substrate, the PD in the poly—gate or the QM in the

poly-gate, it is clear that the slope of the curve, i.

s
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Electron density/1 011_0
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Fig. 1

(CL) effects in both substrate (sub) and poly-gate

Electron density, with either QM or classical

. . r 20 -3 18 -3
region, with Npay= 3X 107em™ ", Nan= 10"em™ 7, and

tox= 1.2nm  The effective capacitances are labeled.

Dashed lines represent results without the poly-gate
region (contact). Solid lines represent results with

the poly—gate region (poly).

e. the effective gate capacitance, has shifted. This
reflects the linear dependence on the gate bias of
the corrections due to these effects. Furthermore,
for some of these effects, e. g. QM effects in poly-
gates, the slope of the curve alters with the gate
bias, which reflects the gate-bias-dependence na-
ture of higher orders (higher than linear depen-
dence) . Proceeding from this concept, the GCS ap-

proach is formulated:

Qin\ = (Cms + ACux)(Vg - V- &Vth) (2}
ACw = ACK + ACKV.+ ACLVi+ =+ (3)
AVi= AVL + AVLVe+ AVEVE+ == (4)

with ACw and AVu the oxide capacitance shift and
threshold voltage shift that may depend on V; and
are expressed as the Taylor Series of Vi with ACuw
and AV, coefficients of the ith order. If only the
Oth order, AC', is kept, the correction is linearly
dependent on gate bias supposing the correction is
defined as Qinv— Qiwv.ini. However, the QM effects in
poly—gates need higher ordered corrections and
therefore ACs is needed, which is shown in the
next section.

The GCS approach is piecewise for various
physical effects. It comprises the gate-bias—depen-—

dent nature of corrections in the decanano-scaled
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regime and has a straightforward relation with gate
bias. The relation of these effects to device parame-
ters is reflected in the coefficients. In the following
sections, it is applied for the purpose of developing
a compact model for the QM effects in poly-gates

on the basis of DG formulation.

3  Quantum mechanical effects in
poly-gate region

The well-established DG method is the lowest
order approximation of the Wigner function ap-
proach to including QM effects in carrier trans—

16] T .
port . The essential

formulation of the DG
method is to include an additional quantum poten-—
tial into the Boltzmann statistics of as follows
(take electrons as example) :

n= mexplq(¥+ AW - dﬂ)/ksT] (5)

5

r

2—>< ''n (6)

Won = .
a A A 4lqmn A

where n electron density, ni intrinsic carrier densi-
ty, ¥ electric potential, A¥ou quantum potential, &
electron quasi-¥ermi level, ks Boltzmann constant,
T temperature, [ space dimensionality (/= 3) and
mn effective mass for electron. In Fig. 2, the poten—
tial distribution and electron distribution in the
poly—gate region of a MOS structure are shown, ob-
tained from numerical simulations that are execut—
ed throughout the three regions of the MOS strue—
ture (explained in Appendix A). The poly—gate is
uniformly doped. The filldike” non-uniform dis—
tribution of electrons unmistakably demonstrates
the QM effects because it reflects the wave nature
of electrons and the boundary conditions required
by Poisson equation and Schrodinger equation'”.
The QM effects substantially alter the potential
distribution from the classical case and need to be
modeled. T he rest of this section introduces an ap-
proach to compact modeling the QM effects in
poly-gates.

Starting from the DG formulation in Egs. (3),
(6), A% is related to ¥ in the following manner

(specific deduction is carried out in Appendix B):
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Fig. 2 Potential distribution, quantum potential distri-
bution and electron distribution in poly-gate with N puy
= 10"em™ Y, Nun= 10%em™?, and tm= 1.20m  Solid
line stands for potential, dash line stands for quantum
potential, and solid dots stands for electron. The refer—
ence origin of the coordinate is the poly-gate/gate-ox—

ide interface, with to the left the poly-gate region and

to the right the gate-oxide.
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Due to the highly non-inear relations among n, ¥,
and A%, (see Eqgs. (5).(6). and Poisson equa-
tion) which lead to the noninearity of Eq. (7), it
is difficult to find the analytical solution to A%wm.
T hus, the following simplification is made which to
some degree decouples Eqs. (5) and (6) and makes

it possible to determine analytical solution:
/
h’ & Jn.
Ay = =X (8)

2gma Jna

where n« is the classical electron distribution. T he
error due to this simplification is compensated by
parameters c¢i and c2. introduced at the end of this
section. Then, with Egs. (6) and (8), Equation (5)
is substituted into the Poisson equation with the
approximation e =~ 1+ u, and the following differ-

ential equation for the electric potential results:

T‘l2 _ csiknT &‘U+ hzg ﬂ" 2+ W= 0
4lmy ksT qu\"p o’ 8lma kT3 O -

(9)
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With the gate contact as the potential reference and

[

.
e Eoss E‘le = 2g =

the boundary conditions &Ll v=0 =

0 with E. electric field in the oxide layer at the
poly-gate/gate-oxide interface, the potential profile
at right side of xo(shown in Fig. 2) is determined

from Eq. (9):

2

En -
5 — >< ox
Y(x) = a x + rea E + b (10
X 2T *nin ksT
with a = - 3 , and b = -
hg q
dman (keT) e _
m e( 3,“J ) . Therefore, in the quantum case, the
h q JI\ P
voltage drop in poly-gates, Vo, equals — Al X

E& — b.The relation between Eu to Vyis straight—
forward and Vi is obtained with the following ex—
pression:

2

Cl'lk el
Vi= = 4% X(Ve= Vin= Vs+ b)°= b (11)

with Ves flat-band voeltage and Vs surface potential
in the substrate. With Eq. (11), ACi. ACY, and
AV are determined by the following equality:

they are replaced by a" and b’ where a'= ¢1 Xa and
1.36

(Cox + ACWVe+ ACL)(Ve= Vu— AVH) =

CoVe= V= Vo) (12)
Therefore, ACi, AC, and AV are obtained:
AC), = ﬁi{ (13)
AV = - 4((;; X (b= Vs= Vi)’ +
b+ E‘ ’ 1+ FL (14)
ACS, = 2(;; X b= Ve Vin+ ‘;" (15)

As is shown, AC% and ACu reflect the gate-hias-de—
pendence nature of the QM effects in poly-gates.
The compact modeling for the QM effects in poly—
gates based on the GCS approach has been general-
ly established. However, due to the simplifications
made in Eq. (8),a and b are not adequately precise
although they are roughly correct in terms of the
order. In Fig. 3, the potential distributions with dif-
ferent N b, NVpoy, and te are shown. It is conclu—
sively demonstrated that @ and b change with de-
vice parameters. Therefore, in this compact model,

b'= ¢2 X b, and the relationship between them and
1.36
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Fig.3
em” Yy N o= 35X 10%m ™ s Nan= 10%em”
a gate bias Ve= 0.8V

Potential distribution, with different poly—gate doping, substrate doping, and oxide (N py= 10%
LN an= 6X10%em™ Y= 12X 10" Tem, toe= 2X 10" "em) at

The reference origin of the coordinate is the poly—gate/gate-oxide interface,

with the poly-gate region to the left and the gate-oxide to the right.
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the device parameters should be determined. The
relation between the acuteness of the QM effects to
N . is weak as is shown in Fig. 4(see numerical re—
sults), for the curves with different N.w have al-
most the same slopes, indicating the same acute-
ness of the QM effects. On the other hand, the a-

cuteness of the QM effects is strongly dependent

12F
L =1.2nm Nooly= 10%m™?
4 10F + Numerical without QM in poly
8§ | + Numerical with QM in poly
gc sk -Analytical with QM in poly
o
-§ b
i M3
S 2t
D L

01 03 05 07 08 11 13
Gate voltage/V

Fig. 4 Carrier density, with o= 1. 2nm, N oy =
10°cm™ ¥ and different substrate doping (Nun= 5
X107 em ™, Nuw= 10%em™* and Nuw= 6 X 10"
em” ) Solid symbols represent numerical results
with QM in the poly—gate and hollow symbols rep-
resent those without QM in the poly-gate. Solid
lines stand for analytical results with QM in the

poly-gate.

on N poly and fox, as is shown in Figs. 6 and 7(see nu—
merical results). Therefore, the following relation-
ships between e1, ¢2 and N poy, tor are developed:

N poly

i

- 2.3254

c1= ‘ 0.7962+ 1.2307 X 10” X

X

1 0.00109 + 0.04653 X e /3% (1)
= (0.3971+ 0.4964 X 1) X | _ g7 0793 +

N ol
i

6.777 X Ig’ Nr;‘j“"‘ ~ 0.12599 X ’ le

(17)
with N oy and niin dimensions [ 10”cm™ ], and tox in
[nm].With Eqgs. (16) and (17), the compact model
for the QM effects in poly-gates has been com-
pletely developed. In Fig. 5, the relation of AV to
N iy is presented, which clearly indicates the heav—
ier the poly doping, the more acute the QM effects

are. The analytical results are then compared to the

100F o
80F o
= o
£
wl
40fF o
20F o
0 2 4 6 8 10
Poly doping/10%eai™

Fig. 5  Threshold voltage shift versus poly-gate

. . 18 -3
doping, with Nun= 10"em”™ " and tos= 1. 2nm.
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B .
5 6 510"Car”
5
E 4t
] 2k
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Gate vnlfageN

Fig. 6 Carrier density, with fe= 1. 2nm, Na= 10%
em”™ ¥ and different poly-gate doping (N py= 5% 10"
em’ ], N paly = 10" em” ", and Nply= 3 X 10"em” ")

Solid symbols represent numerical results with QM
in the poly—gate and hollow symbols represent those
without QM in the poly-gate. Solid lines stand for

analytical results with QM in the poly-gate.

numerical results (the explanation for how to ob-
tain the numerical results are given in Appendix
A) with different N b, Npoly, and tox, shown respec—
tively in Figs. 4, 6, and 7. The numerical results
without the QM effects considered in poly-gates
are also shown. It is concluded that: (1) this model
has satisfactory accuracy with an average relative
error below 3%;(2) the QM effects are non-negli-
gible in nanoscale MOSFET s where channel doping

is heavy and gate-oxides are ultra-thin; (3) the QM

effects result in a gate—capacitance shift, linearly

dependent on gate bias; (4) the QM effects result
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Fig. 7 Carrier density, with N o= 10%em™ >, N
= 10%em™?, and different oxide thickness (te =
1. 2nm., tex= 1. 6nm, and te= 2.0nm)  Solid sym-
bols represent numerical results with QM in the
polv-zate and hollow symbols represent those with-
out QM in the poly-gate. Solid lines stand for ana-

Iytical results with QM in the poly-gate.

5 Conclusion

In this paper,a newly developed approach, the
GCS approach, is presented for compact modeling
of the new physical effects in nanoscale MOS-
FETs. Subsequently, it is applied to develop a com-
pact model for the QM effects in poly-gates on the
basis of the DG formulation. It is concluded that
the QM effects are non-negligible in nanoscale
MOSFETs and have an opposite influence on the

device characteristics as the PD effects do.
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Appendix A

In this appendix, the extensive explanation is
made for numerical simulations throughout our
work that are executed by the software DESSIS in
ISE 8.0. Simulation regions include the three re-
gions of a MOS structure, i. e. poly-gate, gate-ox-
ide, and substrate. The five partial-differential-e-
quation (PDE) set implemented is shown as fol-
lows including Poisson equation (A1), continuity
equations (A2, A3).and equations from Boltzmann
statistics (A4, AS)

A(EK’) + q(p— n+ Ni—- Ni)= 0 (Al
oo
A(.u,.n Ar.] t oyt = 0 (A2)
N .
Hon fﬁ?) 2-r=0 (A3)
V- k“Tln e b+ AVon.n= 0 (A4)
g  ni
oo BT P by av =0 (AS)
qg  ni
with quantum potentials A¥ou.n = —7— X AX
dn
.h2 —
< X d .
:4£qmn A n. and Allui,)l{.p = Jr[T X &X
h’

< X ! arv o —
| dlgm, A P. . Before the boundary condi

tions for quantum potentials are discussed, the

smoothed potential (take electrons as example)

ksT Ne¢

b= Ec/q - g Xy

A% .. (with the con—

rel
duction band energy Ec, the conduction band edge
density of states N ¢, and an arbitrary normalization

constant Nr) is introduced. With it, the quantum
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potential can be rewritten as:

_ K
ﬂ{pu.\l_n = Alm. [ Ax q/kuT{ gﬂ - g’ +
¢/RT( k- Ef] (A6)

At ohmic contacts, resistive contacts and current
contacts, the boundary condition A% . up = Ois im—
posed. At all other contacts and external bound-

aries homogeneous Neumann boundary conditions
are used, n[q/ksT( ﬁ— g}] = 0,with nnormal
vector on the boundary. At internal interfaces,

®Pand An[q/ku?'( gﬁ - g)] must be continuous.

Appendix B

In this appendix. the deduction from Egs. (5)
and (6) in the main text to Eq. (7) is presented.
From Eq. (6), the quantum potential in 1D case
can be expressed as:

hz *
4lgma

n ., 1 In 1]
v 2T &’ n!

Aoy = =

On the other hand, from Eq. (5) the deriva-
tives of n are deduced as follows:
a!l+ AV
fos ov

_a_zﬂ _Agqn . _q 3!’ a&%.\.‘ :

a2~ kT Nkt Xt a7t

EFUJ 52;5“)0.\1
Tt &

Substituting Eqs. (B2) and (B3) into (B1),
the following equation is obtained:

R’ a’a%u + ‘hzq v ail‘ % oAYom _

Alm, ksT o’ dmn ki T? 7 o &
h’g ol 4l R’ oy

C8lmi T ) T alm kT N 2

o qn
o~ kT

(B2)

| (B3)

AWy + =0

(B4)
This is Eq. (7) in the main text and therefore

the deduction is finished.
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