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C-V Characterization in MOS Structure Inversion Layer
Including Quantum Mechanical Effects

MA Yu-tao( B %), LIU Litian( X|#X) and LI Zhi-jian( 455 %)

(Institute of Microelectronies, Tsinghua University, Beijing 100084, China)

Abstract A simplified method to calculate the band bending and subband energy is presented to
investigate the Quantum Mechanical Effects (QMEs) in MOS structure inversion layer. The
method is fairly unique compared with the published methods in the reversed nature of the itera—
tion procedure. It has high efficiency and good convergence characteristics. Gate capacitance in
MOS structure inversion region is formulated in both quantum mechanical cases and semi-classi—
cal cases and Quantum M echanical Effects on gate capacitance have been analyzed. Results of
different substrate doping levels are compared and the substrate doping concentration depen—
dence of QMEs on gate capacitance is studied. It is shown that QM Es lead to a substantial de—
crease in galte capacitance in the strong inversion region. Results of different substrate doping
levels indicate that the QM Es on gate capacitance are different substantially in the threshold re—

gion at different substrate doping levels but almost the same in the strong inversion region.
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1 Introduction

It is well known that the electrons of the MOSFETs inversion layer is actually 2DEG
with subbands, each of which corresponds a quantized energy level for motion perpendicu—
lar to the Si-Si0: interface, as is quite different from the semi-classical cases'"”. The
Quantum Mechanical Effects (QMEs) on the character of MOSFET have become more
and more significant with the scaling down of the modern MOSFETs'" . Since the pio—
neer work of van. Dort in 1994'”, many experimental and theoretical investigations have
been carried out on QMEs in M OS structure' ™ B

However, despite the importance of gate capacitance in MOS structure characteriza—

tion, QMEs on gate capacitance have not been thoroughly investigated. In this paper,
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based on a new model of carrier distribution in inversion layer for both quantum mechani-
cal and semi-classical cases, the gate capacitance, as well QM Es are formulated and the
results are compared with the semi-classical ones. Strong influence of QMEs on gate ca-
pacitance characteristics in strong inversion regions is demonstrated. T he substrate doping

level dependence of QM Es on gate capacitance is also studied.
2 Iteration Method Description

In this section, an iteration method based on the concept of Surface Layer Effective
Density-of-States (SLEDOS) is briefly presented.

The total electron concentration in quantized inversion layer is

Ne= 22 Ni= exp Erﬁ.—+q_?“ﬂ Y. . DiksTexp _,-'c ?‘ (1
i ! B | & 5 kT

in which D:is the 2D density-of-states for the subbands in the i-th ladder'". Eris the Fer—
mi energy level relative to the conduction band edge in bulk, Ej is the j+h energy level in
the i-th valleys and @ is the surface potential relative to the substrate.

The quantum mechanical Surface Layer Effective Density of States N cm is delined as

. - FEy
N g = Z Z DiksT exp knTJ (2)
then

' ¢

N.= N:-qmexp E'f—+,q_ (3}
- kel
The energy level under triangular potential approximation is
I 1/3| 3 _ | 2/3

E;= | 2mi ZTTQ'EJ{ ]+ 4 (4}

in which Euris effective electric field and given as

lr!‘ ;[1
Eur = g(N.+ Nu) (5)

€€
where N. and Na are inversion carrier density and depletion layer charge density, respec—
tively. M is the proportional coefficient.
In the iteration procedure, gate voltage is given as the starting point. The inversion
layer carrier density is initialized by
Nei= Cox(Veue = Vi) (6)
Then the Surface Layer Effective Density of States N e is derived by (2) and from (3) the
surface potential is given as
b= kT(- Ec+ In(N/New))/q (7)
and then
Ne= Co(Vie— P /g- N (8)
Thus one loop of iteration is implemented. Several more iterations are necessary to
achieve the reasonable accuracy.

In semi-classical theory, the inversion layer charge density is
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Er+( _ff\’exp—(ﬂda_ ﬂzll

ksT

dz (9)

N.= I‘n{z)clzz exp

In which Ncis conduction band effective density of states, Eris Fermi energy, @ and K z)
are surface potential and the potential at the distance of z from the interface.

The semi-classical Surface Layer Effective Density-of-States is defined as

a(® - ‘ﬂ
] » Neexpl — de
fb- kx| o w NPT Ty
‘N eelass = IN(FXP ;“]T I dz - __L‘ E( d} ( 10}
then,
Ei+ q®
N.= Newexp = (11)

E(9 in (10) is the transverse electric field in the space charge region. Numerical results
prove that in lower level of carrier density, N wis is nearly as constant as the carrier densi—
ty. while in high level region, N i is determined absolutely by carrier sheet density with-
out any interrelation with the substrate doping level. Using the method in [9], an analyti-
cal formula of N s versus N can be reached. In low level region, N s is represented as
a linear function versus substrate doping concentration N ciws( N <), while in high level re-
gion as a function versus carrier sheet density Nedas(N.). The method in [ 9] is then ap-

plied to connect two functions smoothly to get

Nt =f = Af7= Nt N o) N N2) (12)
f = 0.5(New(Nuw) + (14 8)Netun(N2))

in which & is a small coefficient to adjust the smooth degree between the two functions.

3 Gate Capacitance Model

In this section, MOS capacitance in the inversion region in both semi-classical and
quantum mechanical cases are calculated with the model developed in section 2.
The gate capacitance is given by:

_L gd(N.+ Nu)
Ce= 4y, v, (13)

In strong inversion region in quantum mechanical case, neglecting the dependence of

Naon gate bias, it is deduced from (3) as

AN
£ gy,
dNVew o dN. Er + q‘# Er + q‘b q de
= X r ogqm X
T an. Cav, P ger |t AVeexpl e S ay,

g AV cqm ’ Eq+ ad_?\ aN. g de

SN, P | I T ay, (14)

and from ( 8)

v, (15)
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Combining (14) and (15) to result in
qu ::Cms

2 . . AN cqm Er+ q‘# ‘
gN.+ ()ukaTI 1- AN, P L

Since Nem is an analytical function of E«r and then of N.(see Eq.(2) (4) and (5)),

formula ( 16) actually gives a straightforward method to calculate the gate capacitance

CcY" = (16)

which can be obtained from the results of the model in section 2.

In semi-classical case, the only difference is the Surface Layer Effective Density-of-
States. Expression of Ci""is readily available by replacing N in (16) by N .

In weak inversion region, it is necessary to consider the dependence of both N<and N
on gate voltage. The gate capacitance is expressed as two parts. One is the depletion

il . - _—
charge term C: and the other is the mobile charge term C: given as below

r s I‘ s 0
cg=i—Q‘iV=9—[—lde;“’=cg+ c (17)
B B

Neglecting the influence of carrier density on surface potential in weak inversion re-

. . . p . .
gion, the depletion charge term of gate capacitance C: in quantum mechanical case is the
same as that in semi-classical case. In weak inversion region, surface potential in depletion

approximation is given by [ 10]

¢ - ’ b + 4V, — b (18)
2
f
in which b= \.'I?.qfﬁif\" b/ €T ox/Eos.
Then the depletion charge is
Ni= 12geeN.u(®- &) (19)

It is straightforward to get Cs from (18) and (19).

Concerning the mobile charge term C:, the quantum mechanical one and the semi-clas—
sical one are different. The dependence of quantum mechanical carrier density on gate volt—
age is similar to that in strong inversion layer. The only difference is that in weak inver—
sion region, it is not very good for Nem to be a function of N. because of the small quantity
of inversion layer carrier density. It is better to formulate N as a function of surface po-
tential. Since in depletion approximation, the surface potential and the depletion charge
are direct functions of gate voltage, it easy to get the expression of N« as a function of
gate voltage. Thus we obtain a mobile carrier term of gate capacitance in weak inversion
region in quantum mechanical case.

In semi-classical case, inversion layer carrier density is given as
Ei -
N.exp| - = Q(ﬂ de
class L d
Niwear = f E(H (20)

where E(9D is given by (21).
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f
E(z) = F—iN-‘ e o dyy = o At dy) — by (21)

and the mobile charge term of gate capacitance in semi-classical case is given as

- qP

gN cexp| - £y '
c - knT de -
k= E(®) v, (22)

In this way, the gate capacitance is formulated in the whole gate bias range and in

both quantum mechanical and semi-classical cases.
4 Model Results and Discussions

The gate capacitance in the whole gate bias range (weak inversion region and strong
inversion region) is presented in Fig. I, Fig. 2 and Fig. 3. Different figures correspond CV
characteristics in different substrate doping levels. Gate oxide thickness is Snm and sub-
strate doping concentrations are 10°em™", 10" em™, 10"em™” for Fig. 1, Fig.2, and
Fig. 3, respectively. Flat band voltage is assumed to be zero in calculation.

As can be seen, the quantum mechanical one is substantially lower than the semi-clas—
sical one in strong inversion region. But they are almost the same in weak inversion re-
gion. It is because in weak inversion region, the surface potential is determined by deple-

tion charge and not influenced by mobile charge very much.
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FIG. 1 Gate Capacitance in Quantum M echani- FIG.2  Gate Capacitance in Quantum Me-
cal and Semi-Classical Cases in Inversion Region chanical and Semi-Classical Cases in Inversion
with Substrate Doping Concentration Region with Substrate Doping Concentration
of 10"em™’ of 107em™?

The influences of substrate doping level on CV characteristics are illustrated through
Fig. I to Fig. 3. It is obvious that the difference of the influences of QMEs on C-V charac-
teristics in different substrate doping cases mainly focuses on the threshold region. In
higher substrate doping case (e.g. 10"em™ " in Fig. 3), the QMEs on gate capacitance in
threshold region are much heavier, than that in lower substrate doping case (e.g. 10"

em” *in Fig. 3). On the contrary, in strong inversion region, substrate doping levels have
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little influence on QMEs in gate capacitance.

T =5nm

B T I'he underlying physical meaning of the

dependence of C-V characteristics on substrate

= m

doping levels is very simple QMEs on carrier
density and thus on C¥ characteristics are a

—Cinvelass
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Ve V ‘ region. In strong inversion region, mobile car—

rier concentration is much higher than deple-

FIG.3  Gate Capacitance in Quantum Mechani- tjon charge concentration, and the electric field

cal and Semi-Classical Cases in Inversion Region jg mainly determined by the mobile carrier den—

with Substrate Doping Concentration sity which is almost independent of the sub-

of 10%m™’ . .

strate doping level. But in the threshold re-

gion, the mobile carrier concentration is much lower than depletion charge concentration

and the electric field is mainly determined by the latter which is greatly influenced by the
substrate doping level.

The threshold voltage under the calculation conditions is about 1. 74V in Fig. 3. But
the difference of capacitance due to QM Es appears at the gate voltage of about 1.55V. It is
concluded that influence of QM Es on gate capacitance takes place before a certain point of
strong inversion. The difference of capacitance before the beginning of strong inversion is
caused by the mobile charge term of gate capacitance in weak inversion region described in

section 3.

5 Conclusions

Based on a new model of carrier distribution, the gate capacitance in M OS structure
inversion region is formulated in both quantum mechanical and semi-classical cases. And
the quantum mechanical effects on gate capacitance are analyzed. It proves that QMEs lead
to a substantial decrease in gate capacitance in strong inversion region. The QMEs on gate
capacitance are substantially different in threshold region for different substrate doping
levels but almost the same in strong inversion region. The influence of QM Es on gate ca—

pacitance before the strong inversion condition is also illustrated.
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