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Analytical Charge Voltage Model in MOS Inversion
Layer Based on Space Charge Capacitance
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Abstract: The concept of Space Charge Capacitance (SCC) is proposed and used to make a nov-
el analytical charge model of quantized inversion layer in MOS structures. Based on SCC, con-
tinuous expressions of surface potential and inversion layer carrier density are derived. Quan-
tum mechanical effects on both inversion layer carrier density and surface potential are exten-—
sively included. The accuracy of the model is verified by the numerical solution to Schrodinger

and Poisson equation and the model is demonstrated. too.
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1 Introduction

The 2-Dimensional nature of the inversion layer carrier in MOS structure is well-

1.2 . . \ . , .
known'"* and the Quantum M echanical Effects (QMEs) on MOS structure’s behavior
have been extensively studied by numerical survey by self-consistent solution to

¥ experimental investigation'” and analytical modeling

Schrodinger and Poisson equations
study'?. Among all the studies, analytical models are used to clarify the physical princi-
ples underlying QMEs on MOS devices characteristics. In Reference [ 6], the authors at—
tempted to model the intrinsic capacitance of an inversion layer considering the finite
charge layer thickness based on the numerical calculation results and have presented an ex—
plicit charge-voltage expression in MOS inversion layer. However, the threshold voltage
shift effect due to the QMEs'” was not considered in their model, nor was the surface po—
tential which has experienced a significant change in respect to the semiclassical descrip—
tion'”". In Reference [ 8], QMEs are involved in the compact model based on the experi—

mental results of Reference [ 9]. However, the calculation of surface potential and charge
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density needs iteration so that the application of the model is limited. In Reference [ 10],
an analytical charge model is presented based on the model in Reference [ 9]. However,
the whole model was developed in a semiclassical frame but not like a physical model be-
cause of the effects of threshold voltage shift, inversion layer thickness and the increase in
depletion charge density due to the increased surface potential.

In this paper, a newly developed, closedform comprehensive charge-voltage model of
M OS inversion layer is presented. A new concept of Space Charge Capacitance (SCC) is
proposed as the base of the model. Explicit expressions are derived considering the surface
potential, the inversion layer’s charge sheet density from depletion to weak and the strong
inversion with smooth transition characteristics. QMEs are involved in the model in three
aspects: threshold voltage shift due to QM Es, following our recent work'”', the finite in—
version layer thickness, and the increase in depletion layer charge after the strong inver—
sion point due to increased surface potential. The latter two aspects are modeled on the ba-

sis of numerical results of self-consistent solution to Schrodinger and Poisson equations'’'.

2 Model Description

The base of the development of new model is the concept of Space Charge Capacitance
(SCC), which is defined as:

Caurge = (Qine + Q1) /(Qine/Civ + Qu/Ca) (1
where Qiwand Qu are carrier sheet density and depletion charge sheet density, respective—
ly. Ciw and Cuep are inversion layer capacitance and depletion layer capacitance, respective—
ly. The physical meaning is the overall capacitance of the space charge region in semicon-
ductor. It consists of two parts: the inversion layer capacitance Civ and depletion layer ca-
pacitance Cip. But the two capacitors are neither parallel nor serial connected since both
the total charge and total potential are the sum of the two components.

Thus, the total gate charge of MOS structure can be given as:

Ceae = CoxCoharge/( Cox +  Ceharge) (2)
The surface potential is:
P = CoViue/(Cox + Cotarge) (3)
The inversion layer charge density is:
Qinv = CoxCohurgeViue/( Cox + Coharge) — Quep (4)

In order to get rid of the coupling of Eq. 1 and Eq. 4, Qi in Eq. 1 is approximated by:
Qin= CoxettVgstett With Coxeti= CoxCine/( Coxt Cin) . Vgt is given in Ref.[ 11].
The next step is to accurately model the inversion charge capacitance Cin. The inver—
sion charge capacitance is given by:
Civ = €6si/X e (5)
where X is the inversion layer thickness.
According to the numerical results by solving Schrodinger and Poisson equations self-

consistently, the inversion layer thickness is modeled as:
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Xa= (bi+ bEw)/(bs + Eu) (6)
where the unit of Euris MV/em. bi(5.047), b2(0.771) and b3(0. 113) are determined by
fitting the numerical results. Eurin Eq. 6 is the effective electric filed given as below:

Eit= (Van+ (V= Vin— ®))/(2T) (7)
where Vi is the threshold voltage, Vs is the flatband voltage and ¢y is the surface potential
at the threshold point. T« is the gate oxide thickness. The coefficient & in Eq. 9 is chosen
as 8. Vuxis given by Ref.[6]:

Vax= MIn(1+ exp((Veue — V) /M%) (8)
where 1 is the subthreshold swing parameter, ®is the thermal voltage.
The numerical and model results of X a are shown in Fig. 1 with respect to E«r. The u-
niversality of Xa with respect to Eur with different substrate doping levels (from to 10"
em” " to 3X10%em ™) is clearly shown in the Figure 1.

Usually. both the surface potential

and depletion charge increment after o[
) E
. . . . E
strong inversion can be omitted in the 3 ®f
= ) ) s L 0 New=10"cm®
conventional analytical models. Howev— % v Naw=3x10"cm®
£ o o Nuw=10" em®
er, the thickness of quantized inversion 5 st o MNuw=3210" cm®
. . e A Nup=10"cm®
layer is larger than that of the semiclas— 3 ' T a4 Naw=3-10"cm’
g al o —— Model Results
sical one, and as a result, the surface 7z | <
L. . z
potential increases more than the semi— = L
. 171 . o S SR SRR TS T
classical counterpart'”. Consequently, 0 s 10 5

the depletion charge increases at the Er/(MV:-cm)

same time. The increment in the deple-
tion charge after strong inversion is FIC Inversion Laver Thickness with Respect to Effective

Electrie Filed. Symbols represent numerical results by self-con-
modelled below. . . ] . . ] .
sistent solution of Schrodinger and Poisson equations. Line rep—

Since the total depletion charge is o -

: resents model results. Eer is Ziven I1)’ |',(|. 7 in the content.

directly related to the surface potential

induced by the depletion charge ® i as below:

qu\ = \'II 2E0€:ai(k_ drp/[ qof\'r :&ll]r) ( 9}
where N is the substrate doping concentration, go is the electron charge, so that we can
model the overall ‘i?_ dep 281

d_?_ dep = (k_ weak + (k_ ine ( ]0}

where @ . is the surface potential before strong inversion in conventional model:

d.?_ weak = | | ;'I:'JE - 4V ek = b /2_ - (11)

f
with b= 2N .wqo/€6T w/6si0,. In Eq. 11, Vi vek is given as:

T
5

Ve war= [ = UfP= ViVa (12)
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with f= 0. 5( Vet (1+ 8) V). 6 is a small quantity.
Based on the analysis of the underlying physics and the numerical results, the addi-
tional increment in surface potential due to the depletion charge can be modelleds as:
P e = ai( CeneVir/Queno) /(1 + a2CiucV s/ Quero) (13)
where Quois the depletion charge at the strong inversion point. Ceue is obtained from Eq. 2
by omitting the influence of @ . a1= 1.55 and a2= 10 are determined by fitting the model
results with the numerical ones.

The modelled depletion charge Qe

(Eqg. 12) and the numerical results by
NYNCEY BN SNE SR o ] )
pF _ solving Schrodinger and Poisson equa-
£ !v'f' Symbaols: Numerical - -
72 2 Sl Lines: Model tions are shown in Fig. 2. It is shown
& 3 L4 m -

o _Dashed Lines. Conv, that within a wide range of the sub-

strate doping levels (from to 3 X 10"

ey Tt 3310 em

em *to 3X10%em™?) and gate oxide

e sne s sntimssms 3710 Tem” thickness (from 1. 5nm to 7nm), the

0 1 2 3 4 5 5 model results are coincident with the
Gate Voltage [V

Depletion Charge Density jem”

numerical ones very well. Also shown

are the conventional model omitting the

FIG. 2 Depletion Charge Density with Respect to Gate Volt— 1 ¢ o0 o ¢ (;L:;_ e (Tt is useless to take

age. Symbols stand for the numerical results while solid lines for .
) o the threshold voltage shift due to
model results. Different symbols are for those with different gate

oxide thickness. Symbols with different interiors are at different QM Es into consideration during the
substrate doping levels, as indicated in the Figure. Conventional calculation of conventional model re-
model results without consideration of the increment of depletion sults ) It is clearly indicated that at
charge after slrowg thy atashedhlinelsbor comparison. high substrate doping levels, the errors
induced by the omission of the influence of P i are non-negligible.

The threshold voltage in the above calculations are comprised of a conventional

. . . 51 .
threshold voltage term and an additional quantum mechanical shift term'” given by:

thl - Vth_ comv + Vlh_ shift ( 14}
with:
Vi = Vin+ B+ ¥ \"I(ko (15)
and: . .
Vo wn= ad (. L [ 06N (16)

2Cox ~ RIn(N.w/ni) |
where ni is the intrinsic carrier concentration. The surface potential increment term A®" is
given by:

AEx + E

in which AEw_ is the density-of-states term and E o is the band gap widening term'”

and
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given respectively by:

AE.\ . kﬂ T1In[ N N[m/N {'{'lil.‘.‘] ( ]8}
i ' e | 13 REZ
Ew= 2mi Sﬂ(;r}f‘x ( ]9}

where N cm and N cluss are the quantum mechanical and semiclassical Surface Layer Effective
Density-of States (SLEDOS) respectively!”, F. is the surface electric filed at threshold
voltage.

Though the concept of Space Charge Capacitance (SCC) is applicable in all bias re—
gions in MOS structures, it is of no sense to model the inversion layer thickness or the
overall SCC in the depletion and weak inversion region. Alternatively, we adopt the well-

. - . . 11
known formula for carrier sheet density in a sub-threshold region''":

[ J—— Deesn an/(2%0) Pexp( (Ve = Vo= Vor) /(1)) (20)
where Vi represents the small difference between the threshold voltages in the strong in-
version and the subthreshold regions.

In order to get a unified formula for the charge sheet density from subthreshold to the

strong inversion region, we introduce the effective gate voltage as:

Vg:-lrlT

2”@]’1 1 + exp Vu:m- - (k - Odr:s/Cux‘ ‘

| 2nh L
B 2 v B~ Qun/Cor — 2V V= Vo) (20

. 2 =0 gale — i dep, ox gale — th = off
b+ 20Co J gocoesilV b P 2
Then, the inversion charge density can be expressed as:

Qin\' = Cu\ Vusll'ﬂ’ [ 22}

3 Model Results and Discussions

The calculated surface potential of the model is shown in Fig. 3 together with the nu-
merical results. Different symbols represent different substrate doping levels and different
gate oxide thickness in numerical results. Solid symbols are the substrate doping concen—
tration of 3X10em™’, while empty symbols are that of 3X10"em™ %, and symbols with
cross inside are that of 3X10"em™ . Squares represent the results with gate oxide thick—
ness of 3nm, circles 5nm and triangles 7nm. Lines represent the model results indicated in
the legend. For comparison, results from the conventional model are also shown in the
Figure by lines with asterisks on them, not considering the inversion layer thickness and
the depletion charge increase after strong inversion. The threshold voltage shift effect due
to QMEs is included in the conventional results.

It indicates that in a wide range of substrate doping levels and the gate oxide thick—
ness, the model results are satisfactorily coincident with the numerical results. It is also
shown that even if the threshold voltage shift is included, the conventional model could

have significant errors in the strong inversion region. The large increment in surface po-
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e tential is due to the finite inversion layer
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FIG.3 Surface Potential of Inversion Layer in MOS Struc-
ture with Respect to Gate Voltage. Numerical results with dif-

ferent gate oxide thickness and substrate doping levels. Lines

are model resabte sHovan dot ibinek nvothelaseeniks.

the model are demonstrated in the Figures.
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thickness (even larger in the quantized
inversion layer) and the increment in de-
pletion charge density. As far as we
know, no such an analytical model of
surface potential has been developed by
accurately considering the two effects in
the quantized inversion layer.

Inversion carrier sheet densities in
linear and logarithmic scale are shown in

Fig.4(a) and (b), The

meaning of symbols and lines are same as

respectively.

that in Fig. 3. The high accuracy as well

as the smooth transition characteristics of
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Inversion Layer Carrier Density in MOS Structure with Respeet to Gatle \"nllagr,

Lines are model results. (a) linear scale. (b) logarithmic scale.

4 Conclusions

The concept of Space Charge Capacitance (SCC) is used to build up a new

analytical

charge model of quantized inversion layer in M OS structure. Analytical formula for inver—

sion layer thickness and depletion charge density are derived from the physical analysis and

numerical data fitting. Explicit expressions of surface potential and inversion layer carrier

density are given which have smooth transition characteristics from depletion to weak and

strong inversion regions. Surface potential increment due to the finite inversion layer

thickness and the depletion charge increment has been analyzed. Model results are com—

pared with the numerical data by self-consistent solution to the Schrodinger and Poisson e—

quation and the high accuracy of the model is verified.
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