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Abgtract : A new two-dimensional (2D) analytical model for the threshol d-voltage of fully depleted SOl MOSFETsis
derived. The 2D potential distribution functionsin the active layer of the devices are obtained through solving the 2D

Poisson’ s equation. The minimum of the potentid at the oxide S layer interfaceis used to monitor the threshold voltage of
the SOI MOSFETs. This modd is verified by its excelent agreement with MEDICI smulation usng SOl MOSFETs with
different gate lengths,gate oxide thicknesses,slicon film thicknesses ,and channd doping concentrations.
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1 Introduction

Recently there has been an increasng interest
infully depleted SOl MOSFETS" because of their
inherent immunity to the kink effect'™ nearly ideal

sub-threshold voltage swing™®

,and immunity to
the short channel efect'™. Many related models
have been reported. The 2D Poisson’ s equations
have been slved for both dlicon film and buried
oxidein Refs. [5,6] ,and thus the minimum poten-
tial has been obtained. The threshold voltage is de-
fined as the gate voltage at which the minimum po-
tential is capable of sustaining the fully depleted
channel region. However ,the Green function tech-
nique is used in olving the Poisson’ s equations,
thereby involving infinite series and increasing the
computation complexity. These models are not
suitable for circuit smulation. Young' s model'”
proposed the parabolic function distribution of po-
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tential in the active layer for the first time. Some
other models were reported® *! using this as
sumption. Too many fitting parameters and experi-
mential equations were used in Ref. [8] ,with the
result that the model is hard to understand and has
lost physical meaning. In Ref. [9] the threshold
voltage was defined as the gate voltage at which
the minimum of the surface potential equals the
Fermi potential of the channel region. This is not
cond stent with normal conditions and will lead to a
lower threshold voltage. In Ref. [10] the 2D Pois
son’ s equation was lved in the active layer to ob-
tain minimum potential distribution. The potential
at the front interface between the gate and slicon
films was defined as the gate voltage minus the
built-in voltage of the Schottky barrier at the gate.
This boundary condition is not accurate for SOI
MOSFETSs. The threshold voltage was defined as
the gate voltage for which the minimum of the po-
tential was zero. This is not accurate because at
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threshold voltage the minimum of the potential
may be far from zero.

In this paper ,an analytical model for fully de-
pleted SOl MOSFETSs is proposed. The parabolic
function distribution of the potential in the active
layer is adopted. The potential distribution at the
front surface of the channel is derived. The results
of this model closely agree with MEDICI smula
tion.

2 Theoretical mode

2.1 Potential digtribution analysis

The schematic structure of a fully depleted
SOl MOSFET is shown in Fig. 1. Before the onset
of strong inverson,Poison’ s equation in the ac
tive layer can be written as

AUy |, AUy _ GNa
dx® dy2 €g
0<x<Ts,0sy<sL (D)

Substrate

Fg.1 Cross sectionof an nrchannel SOl MOSFET

where gisthe electron charge and N i s the doping
concentration in the channel region. Because the
dlicon film thickness is small ,the doping concen-
tration in the channel region is assumed to be uni-
form. Here€ s isthe permittivity of the sliconfilm,
Ts is the thickness of the slicon film,and L isthe
channel length. When the drain voltage Va4 is small ,

-1+ G/IC+GICGMW(Y) + (G/Cy + G/ CG)Vygar + Vi

the x-dependence of Y (x,y) can be approximated
by a dmple parabolic function:

Wix,y) =Pi(y) + k(y) x+k(yxX (2

wherel) isthe potential distribution function at the
interface between the gate oxide and dlicon film,
and k (y) and k- (y) arefunctionsof yindependent
of x. Thefunctions ki (y) and k- (y) can be deter-
mined by the following boundary conditions:

P(Ts,y) =Ws(y) (3

-dJJ—(-X-JL)- :SJX XL.uL(J)'—VQLdl (4)
dx x=0 £y Trox

db(x,y) :SJx xhnﬂ;w_b_(_l)_ (5)
dx x=Tg €g Thox

whereW, (y) is the potential distribution function
at the bottom interface between the slicon film and
buried oxide layer € ox is the permittivity of the bur-
ied oxide layer ,and Vgar and Vet are the effective
voltages of thefront gate and back gate respective-
ly ,which are given by

Vgai = Vg - Ve (6)

Vgt = Ve - Vb (7)

where Vg is the gate voltage,Vw: is the flat-band
voltage between the gate and channel ,and Ve is
the flat- band voltage between the channel and sub-
strate. Vet and Vb are given as

Vi = Kpp NoDa A (8)
q n
_ ﬂwh
Vb = q In[ NCJ (9

where k is the Boltzmann constant , T is the abso-
lute temperature,n is the intrindc carrier concen-
tration,Ng is the doping concentration of the poly-
slicon gate,Nsb is the doping concentration of the
substrate, and A is afitting parameter.

Equations (3
ke (y) and ke (y) .

ki (y) :%‘;x‘“‘ﬂ)ﬁm (10)

9) can be used to determine

ke(y) =

T4 (1 + 2Cs/ G)

(11)
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Substituting Eq. (2) into (1) yieldsthe differ-
ential equations:

d dyzl - o (y) =B (12)
_ 21+ G/ + G/
= R 20 o (13
_ | ONan / + G/ Vget +V
P _[Es 2 T4 (1 + 2Cs/ Go) n
(14)

where G =€/ Tiox iS the front gate oxide capaci-

&f_ B + Vg +B:/0s - (qscx +Bf/a] exp (-

tance,Cs =€ s/ Ts is the slicon film capacitance, G
=€ ox/ Twox IS the buried oxide layer capacitance ,and
N isafitting parameter. Equation(12) can be solved
by using the following boundary conditions: s (0)
=Ps P (L) = Vas + Py, where Py is the built-in
potential across the body-source junction ,and®s =
KTIN(Nen Nes/ 7))/ g.Nas i the doping concentration
of the source and drain. Thens (y) can be solved

by

W (y) =-

o 4 +Buag sh( diL) -

o 2sh( @i L)
B - Vs - Be/os + (B +B:/0s) exp (-

ﬂm)exp(- di(L-y) +
d: 1)

2sh( diL)
2.2 Threshold voltage

The position of the minimum front surface po-
tential can be obtained by solving the equation
dpi (y)/dy = 0. It isgiven by

Yo J_ R
Yo b
In{d)‘” +B:/0; - (s + Ve +B/a) exp(- .ﬁLJ
B + Vs +Be/0 - (B +Be/0r) exp(- diL)
(16)
Substituting Eq. (16) into (15) can give the value
of the minimum front surface potential :

lIJf,min = '(%L"'Z{[d%x +&L' (d%, +Vds+&L) X
f O

ﬂgy)

Figure 2(a) shows the potential distribution at
the front surface between the gate oxide and slicon
film. The dashed lines represent the potential dis
tribution at a small drain voltage (0. 05V) ,and the
wlid lines represent the potential distribution at a
large drain voltage (1V) . When the drain voltageis
large,a small error will be introduced by the 2D
effect ,which affects the surface potential but not
the threshold voltage model becauseit is based on a
small drain voltage.

Compared to devices with

exp (- (15)

long channel
length ,the devices with short channel length have
a higher potential minimum. This reduces the chan-
nel barrier. So a short channel device has a smaller

exp (- * o threshold voltage. As the drain voltage increases,
f f
the potential minimum and the channel barrier are
exp (- if L/2) . . . .
exp(- ML) ]}”2 (17) reduced. This effect iscalled drainrinduced barrier
- exp(- 2 @iL)
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Fig.2 (@ Cdculated front surface potentia distribution The device parameters are: Tiox = 10nm, Ts =100nm , Tox =

320nm,Ne =1 2 x 10" cm 2. The substrate hias is OV. The dashed lines show the data for Vg = 0. 05V ,and the solid
linesfor Vg =1V ; (b) Calculated location of potential minimum as afunction of channel length;(c) Calculated location of
potential minimum as a function of drain voltage
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lowering (DIBL) .DIBL in short channel devicesis
more evident than in long channel devices as shown
in Fig.2(a).

For long channel devices,exp(- @f)"%L) <1.
When the drain voltage is small ,the second term of
Eqg. (16) is approximately zero ,and yo= L/2. That
means the potential minimum occurs at the center
of the channel for devices with large channel length
(see Fig. 2(a)).But thisis not true for devices
with short channel length because of the short
channel effect (SCE). As the drain voltage increa
ses and channel length decreases,the second term
of Eq. (16) cannot be omitted. The location of the
potential minimum gets closer to the source (see

Figs.2(b) and (c)).

The threshold voltage can be defined quantiter
tively as the gate voltage whereWs mn becomes 2@y,
Here ®; is the Fermi barrier and can be given as

b = J‘Iln[ﬂdﬂ (18)
q n

For devices with a large channel length,the
second term of Eq. (17) is approximately zero. The
following equations are obtained by substituting
Wr min = 2Pp into Eq. (17) :

Be _
o = 2% (19)

Solving Eq. (19) can give the threshold voltage of
devices with large channel length.

_ ONa T5(1 +2C3/C) - 25V +4%€Es(1+ G/ Cs + G/ C)
Vi = Zs(G/Cs + G/ G) * Ve (20)

For deviceswith small channel length ,the sec-
ond term of Eq. (17) cannot be omitted. The fol-
lowing approximation is used:exp (- @)"’L) <1,
1- exp(- @¢)Y?L)= 1 and thefollowing equations
are obtained:

a=1-4dexp(- diL) (21)
b = Armn - 8exp(- .UEL) b -
dexp (- @iL) Ve (22)
c= Amin - 4(R + BV exp(- diL) (23)
g= - b+ Jif - 4 (24)
2a

B _

o = d (25)

The threshold voltage can be obtained by solving
Eq. (25) . Notice that Eq. (25) resembles Eqg. (19) ,
except for the right side. Substituting Eq. (21) into
(24) andWs min = 2Py, P, = - d/ 2 into Eq. (20) ,the
threshold voltage of devices with small channel
length can be obtained.

3 Moded verification

The threshold voltage versus gate length for
different gate oxide thicknessesisplottedin Fig. 3.
The threshold voltage decreases with the decrease
of gate oxide thickness because the coupling be

tween gate and channel is greater for devices with a
thinner gate oxide. And the dependence of the
threshold voltage on gate oxide thickness is re-
duced when the gate oxide is small. Therefore a
thin gate oxide is more attractive in practice. But if
the gate oxideistoo thin,aleakage current may oc-
cur because of the tunneling effect. A material with
a high permittivity can prevent leakage current
while retaining a small equivalent oxide thickness
(EOT).

038
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0.5

. 04

X 03
02

0.1
oH — Analytical model
01 ® MEDICI

A L

i i
0 0.5 1.0 1.5 2.0
Lipm

Fg.3 Threshold voltage versus gate length for differ-
ent gate oxide thicknesses The device parameters are:
Tg =100nm, Teex = 320NM, Nen =1 2 x 107 cm’® Vs =
0. 05V.

The threshold voltage versus gate length for
different dlicon film is plotted in Fig. 4. The
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threshold voltage of devices with smaller slicon
film thicknesses is lower than that of the devices
with larger slicon film thicknesses. Thisis because
thereis less charge to be coupled by the gate for
the devices with a small slicon film thickness. It
also shows that the dependence of threshold volt-
age on slicon film thickness is small when the de-
vices have a thinner dlicon film. It seems that the
silicon film should be thin enough. In practice,if
the dlicon film thickness is less than a critica
thickness ,tunneling will occur. Compared with the
devices that have athick dlicon film ,devices with a
thin slicon film must have a higher channel doping
concentration to fulfill a given threshold voltage
requirement.

051
7,=100nm
04
L T5=50nm
0.3 - -
g 02y T,=20nm
01f = -
0 -
o1k ~—— Analytical model
) = MEDICI
_0 2 L i 1 1
0 0.5 1.0 1.5 2.0
L/pm

Fig.4 Threshold voltage versus gate length for differ-
ent dlicon film thicknesses
are: Trox = 10nm, Tox = 320nM, Nen =1 2 x 107 cm™? |
Vs =0 05V.

The devices parameters

The threshold voltage versus gate length for
different channel doping concentrations is plotted
in Fig. 5. It can be seen that the devices with a
higher channel doping concentration have a higher
threshold voltage ,and the dependence of threshold
voltage on channel doping concentrationislargefor
these devices. S0 there must be a tradeoff during
the course of device design.

4 Conclusion

In this paper an accurate threshold voltage
model for SOl MOSFETSs has been proposed. It in-

Ng=1.2x10"cm"

—— Analytical model
®m MEDICI

i i

0 0.5 1.0 1.5 2.0
L/ipm

Fg.5 Threshold voltage versus gate length for differ-
ent channel doping concentrations The devices param-
etersare: Tox = 10nm, Teox =320nm, Tg =100nm Vs =
0.05V.

volves only two fitting parameters. This model has
been verified by comparison with smulation results
for the devices with different gate oxide thicknes
ses, dlicon film thicknesses, and channel doping
concentrations. The smulated data agree closely
with the predictions of the model. This model has a
simple function form and has no complex mathe
matical computations such as infinite series. It is
easly to be embedded into circuit desgn software
and will play an important role in device and
process design.
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