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ABSTRACT

An accurate analytical threshold model is presented
for fully depleted SOI which has a Metal-Insulator-
Semiconductor-Insulator-Metal  structure. The threshold
voltage is defined as the gate voltage at which the second
derivative of the inversion charge with respect to the gate
voltage is maximum. Therefore the model is self-consistent
with the measurement scheme. Numerical simulations show
good agreement with the model with less than 3% error.

NOTATION

V, : front gate voltage

b : back gate voltage

i © front gate flat band voltage
Vi : back gate flat band voltage )
dy, : surface potential in the Si film at the front interface
dy, ® surface potential in the Si film at the back interface
Fy, : electric field in the Si film at the front interface
E,, : electric field in the Si film at the back interface
Qg; : total depletion charge in Si film (=gN,tg)
Q, : total inversion charge in the Si fim
tg; : thickness of the Si film )
teoxs fhox + thicknesses of the front and back oxides
€, : permittivity of Si
€, : permittivity of oxide
V, : thermal voltage
T : absolute temperature
N, : acceptor doping concentration of Si film
& : absolute value of the bulk Fermi potential
(,’;i : depletion capacitance of the silicon film(=¢/tg)
Ciox : front gate oxide capacitance(=¢,,/t;o,)
Cpox : back gate oxide capacitance(=¢,,/ty,)
Qs : front oxide to silicon interface charge density
Q¢ back oxide to silicon interface charge density

1. INTRODUCTION

MOSFET’s made on Silicon-On-Insulator(SOI) struc-
tures provide several attractive features, such as latch-up
free operation, high speed, high integration density, radiation
hardness{1,2]. During the last few years, several authors
have reported that the kink effect[3] in thick SOI struc-
tures can be eliminated by reducing the film thickness and
improved device characteristics such as higher subthreshold
slope[4], higher carrier mobility[5], and the reduction of
short channcl effect[6] can be obtained in fully depleted
SOI MOSFET’s. Due to these attractive fcatures and the
availability of high quality SOI wafers prcparcd by cither
SIMOX or ZMR, fully depleted SOI MOSFET’s are
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expected to be used widely in future VLSI’s, and thus, an
accurate modeling of these MOSFET’s which is consistent
with the measurement scheme is becoming a fundamental
problem.

Most of the previous works related to the threshold
voltage modeling of SOI MOSFET are based on the tradi-
tional definition of the threshold voltage which says that at
the onset of strong inversion, the band bending in silicon is
twice the bulk Fermi potential[7-9]). This definition, how-
ever, becomes questionable[10] for fully depleted SOI
MOSFET’s since it is well known that there is significant
bulk conduction in these devices. Also, this definition of
threshold voltage may not be consistent with the measure-
ment method which is based on the I-V characteristics
rather than the band bending inside silicon. Thus, there is
a nced for a mathematically well-defined threshold voltage
which is self consistent with the measurement method and
can be applied for wide variations of the parameters such
as the film thickness, doping concentration, oxide thickness,
and interface charges both at the front and back silicon
interfaces.

We report in this paper an analytical threshold vol-
tage model of a long channel SOI MOSFET. The thres-
hold voltage is defined as the gate voltage at which the
second derivative of the inversion charge or drain current
for small drain voltages with respect to the gate voltage is
maximum[11]. For the sake of simplicity of calculation,
uniform channel doping is assumed. The results of the
threshold voltage based on thc model are then compared
with two-dimensional device simulation results.

I1. MODEL FORMULATION

General n-channel SOI MOSFET structure and energy
band diagram are shown in Fig.1. Fig.2 shows the inversion
charge density simulated at a threshold voltage as a func-
tion of SOI film thickness. The inversion charge density is
distributed to broaden as the SOI film thickness is
decreased. The fraction of surface charge also dccreases
with decreasing SOI film thickness. Threfore it is difficult
to find accurate threshold voltage without considering inver-
sion charge density. To solve accurate threshold voltage,
we assume that the inversion charge is distributed with an
exponential function along the distance x at the front sur-
face of the silicon film when the drain bias is small. . Then
the inversion charge density n(x) at a distance x can be
expressed as

n(x) = n, exp (~x / X). (1)

Using the relationship
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N, = n; exp (¢, / V),
n, can be written as
n, = K, exp [( — &) / V).

The characteristic length, A, is related to the electric field
at the front surface, E,,, by

V, Ca%t
A=rm=——1ty
Ef! ESETS
Then, Q, becomes tor
Q, = S qn, exp (—=x / &) dx. )
o B
For A << tg;, Eq.(2) is simplified to
X
Q, = Qg . exp [(dge ~ &) / VY]
Si
CsiVe
= Qg ——E-,-— exp [(d ~ ) I Vi) ()
118

With the assumption of cxponential distribution for elec-
trons, the Poisson's equation
Fdx)
9
— = -1 [-n{x) - N}, 4
= L W - N @

can be integrated once with the boundary condition E(x=0)
= E,, to obtain

dé aN, + 1 dx
2 s _
dx €, € anéx) Eu
Qs x Q,(x)
o . Ey, (5)
For x = tg;, Eq.(5) becomes
eIEYs = esEbs + Qsi + Qn. (6)

Integrating Eq.(5) once again with the boundary condition,
Hx=0) = by
Qg

H) =+ k- Bk

€ lsi &

S’Qn(x)dx. N

For x = tg;, Eq.(7) becomes
Qy B, 1 (¥
=y F b ) Qu(x)dx. (8
-k [oms @

Noting that A << tg;, the last term in Eq(8) can be
approximated as

1 ke Q A
—-—SQn(x)dx =—tg(1-—)
€ tg

s Jo /] §
Q Q
= —Ttg = — ®)
€ Csi

Thus

F o —— ——, (10)
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On the other hand, the voltages at the front and back
gates are related to the surface potential, gate oxide vol-
tage drop, and bulk Fermi potential, by

FEy,
Ve = Vip = & + =+ &, an
fox
By,
Veb = Vo = e — + &, (12)
s Cbox ’

Substituting Eq.(6) and (10) into Eq.(12) gives
6Fp, = a Cg; (¢, + &g + @ C(Vop ~ Vi)

+ BQg + Q,, 13)

where
Cbcx
Cs + Coox

1+ Cpoy [ 2Cg;

8 =
1 + Cpoo/Cq;

We now have two equations ie., Eq.(3) and (13), which

gives Q, in terms of &, and Eg Combining these two

equations, one obtains

On E’o. ¢fx + ¢p QSi Qn N
— [ o + 1
Qy  CaVi Vi CaV: Qg
= CXP[((W, - ¢p)NJ» (14)

where
¢En = oCsi(Viy — Vig) + BQsic

It is to be noted that the second and third terms inside the
bracket on the left hand side of Eq.(14) are negligible com-
pared to the magnitude of the first term. Thus, Eq.(14)
can be approximated as

0, &Eq |
Qs; Csii

b =&, + Vo in[ @1s)

The surface potential is a function of doping, inversion
charges, front and back gate capacitances, and film thick-

ness.
Substituting Eqgs.(15) and (13) into Eq.(11), onc obtains

Vi + (1 S N2b, + Vil Qn SEi
V. = + (0 + o ln ———
st e Waniis Qg Csi
Q
+ = (16)
Cfox
where
. Csi Qg
Vi = Vi + Vo — V) o Y BT
Clox Ct‘oz

We note that Eq.(16) is of the form[12]
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Q,
Vg = Vo= AQ, + Az‘"('é“‘) (17

o
fmd 1s valid both for subthreshold region and for strong
inversion region. Let us define the threshold voltage as the

gate voltage where the variation of the transconductance
with the gate voltage for small drain bias is maximum.
This threshold voltage can easily be measured from the I-V
terminal characteristics without regard to the band bending
inside the silicon film. If we neglect the variation of mobil-
ity with the gate voltage, the threshold voltage is the gate
voltage where the second derivation of Q, with respect to
V¢ i maximum. As shown in the Appendix, this occurs
when
A Y
Q,=0Q, = -27\7= TC,OX(l + o

Ce.
LY

fox

for Eq.(17). Thus, the threshold voltage is

CSi Qno (,E;;
) [24p + Viln{— ——)]
fox g ' Si CSivt

Vig = Vip + (1 + @

Cfox

Substituting Vg, ES and Q,,,
‘ Cy Qsi Coi
Ve = Vg + o Vi, ~ V;h)“‘—l + B+ (1 +
fox. fox fox

C Viyn, ~ V,
fox - u) (ﬁ o bfb  Vbg )])
Csi Qs/Cs;

26, + Y Vin[—— (
LM b

HI. MODEL VERIFICATION AND SIMULATION

Our analytical model has been demonstrated by the
two-dimensional simulation. Fig. 3 - 7 show the threshold
voltage characteristics according to various conditions. In
Fig. 3, our analytical and numerically simulated threshold
voltages are plotted as a function of SOI film thickness.
As shown in Fig. 3, the analytical model agrees very well
with the simulated results even for very thin film case that
the inversion charge is broadly distributed over the entire
region of the film. As the film thickness increases, the
fully depletion condition is not satisficd, dashed line in
Fig.3, and then our model is no longer applicable. In addi-
tion, the threshold voltage agrees with the simulation

results in the wide variation of front gate oxide thickness,
as shown in Fig.4. Fig.5 also shows the dependence of the
threshold voltage on film doping concentration. Fig. 6 and
7 show the dependence of the threshold voltage on the
front and back gatc interface charges, respectively, The
effect of back gate interface charge density is nearly equal
to front gate interface charge density in threshold voltage
as shown in Fig.6 and Fig.7.

IV. CONCLUSION

The analytical model is verificd to agree well with the
2D numerical simulation results. The model is derived
based on the inversion charge concept, thercby being sclf
consistent with the mesurement scheme. In fact, the sur-
face potential at the threshold condition for the thin SOI
MOSFET is slightly lower than the bulk Fermi potential,
But this effcct is usually not considered in the traditional
method. Qur approach includes the lowering effect of the
surface potential and thus, the modcl can be accurately
applicable even to the very thin film case.

)
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Fig.1 - (a) Cross-section of an n-channel SOI MOSFET.
(b) Energy band diagram when the silicon film is

thick. surface potential & and the voltage
reference are defined.
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Fig.2 - SOI film thickness dependence of inversion charge
distribution at the threshold voltage.
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Fig.3 - SOI film thickness dependence of threshold voltage.

( ----- analytic, ® @ @ simulation)
1.0 T T T T
ty =1000A
- osf twx=lam !
-§ Qy, Q=1x10 cm
; 0.6} -
§" Ny =5X 1(11's cm’
§ 04} 4
h°)
% 0.2+ 4
4
F  oof Ne=1x10 em® ]
02 ! L . .
50 150 250 350 450 550

Front oxide thickness, ty,, [A]

Fig.4 - Front gate oxide thickness dependence of threshold

voltage. ( ----- analytic, ® @ ® simulation)
1.0 T T
ta =1000 A
0 th,= 200A
g Bl oo 1 um . .
2 Qn,Qpr=1x10 erf
0.6 ;
£
Y
=3
S 04f 4
g
3
s o2f |
a
E
F o0.0f A
-0.2 L L
10% 10'® 10" 10"

Film doplng concentration, N, [cm®]

Fig.5 - Film doping concetration dependence of threshoid

voltage. ( ----- analytic, ® @ @ simulation)
005 T 1
04 E
03F p

0.2}

04k Neo = 5x1d%em*®

ty =1000A
(ﬁ" =2°0A
0.0F toox=1um

Q,, =1x10°cm’

Threshold voltage , Y [volt]

0.1 i
10° 101° 10" 10"

Front interface charge density, Oy [cniz]

Fig.6 - Front interface charge dependence of threshold

voltage. ( ----- analytic, ® @ @ simulation)
0-5 A L]
. Oa4r -
3
A
03} ]
£
8 o2} ]
2
2 oq| Neo=sx10%em? l
§ ty =1000A
2 tiox =200 A
E oo} tox=1pm i
Qq =1x10 cm
0.1 1 1
109 1010 1011 1012

Back interface charge density, Qut [cmi-]

Fig.7 - Back interface charge dependence of threshold
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Appendix

The total inversion charge is calculated when dzo,,/dv[ff
is maximum as follows:

Vo = Vo = AQ, + A,In(Q,/Q,)

av A
oA+ —=

dQ, n

dQ, Q,

dVy A, + AQ,

szn Ay + AQ, - AQ, Q,

Vg (A + AQ) A+ AQ,

AZQn
(A, + AQ)°

PQ, A(A, + AQ) - 3(A; + AQ)'AA,0,

dV:, (A + AQ)°

Q,
(A, + AQ,)

For °Q,/dVy; = 0, d®Q,/dVZ is maximum.
AyAy + AQ,) - 3AA,Q, = 0
Al - 2A,AQ, = 0

Ay

%= Qo = o
1
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