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Abstract

In this paper, we propose a simple two-dimensional (2D) analytical
threshold voltage model for deep-submicrometre fully depleted SOI
MOSFETS using the three-zone Green’s function technique to solve the 2D
Poisson equation and adopting a new concept of the average electric field to
avoid iterations in solving the position of the minimum surface potential.
Firstly, we obtain the 2D potential distribution in the Si-film region by using
the Green’s function technique to solve the 2D Poisson equation. Then, by
applying Gauss’s law at the Si—SiO, interface, the initial expression of the
threshold voltage is obtained. Eventually, we introduce a modified factor to
compensate for the errors resulting from the charge-sharing effect in the
derivations of the final threshold voltage model. The proposed model is
validated against the results obtained by 2D numerical analysis and
experimental data, and excellent agreements are obtained. The proposed
model has an explicit expression and can be implemented into the circuit

simulator.
NomeHCIature Vg/s (Vl;s) Vg/s = Vgs - VFII; (Vb/s = Vbs - V]?B)
Vi (v) the built-in potential of the source
&si (Eox) the dielectric permittivity of Si (SiO,) (drain)/body junctions in zone II
q the elementary charge N f(y) the doping profile in zone II, where f (y) is
p(x,y) the two-dimensional charge density a doping profile function
tsi the thickness of silicon film Np the doping concentration in the source—
trox (Tbox) the thickness of front (back) gate oxide drain region
n; the intrinsic carrier concentration of Si k! the eigenvalue of zone i (i =1, II, III).
semiconductor kI = ((n—12)m)/tix for zone 1T,
L(W) the effective channel length (width) k,? = nn/ty for zone I and k’IlH =
Crox (Cpox) the capacitance per unit area of the front ((n — 1/2)10) /tyox for zone III
(back) gate oxide k,, the eigenvalue in all zones k,, = mm /L
Csi the capacitance per unit area of the silicon  p () (Dy, (x)) the electric displacement at the front (back)
film S Si=Si0, interface
Vas (Ves) the external (intrinsic) gate—source voltage b (x,y) the 2D potential distribution in zone
Vbs (Vas) the external (intrinsic) drain—source voltage i (i =1, 11, 1)
Vis (Vis) the external (infrinsic) back gate-source iy ) the 2D vertical electric field distribution in
voltage ' zone i (i =1, 11, TI)
VF);g (VFbB) the flat band voltage of the front (back) n (x)( M (x)) the front (back) surface potential in
gate zone 11
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0% (0%) the Fourier coefficient of the bulk charge
density with the integer n(n =0) in
zone II:

2 Lsi
o = 7/ (—gNpf(y)cosk,y-dy
si JO

o[
04 = /0 (—gNaf () -dy

the Fourier coefficient of the electric
displacement at the front (back) surface:

D (Dg)

2 L
D} = — / Dy (x) sin(k,,x) - dx
L Jo

2 L
= = / Dy, (x) sin(ky,x) - dx
S L 0

the Fourier coefficient of the boundary
potential at the source (drain) side in
zone I:

Aq (A7)

s_ 2 [ I
A = — ¢ (0, y)cosk,y -dy
fox JO

Ifox

2
AP = = @' (L, y)coskly -dy

" fox Jo
By (By)

n

the Fourier coefficient of the source
boundary potential with the integer
n (n = 0) in zone II:

B=2 "y Ky . d
) = bi (¥) cosk, y-dy
Isi Jo

1o
By = —/ Voi () - dy
i Jo
BP (BP) the Fourier coefficient of the drain boundary
potential with the integer n(n =0) in
zone II:

p_ 2 (" I
B, = - (Vbi (y) + Vgg) cosk,, y - dy
si JO

1 Lsi
By = —/ (Vbi (y) + Vgo) - dy
Lsi Jo
Cs (C,f)) the Fourier coefficient of the boundary
potential at the source (drain) side in
zone I1I:

2 Thox
cS =" / #™ (0, y) coskMy - dy
Thox 0

2 Tpox
C,{) = — oM (L, y) cos k,IIHy -dy
Tvox Jo
the front surface potential at the onset
of strong inversion: @iy = 2¢p =

2(%5)In (52)

¢f,inv

1. Introduction

Fully depleted (FD) silicon-on-insulator (SOI) CMOS
technology is becoming another major technology for the next
generation of VLSI [1-3]. This is because FD SOI CMOS
transistors provide superior electrical characteristics over bulk
CMOS devices [4-6] such as reduced source—drain junction
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capacitances [7], increased carrier mobility [8], suppressed
short channel effect [9], improved subthreshold slope [10],
improved latch-up immunity [11] and better radiation hardness
[12]. However, the coupling effect between the front gate
and back gate becomes complicated, especially for short
channel devices. Therefore, it is difficult to develop a simple
and accurate analytical model for circuit design and device
characterization.

In general, the threshold voltage of a MOS transistor is a
very important physical parameter in the device design. On the
other hand, the accuracy of the threshold voltage model plays
a more important role in the device optimization and circuit
design. The analytical modelling of the threshold voltage
of the FD SOI MOS transistor has already been proposed
by numerous authors [13—16]. In a paper by Young [13],
the potential distribution in the Si film was approximated
by a simple parabolic function. This simplified assumption
underestimates the coupling effect of the source—drain region
and may cause a significant error in the prediction of threshold
voltage when the channel length continues to scale down. In
a paper by Veeraraghavan and Fossum [14], the threshold
voltage model was developed based on the conventional
charge-sharing scheme and it predicted a 1/L.y¢ dependent
threshold voltage shift. In the range of submicrometre channel
length, the assumption of constant surface potential of the
charge-sharing model is invalid. In a paper by Woo et al
[15], the work was done by decomposition of the 2D Poisson
equation into a 1D Poisson equation and a 2D Laplace
equation. In a paper by Guo and Wu [16], an accurate 2D
analytical threshold voltage model was developed by means of
the three-zone Green’s function solution technique. Although
an explicit form of the threshold voltage is derived, the
calculation is too complicated to be further implemented in
the derivation of the /-V model for a simulator such as SPICE.
Therefore, to consider an efficient computation, the simplified
and explicit expression of the threshold voltage of the FD SOI
MOS transistor is necessary.

In this paper, in order to derive the threshold voltage
model, the three-zone Green’s function technique [16] is used
to solve the 2D Poisson equation. Based on the concept of the
average vertical electric field, a simple and explicit expression
of the threshold voltage is obtained and described in section 2.
Comparisons between the 2D numerical analysis, experiments
and the proposed analytical threshold voltage model are shown
in section 3. Finally, the conclusions are summarized in
section 4.

2. Derivation of the analytical threshold
voltage model

2.1. The basic analysis

The conventional structure of an FD SOI MOS transistor for
2D numerical simulation is presented in figure 1. A simplified
domain has been used for solving the 2D Poisson equation
and indicated by the bold lines in figure 1. The domain for
solving the 2D Poisson equation is further divided into three
sub-domains (zones I, II and III) to avoid the complexity of
calculating the equivalent charge density between the regions
with different dielectrics. Zone I is the front gate oxide,
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Figure 1. Schematic diagram of a fully depleted SOl MOSFET,
where the simplified domains for analytically solving the 2D
Poisson equation are indicated by the bold lines.

Table 1. List of the boundary conditions relating to the fully
depleted SOI MOSFET shown in figure 1.

Vi (0)+Vgs— Vs
PH(L,y) = Voi (0) + Vas + ————Ey
V,(O) Vas
Zonel: 1" (0. 3) = Vi (0) + =
d)I (x, —tiox) = Ves — Vfb,f = Vgls
Dys (x7 0) = goin(x‘ 0)
" (L, y) = Vi () + Vas
o110, y) = Voi ()
Zonell : I
Dy (x, 0) = 531E}- (x, 0)
Dy, ()C, tsi) = SsiE;I (xs tsi)
Vi (151)+Vas— Vi
S (L, y) = Vi (1) + Vs — 08B (y — 1)
Vi (1) — V.
Zonelll : 1™ (0, 3) = Vi (1) — =220 (y — 1)
M (x, £ + thox) = Vs — Vinp = Vi

Dqgb (x, t5) = onE;H (x, i)

zone II represents the Si film and zone III is the buried oxide.
The boundary conditions used for each zone are enumerated
in table 1. It should be noted that the boundary potential in the
y-direction in zones I and III is assumed to vary linearly [15].

Based on the assumption that the front gate oxide and
buried oxide are well grown and no charge resides there, the
2D Poisson equations in zones I and III can be reduced to
two 2D Laplace equations. Substituting the Green’s function
solutions, listed in table 2, into Green’s theorem [17], which
is given as

¢(x,y)=// MG(x,y:x/, y)dx' dy
3G
/G(x y:ix, y)—dS/ /qb( /)stﬁ (1)

where G(x,y:x’,y’) is the Green’s function satisfying
VG = —8(x —x)8(y —y'), n’ is the outward normal
direction on the boundary surface, and neglecting the free
carriers, the general form of the 2D potential distribution in

each zone can be obtained as follows [16]:

> 4V! coshk
. gs my .
X, _ ——————38In km-x
¢ ( y) Z mir COSh kmtfox
m=odd
oS .
_ S D sinhkn i +3) Gy

= Eox k,, cosh k,, teox

o0
cos k!
+ ZT‘ sink}:z [ASsinh k! (L — x) + AP sinh k'x],  (2)

" (x,y) =

0s k y
k“

eni(1-5)

_x)+ZQn ¢

|: sinh k},lx + sinh k,IlI(L -
x |1

sinh kT L
0 1
X cosk,y
+BP= 4y — o
oL z_‘; sinh k1L

X [B,fsinh kiI(L —x)+ BnDsinh k,Ifx]
sin k,, x

= &i k,sinh k£

x [ D coshky (15 — y) — Dl coshkyy], 3)

4Vbs cosh km (y - tsi) .

>

11
P = mn km
¢ ) mm  coshk,,tyox *
m=odd
as D:tl, sinh km (tbox + L — Y) .
sin k,, x
= eox ke cosh ky, thox
[o ]
cos kM(y — g
N Z (y )
sin kIML
[cs sinh k(L — x) + C0 sinh k)"x], 4)

where the deﬁnitions of the Fourier coefﬁcients AS, Ad, B§,
BP, BS, BP, c5, cP, pn, D%, Q% and Q% are given
in the nomenclature. In order to obtain the 2D analytical
solution of the potential distribution at zone II, first D and
Dy must be solved. D and D can be obtained by equating
equations (2) and (3) at y = 0 and equations (3) and (4) at
y = t. The related expressions are given in table 3. It should
be noted that the above equations are exact in the sense that
any arbitrary doping profile in the Si film can be treated. In
the following analysis, uniformly doped Si film is assumed for
simplicity. Therefore, the 2D potential distribution at zone II
can be further reexpressed as follows [16]:

—x)+2 sink, x

sSIk sinh k,,,t;

CI B

" (x,y) = %5,

X
X [D;’IZ cosh ky, (t5 — y) — Dy cosh kmy] + Vi + ZVdS.

(&)

2.2. A new approach for the development of the
threshold voltage model

Since the FD SOI MOS transistor under consideration is
normally-off type (enhancement mode), the front surface
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Table 2. The solution of Green’s function for zones I, II and III.
1 el WY — 2 00 . : 7 €08 kp y sinh kp, (trox +y") ’ X
Gy (x,y1x',y) = § 3,0 sinkyx sinky,x' S0 2o st o, Y <y
1 Ly 2 0 . . 7 €08 kyn y' sinh ky, (trox +y) o
e Gy (e, yix,y') = F 20 sinkyx sin ky, x" SRRl oy <y
one I : il cinh L i’
1 Ly 2 oo 1 1 .sinhk, xsinhk; (L—x") /
Gy (x,y;x',y) = — D ome cosk,ycosk,y e X <X
1 %) 1 1. sinhklx"sinh kb (L—x) ,
= cosk,ycosk,y —1——F—" <
Gy (. y: XV = r:x Lz nY nY kL sinh kL L o X=X
11 oy 2 00 . . 7 €08 kyn y cosh kyy, (ti—y') ’
Gy (x,y;x',y) =1 2 5% sin kX sin Ky x e, Y <y
11 Ly 2 00 o 7 €08 k¥’ cosh kyy, (tsi—) . ’
. i Gy (x,y;x',y) =1 Zm:l sin ky, x sin ky, x ooty 0 V<V
one IT : 11
11 oo 11 11 / sinh k! xsinh k) (L—x') ’
Gy (x,y; X', y)—flznzlcosknycosk W, X <x
11 AR 0 il 1,/ sinh klx’ sinh k1! (L—x) ’
Gy(x,y,x,y)_tblz _jcosk, ycosk,y W, x'<x
c=1forn=0;c=2forn > 0.
I Cl ) 2 0O : : 1 ¢08 ky (y—tsi) sinh &y (thox +si — y) v
Gy (x,y; X',y = ¢ DL sinkyx sinky, x T cosh e Y <y
i ARV et C R " 1 €08 ki (¥ —tsi) Sinh Ky (thox +si— }) ’
. . Gy (x,y;x,y) =1 an:l sin Ky, x sin k;, x T COSh o o y<y
one I1I : 1 1
1 I 1 sinhk'x sinh k) (L—x) /
Gy (x, y; X', Y)—R ey coskpl (y — ti) cos kyt (' — )W’ X <x
111 oo I . oI sinh klx” sinh k21 (L—x) ,
G (x,y;x',y) = rbox 1 COs k" (y — tsi) cos k;, ' —ts) 7[{111 S L , X <x

Table 3. The expressions of the Fourier coefficients D}, Dy and related parameters.

SM tanh (km Thox )) ]

pr— [ _ g (1

st = g | Shtm) 1 nnh(kmtu)

mo __ Ssikm —_ di” m !
D§ = & |: SinhGonts) dy tanh(kmtw)
dm = 1

0 [sinh(ky 15i)]2

- ("
cosh (K fox)

mm

=+ ()
= ()|
h}n = Z:ol i’;m

1— (="
cosh(kim fhox)

43+ (=1 a?]

= o [ €+ -1y ]
b= 1o S ]

m = A1 2]

oy =& [0 - om (-2 L)

>+h£n
>+h'”

& tanh(k,, zﬁ,x))]

1 Esi . 1 i
~ (e * 2 tanh(kmtrox)) (o * 2 tanh ko))

+ (= (=D") Vi + (*U”’“Vd]

potential distribution of the Si film is usually used to monitor
the turn-on status of FD SOI MOSFETs. From equation (5),
the potential distribution along the front surface of the Si film
can be derived as

I qgNp sin k,, x
¢ (x,0) = —7X(L—X)+ —_—
&g = &sik, sinh k1
x [D2 cosh kit — D] + Vi + %Vds. 6)

The accuracy of the derived front surface potential distribution
in the Si film has been verified by 2D numerical analysis
as shown in [16]. In the paper by Guo [16], to develop an
analytical threshold voltage model, the minimum potential
along the front surface of the Si film has to be calculated first.
By differentiating equation (6), the position of the minimum
potential along the front surface of the Si film can be calculated,

d¢" (x,0) 3¢> (x)

ox )

X=Xmim

1400

where X, is the position of the minimum surface potential
and @[T (x) represents the potential distribution along the front
surface of the Si film. By introducing the value of Xmin 1NtO
equation (6), the minimum surface potential Sf min €an be
obtained. However, the position of the minimum surface
potential xn,;, can only be solved iteratively and no explicit
form of xy, can be obtained. Therefore, calculation of the
minimum front surface potential is too complicated to be
further implemented in the derivations of the analytical -V
model for a circuit simulator such as SPICE.

A new approach for development of the threshold
voltage model is described in the following. Firstly, by
differentiating equation (3) with respect to y, the normal
electric field along the front Si-film surface can be obtained
and expressed as

m

' (x, y)
dy

Eg(x) = — ®)

m

y= m=1
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Then, by integrating equation (8) with respect to x from x = 0
to x = L, the total charge density controlled by the front gate

can be obtained and expressed as
o0

ZD—Zfl[l —(=D"]. )
- .

m

L
O = —/ gsiEgr(x) dx = —
0 m=1
By applying Gauss’s law at the front SiO,—Si interface, we
obtain
Crox (Vs — Vi — ¢ (x
Eg (x) = fo ( s FB s ( )).
Esi
From equation (10), the threshold voltage can be obtained as
siEst (Xmin)

(10)

Vi = Vig + G ine + : (11)

Cfox
where the threshold voltage is defined as the value of gate
voltage Vi for which ¢lf = = ¢riny = 2¢g. However,

the derivation of equation (11) is still complicated and
computationally inefficient due to the calculation of Xpin.
Therefore, in this work, the average normal electric field
along the front surface of the Si film E is used to substitute
the Eg (xmin). From equation (9), Es can be obtained and
expressed as

oo m

— D
Eg=) — [1—-(=D"]. 12
o ;‘gsikmL[ (=" (12)
Then, the threshold voltage can be redefined as
f gsiE_sf
Vru = VFB + ¢f,inv + (13)

Cfox

Due to the effect of the lateral electric field originating
from the source—drain junctions, the average normal electric
field along the front surface of the Si film is expected to
be smaller than the normal electric field at the position of
minimum potential. Therefore, in order to compensate the
error results from the charge-sharing effect, a modification to
equation (13) is necessary.

Figure 2 shows the normal electric field along the front
Si0,-Si interface of the FD SOI MOSFETSs, where the case
of the average surface normal electric field is shown in (@)
and the case of the surface normal electric field accounting for
the charge-sharing effect is shown in (b). In figure 2(a), the
total depletion charges Qepl,1 in the Si film that terminate the
average surface normal electric field originating from the gate
can be expressed as

Qdepl,l = &5 B¢ W Li;. (14)
The charge-sharing effect is due to the loss of control ability of
the gate over the depletion charge under it. In other words, the
depletion charge controlled by the gate is no longer equal to
Qdepl,bulk (Qdepl,bulk = ¢ NBYdamax, for bulk MOSFETS, where
Yamax 18 the maximum depletion width of the depletion region
under the gate), but to a fraction of it. The reduction of the
depletion charge is due to the presence of the source—drain
junctions and the surface normal electric field is disturbed
by the lateral electric field originating from the source—drain
junctions, as shown in figure 2(b). According to the charge-
sharing scheme shown in figure 2(b), the effective depletion
charge controlled by the gate can be obtained as

L
L
Oueplp = W < f esiEsf(x>dx> ﬁ(zL — ALy — ALy)
0

Lsi

= WQfgi(ZL — AL, — ALy) (15)

Vg
]
Poly Si
Vg — Front gate oxide Vy
nt nt tsi
Buried oxide
T Substrate T
(@)
Vg
]
Poly Si
Ve £ ( Front gate oxide Vy
| sf ERERBERREANL _—
—\ ] —
—\ / -—
P < I d— Li
—- \ / -H—
— \ /! -
= ) L
= Buried oxid K
EALI urlz oxide AL?\J,
~ Substrate i

(b)

Figure 2. Schematic diagram of a fully depleted SOI MOSFET,
where the arrows in (@) represent the average surface normal electric
field and the arrows in (b) represent the surface normal electric field
and lateral field originating from source—drain junctions.

where
AL, ~ W, = [ngi (Vb — ¢.f.inv)]1/2,
qNg
12
2e6 (Voi + Vs — @ finy)
ALZ ~ Wq = )
qNp

where W, and W, are the depletion widths of the source- and
drain-substrate junctions at the surface.

By equating equations (14) and (15), the relationship
between Qy, and Ey can be obtained as

Qfg = gsiE_sfﬂa (16)

where

5 212 AL+ AL, }1

2L — ALy — ALy 2L

Therefore, in order to compensate for the errors caused by
the charge-sharing effect, we add the modified factor g into
equation (13) and obtain the final expression of the analytical
threshold voltage model:

Esi E sf
Cfox

Vi = Vil + @ finy + B. (17)
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Table 4. Expressions for the coefficients G™, F}, F) and F’ ;”.

m __ P _ pm S«
G" = I:Sinh(kmfsi) 1 mnh(k,nrs,) tanh(kmtbox)

m _ 1 Esi m 2 _1=(=D"
Fe = [xanh(kmu,) t oo ta“h(k"”box)} [P tox co=h<kmrm):|

m __ 1 m o, 2 _1-(=D"
Fb T sinh(kptsi) [P4 + mm cosh(kmtbox):|

— PS Esi
F(;"l - I:sinh(k,,,tsi) - Gm (t‘mh(k,,,k,) . tdﬂh(k [hOX)):I
— 2 Ngp L?
PP = =20 = ()" (Vo — 2 (m,,)z)
1 Voi 1
+300 e[l = (= l)'"*'][Vb,qm( 2)71— b (tmsm(n——)n)—a]
mo_ _ 2711 _ (_1y" _ gNp _L?
Pz - mm [1 ( 1) ] <V Sq (mn)z)
iy 1 : Vi 1 1
I e (1 — (=1y™1] [Vbi sin (2 — 1) — 2 (1, sin (n — 1) ) — km]
PP =Y Al = (1)) (tinsin (0 = 3) 7 = F)
mu H 1 1
P = Y0, L = (=1 1] (fgn sin (0 = 3) 7 = )
mn 1 1 - 1 1
P = Zjol i (=1)m+t [sm (n — 5)71 - <tb0x sin (n - 5) T — W)] — mﬂ( 1)+t
mn 1 1 : 1 1
P = Zzol P~ (=1t [sm (n — 5)71 - (tf(,x sin (n — 5)71 — E)] — E( 1)m+!
After some mathemgtlcal man1pu1at10n§, equation (17) 05 im0, K= 10 a4, =Y, =005,
can be further expressed in terms of the terminal voltage as Lines: Model Simulation Resulis
0 0.4  Symbols: 2D Numerical Analysis
f 5si:3 1 m
Vin = Vg + X (S riinv C—_Z_m[l_( D] 2 =90 mm
fox m=1 20 % si
- > 034
g
=
m myy/ m R
X (G"+ F)' Vi + v F'Vas) ¢ (18) g o2-
<
1 Z
o0
e '8 1 < 014
X=11-2 ZWF’"[I—( DA B 3
Cfox d = o
. . R
where the coefﬁments G™, F}', F]' and Fg,” are listed in
table 4 and y is an empirical constant assumed to account for o1
the errors I‘esulting from the drain-induced bal‘rier lowering - 0.0 ' 0!2 ' 0!4 ' 0!6 ' 0!8 ' 1!0 ' 1!2 ' 1!4 ' 1!6 ' 1!8 ' 2!0 ' 2!2

effect.

3. Model verifications

In order to verify the accuracy of the derived equations, the
analytical model of the Vg, given in equation (18), has been
compared with the results obtained by the 2D numerical
device simulator Medici [18] and experimental data [19].
The threshold voltages of the results obtained by the 2D
numerical simulator are defined by the relationship between
the drain current and external gate—source voltage as follows.
In general, the drain current in the non-saturation region can
be expressed as

Wetr Crox Meft

1
Ips = <VGS — Vg — —VDS> Vbs. (19)
Legt 2

For the long channel length devices operating at low Vpgs (e.g.,
Vps = 50 mV), using the extrapolation method on the Ips—
Vs curve at Vs equal to the voltage at which the maximum
dIps/dVgs occurs, the threshold voltage can be obtained by
the intercept on the Vg-axis:

Vin = Vos,intercept — 3 VDS - (20)

1402

Effective channel length, L, i (um)

Figure 3. The calculated threshold voltage as a function of effective
channel length with the thickness of the Si film as a parameter.

Additionally, when Vgs = Vry, the normalized drain current
is defined as a reference current,
Leg

Ireference = IDS,normalized -

Wett

where [eference 1S the reference current, Ins normalized 15 the
normalized drain current and Ips jongr is the drain current of
the long channel device. When the channel length is very
short, the maximum transconductance extrapolation method
would fail due to the significant short channel effect. Thus,
the threshold voltage of the short channel device is extracted by
equating the normalized drain current to the reference current,
which is determined by the long channel device. For high Vpg
operation, Vry is extracted from the parallel shift of In(/ps)
versus Vg in the subthreshold region, as mentioned in [19].

Comparisons of the threshold voltage versus effective
channel length of the fully depleted SOI MOSFETs with
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Figure 4. The calculated threshold voltage as a function of effective
channel length with the thickness of the front gate oxide as a
parameter.
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Figure 5. The calculated threshold voltage as a function of effective
channel length with the doping concentration of the bulk Si film as a
parameter.

11 nm front gate oxide, 330 nm buried oxide and 1 x 10'7 cm~3

bulk doping concentration for different Si-film thicknesses are
shown in figure 3 when Vpg = 0.05V and Vgs = OV. In
this figure, it is seen that the roll-off of the threshold voltage
is more severe in the case of thicker Si film due to the short
channel effect. In other words, the Vry roll-off starts to occur
at larger gate lengths in the MOS transistors with thicker Si
films. Additionally, it is clearly seen that the calculated results
using the present model agree very well with the 2D numerical
analysis.

Figure 4 shows comparisons of the threshold voltage
versus effective channel length for the devices of 70nm Si
film, 330nm buried oxide and 1 x 107 cm™3 bulk doping
concentration with front gate oxide as the parameter. From this
figure, it is seen that the devices with thinner front gate oxides
can significantly retard the roll-off of the Vry as the channel
length gets shorter. This is because with thinner front gate
oxide, the control ability of the gate over the depletion region
under it becomes better. It is also seen that a good agreement

0.30 8o
IM, =21nm, t],m: 400 nm, tfm: 1.6 nm, NB =15x10"cm™, lm.: 0.05V.
Lines: Model Simulation Results
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Figure 6. The calculated threshold voltage as a function of effective
channel length with the back gate bias voltage as a parameter.
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Figure 7. The threshold voltage roll-off versus effective channel
length for different back gate biases from the present model and
experiment.

is obtained between the simulated results and 2D numerical
analysis. Figure 5 shows comparisons of the threshold voltages
obtained by the proposed model with those extracted from 2D
numerical analysis. From this figure, a satisfying agreement
is obtained.

Figures 6 and 7 compare the roll-off of the threshold
voltages for different back gate voltages with 2D numerical
analysis and experimental data. As can be seen, the present
model correctly predicts the Vg roll-off for different back
gate biases. Figure 8 shows the effect of the drain voltage
on the roll-off of the threshold voltage of the devices with
1.6 nm front gate oxide, 400 nm buried oxide, 21 nm Si film
and 1.5 x 10" cm™3 bulk doping concentration. It is seen
that at larger drain bias, the encroachment field from the
drain becomes more significant, especially at small channel
length. From this figure, accurate predictions of the severe
threshold voltage roll-off by the proposed model are obtained,
even for the devices with 0.07 um channel length. Figure 9
shows comparisons of the threshold voltages obtained by
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Figure 8. The calculated threshold voltage as a function of effective
channel length with the drain bias voltage as a parameter.

the present model with experimental data for the devices
biased at different drain voltages. In this figure, it is seen
that a good agreement is obtained between the simulated
results and the experimental data. The present model is

16 -3 .
0.6 1, =l4nm,1, =350nm, N, =6x10em\V, =0V, V=005V

fo
a
( ) Lines: Present Model Simulation Results
0.5 Symbols: Numerical Data From Fig. 5(a) of Ref. 16.
e~ [ ]
Z 04+
>
=
=
5
= 0.3
o
o0
<
=
o 0.2
>
2
=}
= 0.1+
7]
£
=
0.0
-0.1 . . . . . . . .
0.0 0.5 1.0 15 20
Effective Channel Length, L " (um)
0.5+ _ _3 _ 6.2V oV _
(C) 1y =100nm,7, =350 nm, N =8x10 cm 'VBX_ 0V, Vps=0.05V.
Lines: Present Model Simulation Results
0.4 Symbols: Numerical Data From Fig. 6 of Ref. 16.
Q E lox™ 14 nm
S
2 034
=
>" 1 lfoe=11nm
& 0.2
<
=
§ i Ifox=8nm
= .
< 01
=
A i
=
=
= 0.0
0.1 . . . . . ; . ;
0.0 0.5 1.0 15 2.0

Effective Channel Length, L, i (um)

0.3

> 0.2+
=

o

>
~ i

g

-~

& 0.1+

<

=

o

> i

=

=

Jo: 17 -3

§ 0.0 tﬂ =80 nm, r,w: 400 nm, Ifm: 92nm,Ny=1x10"cm™, Vpe=0V.
ﬁ Lines: Model Simulation Results

] Symbols: Experimental data [19]
-0.1 T T T T T T T T T 1
0.0 0.3 0.6 0.9 1.2 1.5

Effective channel length, L, ff(um)

Figure 9. The threshold voltage roll-off versus effective channel
length for different drain biases from the present model and
experiment.

compared with the numerical data used in [16] (figures 5-7)
and the compared results are shown in figure 10. From the
figure, it is seen that a good agreement is obtained and it
evaluates the validity of the modified model.
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parameters.
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4. Conclusions

In this paper, we propose an analytical threshold voltage
model for deep-submicrometre FD SOI MOSFETs using
the three-zone Green’s function technique to solve the 2D
Poisson equation and adopting a new concept of the average
electric field to avoid iterations in solving the position of the
minimum surface potential. Firstly, we obtain the 2D potential
distribution in the Si-film region by using the Green’s function
technique to solve the 2D Poisson equation. By applying
Gauss’s law at the Si-SiO, interface, the initial expression
of the threshold voltage is obtained. Then, we introduce a
modified factor to compensate for the errors resulting from the
charge-sharing effect in the derivations of the final threshold
voltage model. The proposed model is validated against the
data obtained from 2D numerical analysis and experimental
data and excellent agreements are obtained. From the above
discussions, it can be seen that the present model predicts the
threshold voltage well and has no iteration problem in the
calculation that exists in the previous work [16].
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