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Abstract: A novel approximation of the two-dimensional (2D) potential function perpendicular to the channel is

proposed,and then an analytical threshold voltage model for a fully depleted SOI-MOSFET with a non-uniform

Gaussian distribution doping profile is given based on this approximation. The model agrees well with numerical

simulation by MEDICI. The result represents a new way and some reference points in analyzing and controlling

the threshold voltage of non-uniform fully depleted (FD) SOI devices in practice.
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1 Introduction

In recent years, fully depleted (FD) silicon-
on-insulator (SOI) MOSFETs have attracted con-
siderable attention because of their superior short-
channel immunity"’ and ideal subthreshold char-
acteristics”*'. There have been many reports on
the modeling of the threshold voltage of these de-

vices ™% s

. Young"" assumed a second-order poly-
nomial function for the potential perpendicular to
the channel and derived a two-dimensional (2D)
potential distribution in the SOI layer. Some other
models that make this assumption have also been
reported”™®'. Yan et al.'" developed Young’ s
model and advanced a characteristic length associ-
ated with short-channel effects. However, this
model does not depend on the buried-oxide thick-
ness.Joachim et al." pointed out that 2D effects
in the buried-oxide layer could not be neglected
for short-channel effects. Suzuki et al.' derived
an analytical model for the threshold voltage for
fully depleted single-gate SOI-MOSFETs, taking
into consideration the 2D effects in both SOI and
buried-oxide layers. This model matches the nu-
merical data better than the previous ones.

The above models are all for uniformly con-
centrated doping in SOI films. Actually, the ion-
implanted doping concentration of the film is con-
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sidered to be non-uniform and is assumed to have
a Gaussian distribution®’. Ravariu et al.™™ ad-
vanced a one-dimensional (1D) model for the
threshold of FD SOI-MOSFETs on films with a
Gaussian profile. Pandey et al.'" developed a
new 2D threshold model for FD short-channel Si-
SOI MESFETs with a non-uniform Gaussian pro-
file.

In this paper, taking into consideration the
2D effects in both SOI and buried-oxide layers,an
accurate 2D threshold voltage model for an FD
SOI MOSFET with a non-uniform Gaussian do-
ping concentration is derived by assuming a new
potential function perpendicular to the channel.

2 Theoretical model

Figure 1 shows the vertical profile structure
of an FD SOI MOSFET device, neglecting the
source and drain regions. The notations are:
Ny (x) is the variable doping concentration in the
p-type film; N, is the uniform substrate doping
concentration; ¢, is the front oxide thickness; ¢
is the SOI film thickness; ¢, Is the buried-oxide
thickness; tq, is the substrate thickness; g is the
clectron charge;ey is diclectric permittivity of sili-
con; and e, is the dielectric permittivity of the
front oxide and buried-oxide. The depletion ap-
proximation for the SOI layer and substrate is
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Fig.1 Vertical profile structure of FD SOI-MOSFET
device

considered, and x, is the space charge region
thickness in the substrate.

A Gaussian function is assumed for the varia-
ble doping concentration Ng(x) in p-type film:

Ny = Nyexp| -+ x (22 Be) T
2 op
where N, is the peak concentration of the Gaussi-
an doping profile, R, is the projected range, and
op 1s the projected deviation.

The vertical potential distribution is derived
by integrating the 1D Poisson’s equation using
boundary conditions that maintain the continuity
of the electric flux and potential. The results are
as follows:

For x> x,,in the neutral region of the sub-
strate,

e(x) =0 (2

For x € (x3,x,),in the depletion region of
the substrate,

Nmb([;, + loxb+xd_)€)2 (3)

(x) =
90 x ESI
For x € (x, ,x';),m the buried-oxide layer,
o(x) = Moy Xa Ny oy g,
Esi Eox
€]

For x € (0, x,), in the fully depleted SOI
film,
qNsubx% + qNsubxd [oxb + qNsub(tsi - X)xd
Esi Eox Esi

2
M[erf(r) —erf(A)] + N

Esi Esi

+

olx) =

Do (o7 — 4"
(5

where t= (x = R,)v/20,. A = (1 —
For x& (-

RP)/\/EGP .
Xx1,0),in the forward oxide lay-
er,

o(x) = {qupd"[erf(B) ~erf(A)] - WanXa Ly +

Zsox €ox J

qNaub + qNaubxd(IOXb + tgi) _“/;quO'pRP X
2851 €ox \/éssi

[erf(B) — erf(A)] + IVo% (o8 _ o-a®y (4)

Esi
where B= — Rp/«/?ap ,and the x4 can be solved by
applying a Vs to the forward gate in Eq. (6).
The 2D Poisson equations for the potential in
the channel region and buried-layer are

7° gpl(x,y) P (x,y) _ gNg(x)
Iy 7y = . 0 << x <ty
D)
a_gDZ(XZQy) + (’}HSDZ(.X’:)’y> = 0’[5i < X < [si + loxb
dx dy*
(8
and Equation (7) can be changed to
e A e
20, dr dy* &
€D)

We have presented a new potential assump-
tion for the non-uniform Gaussian doping profile.
In the buried-oxide layer, we used a second-order
polynomial potential.

o (z,y) = Co(y) + Cu(y)z +

e
Cy, ( )[Terf(z') + —J (10)
120y «/;
SDQ(Xay) = Czo(y) + C21(y).x + ng(y)xz
(1D

The constants C,,,» C;; and C,, can then be
determined by integrating Poisson’ s equation
using the boundary conditions that maintain the
continuity of the electric flux and potential. The
potential at the surface of the SOI layer is ¢,,and
the electric field at the bottom of the SOI layer in
the buried-oxide layer side is E,, which depends

on y.Then Cy,C;, and C,, are given by

Cm(y) = 365 - BCn(y> -
1 g
C.( )[Berf(B)+—eB } (12)
120y «/;
_ V20,
Coty) = S - e ()

[— Vo =brpcay + &erf(B)} (13)
ytoxf 7

erf(A) — erf(B) Yt ox Y
(14)
where y=¢ey/eoxs V6= Vg — Vigs Vi is the flat-

band voltage.
Setting = A in Eq. (10) ,the potential at the
bottom of the SOI layer ¢, can be obtained as

By = b — Lo 4 D[L — A 5} (15
y y[oxf 7
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where The boundary conditions for 5 are
p = Y2olexp(= A — exp(= BY] _ 20 = Vi — Vi + [ Vo (Ve = $0) |

Jrlerf(A) — erf(B)]

(16)

Now we use boundary conditions in which the po-

tentials and electric fluxes are continuous at the

Si/buried-oxide interface,and the potential at the

bottom of the buried-oxide layer is ¢, which can

be solved from Eq. (3). The constants C,, , C, and

C,, can then be determined, and Equation (11)
reduces to

IOthz_ tSi(¢b _

oxb

gDz(X,_y) = ¢5b)+

ti(tyg + tow) Ey
toxb

|:2tsi(¢b - ) (2tg + Zoxb)Eb:|

+ ¢sb +

2

t oxb t oxb

(731’1);‘;’51»_'_&))62 an
toxb L oxb
According to Egs. (10) ~ (17), the back po-
tential é, can be determined by
9’4, 4 Vi = b _ Wtow + 1) (Vg = $) 4
9y2 A:;b Aéb(ytoxf + Ytow T ty)
165 ow Plow — D) (e — %) « 4N,
A (D + R (Wtoy + Ytox + tg) Esi
where A,, is the characteristic length associated
with ¢, .

(18)

— ytloxb(yloxf - D)
Z(D + Rp)(ytoxf + ytoxb + tsi)

[262(1 = e B) + (D + R tow]  (19)
and the surface potential ¢, can be determined by

2
A gb

Eh | Vo b o N s oy
dy’ At k(D + R,)
(Vtow + ty + D) % gN, 4 Vot (VG — b))
Voxt T Vtow + 1g) Esi Aot WMot + Vo + 14)
20)

where A, is the characteristic length associated
with the surface potential ¢, given by

Aéf =
Y X
(D + Rp) toxt + Moy + 1) [ 2% tow + (15 + D) (223 — 3]
{toxiod (Moxt + Voxo + 1) [ 27 Eptoxw + (s + D) (223 — 180 ] X
P4 — 1) 4 A3 tho (Fox — DY(D + Ry} (2D
By introducing the variable 7 as
xf V, RS
77:¢S_VG+[7’ZM( G ¢;b) +qu><
ytoxf + yloxb + [si Esi
; 42 2
)’onfaf,(e AT — € B )()’toxb + [si + D)
2 (22)
Agf(D + Rp)(yloxf + ytoxb + Zsi)
Equation (20) can be reduced to
’]2
1 -1 =y (23)
(7y Agf

ytoxf + ytoxb + L
Viowoh (e ™ = ¢ ") (o + i + D) qu}E |
Aéf(D + Rp)(ytoxf + yl()xl) + tsi) 773

Esi
Q24
7(Lg) = 95+ Vo =1 (25)
where Vy; is the built-in potential between the
channel and source/drain regions.
Equation (23) can be solved as
pssinh[ (Lg — y)/Ag] + posinh(y/Ay)
sinh(Lg/Ay)

p(y) =

(26)

The location y, where the potential is mini-

mum can be derived by setting dé,/dy =0. Accord-
ing to Eq. (26) , we obtain

Ym = %[%e)@(%)- 1]/[1 - %exp(— i—;)}

@27

The y, is Lg, when V, =0 and approaches

the source region with increasing V. Substituting

Eq. (27) into Eq. (26) and using the approxima-
tion Lg/Ay>>1,we obtain

. — Lg
¢s(ym) - VG + 2 7]577D€Xp(— 7C>_
ZAgf
vt ox(( VE: - Sésb)
ytoxf + ytoxb + tsi

Vtouoh (6" = ) (Htow + i + D) qu}
/‘tét(D + Rp>(ytoxf + ytoxb + tsi>

Esi

(28)
The gate voltage where ¢.(v,,) becomes 2¢; can be
regarded as the threshold voltage and is given by

L
Vi, = 2¢; + 2«/77577Dexp(— =< )+
2y
yloxf< V(’} - ¢sb)
’ytoxl‘ + yloxb + tsi

’ytoxfai(eiAz - eiBZ)(’ytoxb + tsi + D) X qu}
f;f(D + Rp)(ytoxf + ytoxb + tsi) Esi

(29)
where Vi =Va— Vis.

3 Model verification and discussion

The characteristic length shown in Eq. (21) is
the key parameter to predict the short-channel
effects. It decreases with decreasing device pa-
rameters foxs fys lows Rps and o,. This simply
means that the short-channel immunity improves
accordingly.

The channel doping concentration can be
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channel effects are significant in the bottom of
the SOI layer. In Figs. 2(a) and (b) A, and A, be-
come close with decreasing ¢ and .

Figure 3 shows the dependence of the thresh-
old voltage on the gate length with various param-
eters for retrograde doping. The doping concen-
tration has a Gaussian variation in the film from
N,=5X10"em™? at the surface to N, =1 X 10"

cm ® at the back interface. Our model matches

Gate length/nm

Fig.3 Dependence of threshold voltage on various
parameters  (a) fox;(b) ty35(C) tow;(d) Vp

well with the numerical data. However it deviates
slightly from the numerical data when the roll-off
for the threshold voltage is significant. This is due
to the assumption that Ls/A,4>1 in Eq. (27).
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The threshold voltage decreases with decrea-
sing gate oxide thickness, and the short-channel
immunity improves accordingly [ Fig.3 (a)].
Therefore a thin gate oxide is more contractive in
practice. But if the gate oxide is too thin,a leak-
age current may occur because of the tunneling
effect.

The threshold voltage decreases with decrea-
sing t.and the short-channel immunity improves
as a result [Fig. 3(b) ]. This is because there is less
charge to be coupled by the gate for the devices
with a small silicon film thickness. It also shows
that the dependence of the threshold voltage on
the silicon film thickness is small when the devices
have a thin silicon film.

The threshold voltage increases with decrea-
sing buried oxide thickness ., and the short-
channel immunity improves accordingly [ Fig.3
(¢)]. However, the threshold voltage is insensitive
to variations in the buried-oxide thickness ..
The threshold voltage decreases when the drain
voltage Vp, increases [ Fig. 3(d)]. Differentiating
Eq. (29) with respect to Vp, the drain-induced
barrier lowering (DIBL) effect can be evaluated
as

DIBL = 2Ve = 1

Wo o [TV

s

exp(— %‘;) (30)

4 Conclusion

Considering 2D effects in both SOI and bur-
ied-oxide layers, an analytical model for the
threshold voltage by assuming a new potential
function perpendicular to the channel for a non-
uniform Gaussian doping profile has been pro-
posed. This model has been verified by compari-
son with MEDICI numerical simulation for the
devices with different gate oxide thicknesses, sili-

con film thicknesses, buried-oxide thicknesses,
channel doping concentrations, and drain volta-
ges. Moreover, the characteristic length of our
model is equal to Suzuki’s when we assume o, >
R, . Thus it is also valid for devices with a uniform
doping profile.
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