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Based on the exact resultant solution of two-dimensional Poisson’s equation in strained Si and Si;_ x Gex layer, a

simple and accurate two-dimensional analytical model including surface channel potential, surface channel electric field,

threshold voltage and subthreshold swing for fully depleted gate stack strained Si on silicon-germanium-on-insulator

(SGOI) MOSFETSs has been developed. The results show that this novel structure can suppress the short channel

effects (SCE), the drain-induced barrier-lowering (DIBL) and improve the subthreshold performance in nanoelectronics

application. The model is verified by numerical simulation. The model provides the basic designing guidance of gate

stack strained Si on SGOI MOSFETsS.
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1. Introduction

As bulk and siliton-on insulator (SOI) MOSFETSs
scale down into sub-100-nm technology node, the gate
oxide thickness is projected to reduce to 1.5 nm or
below, such an ultra-thin gate oxide will induce high
direct tunneling gate leakage currents,!? which can
increase the static power and affect the circuit opera-
tion. To solve the problem, the new dielectric mate-
rials with high dielectric constant (k) materials such
as HfSiO4 (k = 10), HfOy (k = 20) have been recom-
mended to replace SiOs for solving the gate leakage
problem. However, the interface trap states increase
greatly on using the new dielectric materials to re-
So, the best method to solve
this problem is using a stack gate structure.l¥ Also,

place the gate oxide.

the strained Si can improve the device speed.*®! To
precisely analyse the gate stack strained Si on silicon-
germanium-on-insulator (SGOI) MOSFETS, the exact
two-dimensional expression comprising channel poten-
tial, channel electric field, threshold voltage, and sub-
threshold swing is needed, especially for the device ap-
plied to the integrated circuits. In this paper, based on
the exact resultant solution of two-dimensional Pois-

son’s equation, the physics model of channel poten-
tial, subthreshold swing and threshold voltage for gate
stack (GS) strained Si SGOI MOSFET’s are devel-
oped. And the validity of the analytical model is ver-
ified by using the numerical simulation.

2. Strained-Si-on-insulator MOS-
FET

2.1. Effect of strain on band-gap

In the presence of strain, the silicon thin film
experiences biaxial tension and changes its band
structure.l=8 The strain causes the electron affinity
of silicon to increase, it also causes the band-gap and
the effective mass of carriers to decrease. The above
strain-related effects on the silicon band structure are

modeled as follows:[-10]
(AEc)s—si = 0.57X, (1)
(AEg)s—si = 0.4X, (2)
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= 0.075X, (3)

where X is the strain in equivalent Ge mole fraction in
the relaxed Si;_ xGex butter layer; (AEq)s—g; is the
increase in electron affinity of silicon due to strain,
(AE;)s—gi is the decrease in the band-gap of silicon
due to strain, Vr is the thermal voltage. Ny gi and
Ny s—gi are the density of states (DOS) in the valence
band in normal and strained Si, respectively; mj g;
and my, . _g; are effective masses of hole DOS in nor-
mal and strained Si, respectively.

The band-gap for the Si;_ x Gex layer can also be
estimated as follows:[9:10]

(AEg)sige = 0.467X, )
Ny sige = (0.6X + 1.04(1 — X)) x 10* em™>,(5)
€sice = 11.8 +4.2X, (6)

(7)

Ny si 1
1 S) vl (o
Vel (Nv,sm;e> Vrln (1 - 0.44X> :

where (AEy)sige is the difference between the band-
gap of Si;_ xGex and that of Si, Vv gige is the DOS
in the valence band in the Si;_ x Gex layer, and esiqe

7

is the permittivity of Si;_ xGex.

2.2. Effect of strain on flatband voltage

The effect of strain on the front-channel flatband
voltage of FD SGOI MOSFET can be modeled as

follows:[9:10]

(VEB,f)s—si = (VeB,f)si + AVrp s, (8)

where (Vg f)si = oM — ¢si, AVep s = —(AEc)s—si/q
+(AEg)s—si/q — VrIn(Ny si/Nv s—si), ¢si = Xsi/q +
Eqsi/2q + ¢¢—si, ¢r—si = VrIn(Na/nisi).

In the above relations, ¢\ is the gate work func-
tion, ¢g; is the work function of unstrained Si, ¢¢_g; is
the Fermi potential of unstrained Si, F, g; is the band-
gap of unstrained Si, ¢ is the electronic charge, N is
the body doping concentration, njs; is the intrinsic
carrier concentration in unstrained Si. In the same
way, the effect of strain on the back-channel flatband

voltage of FD SGOI MOSFET is modeled as!* 1]
(Ve,b)sice = (VEB,b)si + AVEB b, 9)

where (VeBp)si = dsub — ¢si, AVep =
(AEg)sice/q — Vo In(Nv si/Nv sice), ®sub = Xsi/q +
Eq 5i/2q 4 ¢t—subs Gr—sub = Vr In(Ngub/14s1)-

Here ¢g,1, is the work function of the silicon back-
substrate under the buried oxide, ¢¢_g,1, is the Fermi

potential in the silicon back-substrate, and Ngyy, is the
doping concentration in the back-substrate.

It is also important to consider the effect of strain
on the built-in voltage across the source-body and
drain-body junctions in strained Si layer, which can
be written as

Vois—si = Voisi + (AVhi)s—si, (10)

where Viisi = FEgsi/2¢ + ¢rsi, (AVhi)s—si =
—(AEg)s—si/q — VT In(Nv si/Nv s—si)-

3. Model formulation

3.1. Two-dimensional model for surface
potential

The schematic structure of novel FD SGOI MOS-
FET is shown in Fig. 1. Neglecting the effect of the
fixed oxide charges on the electrostatics of the channel,
the Poisson’s equation of the potential distribution in
the strained Si layer and Si;_ xGex layer before the

onset of strong inversion can be written as!*!—16!

0% (z, 0%y (x, N
¢1(2 y) n <Z51(2 y) _ alNa (11)
ox Oy €si
for0<x <L, 0<y <ts_g;
0% go(x,y 0% po(x, 1y N
¢2(2 v) . ¢2(/2y) _ qNa (12)
Ox Oy €SiGe
for 0 <o <L, 0<y <tgige
where Ny is the doping concentration of the strained

Si layer and Si;_ x Gex layer, e is the dielectric con-
stant of strained Si layer, egqe is the dielectric con-
stant of Si;_xGex layer, ts_g; is the thickness of
strained Si layer, tsijge is the thickness of Si;_ xGex
layer, the X axis is perpendicular to the channel, and
the Y, Y’ axes are parallel to the channel. The po-
tential profile in the vertical direction in the strained
Si layer and the Si;_ x Gex layer can be approximated
by a parabolic function.

o1(z,y) = ¢s(z) + c11(2)y + c12(2)y? (13)
for0<x <L, 0<y <ts_si;

$a(x,y') = du(x) + ca1(2)y + ca2(2)y” (14)

for 0 <a <L, 0<y <tsige;
where ¢q(x) is the front channel surface potential at
the gate-oxide/strained Si interface, ¢y (z) is the back
channel surface potential at the Si;_ x Gey /buried ox-
ide interface. The coefficients c11(x), c12(z), c21(x),
and coa(x) are functions of x only. The Poisson’s
equation can be solved using the following boundary

conditions.
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Fig. 1. Schematic structure of SGOI MOSFET.

(i) Electric flux (displacement) at the gate-
oxide/strained Si film interface is continuous, i.e.,

d¢1 (£E7 y)

_ Cox ¢s(x) = Vg
dy ’

15
€si te (15)

y=0
where e,y is the dielectric constant of the gate ox-
ide, t; is the effective gate oxide thickness ty =
t1 + (gsion/k)t2, Vas is the gate-to-source bias volt-
age, Vg1 = Vas — (ViB,f)s—si-

(ii) Electric flux at the interface of buried oxide
and the Si;_ xGex back channel is continuous, i.e.,

Si;_ xGex layer are continuous, i.e.,

d¢1($,y) _ _5SiGe d¢2($,y/) (17)
dy Y=ts_si Esi dy Yy =tsiGe ,
¢1(w,ts—si) = Pa(, tsiqe)- (18)

(iv) The surface potential at the source end is

¢1 (07 O) = ¢Sl(0) = Vbi,s—Si~ (19)

(v) The surface potential at the drain end is
¢2(L1+ L2,0) = ¢s2(L1 + La) = Viis—si + Vs, (20)

where Vpg is the drain-to-source bias voltage.

Using the boundary conditions (15), (16), (17)
and (18), one can obtain the coefficients ¢11(z), c12(z),
c21(x), co2(x) in Eqs. (13) and (14), and obtain the
expressions for ¢(x,y) and ¢a(x,y’). Substituting
¢1(z,y) and ¢o(z,y) into Egs. (11) and (12) respec-
tively and substituting y = 0, ¥’ = 0, one can obtain

d¢2(may/) €ox (bb(m) - V3
dy’ g t =, (16) d?¢s(z)
) y'=0 SiGe b W — Zﬁlgﬁs(l‘) + 2a1¢)b(x) = 61, (21)
where ¢}, is the buried-oxide thickness, Vg, = Vsus — 2
d ¢b($) o
(VEB.b)siGe, Vsus is the substrate bias. dz2 20001 (2) + 2bags(x) = 02,  (22)
(iii) Electric flux (displacement) and the electric
potential at the interface of strained Si layer and  where
|
o — (Cp + 2Csice) . Csice + Ct(Csige/Cs—si) + (Ct/2)
2t§_si(CSiGe + Cs—Si) ’ tg_Si(Cs—Si + CSiGe) ’
5, = gNa <Cf(QCSiGe/CSSi + 1)Vig — Csz’UB) _Cosit Ch(Csi/Csige) + (Cp/2)
€si 2 6;(Cs—si + Csige) ’ 2t2. o (Csige + Cs_si) ’
By = Cr +2Cs—si) 5y = qNa (Cb(QCSiGe/CsSi +DVsus — CfVés) _
21200 (Cs—si + Csice)’ €siGe t2:c0(Cs—si + Csige)
Here, Cs—si = €si/ts—si, Ct = €t /tt, Cb = €ox/th, CsiGe = €siGe/tsiGe-
By eliminating ¢y (z) from Egs. (21) and (22), one can obtain
d*¢s(z d2¢s(x
LD (205 +28) T2 1 400 — 001 )0u() = 2t + 0n). (23)

To solve the four-order differential equation is too
The sur-

face potential variation ¢s(x), across the front channel

complicated for a simple compact model.

from the source to the drain, is quite smooth and does
not vary rapidly (especially for gate voltage close to
the threshold voltage of MOSFET). One can neglect
its fourth derivative with respect to the other terms.

This approximation is quite valid as one can see in

the comparison of model prediction with device simu-
lation results given later. Thus, equation (23) can be

written as 2
L&) (@) =5, (24)
where a« = 2(af1 — a1f2)/(aa + B1), B =

(a201 — a162)/ (a2 + B1).
The solution for Eq. (24) is a simple second-order
non-homogenous differential equation with constant
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coefficients, which can be written as
¢s(x) = Aexp(wx) + Bexp(—wzx) — 6, (25)

where w = /a and 6§ = 3/a.
Now, using boundary conditions (19) and (20) to
solve for A and B, one obtains

A
[ (Vhis—si +0 + Vbs) — (Vhis—si + ) exp(—wL)
B { 1 —exp(—2wL) ]
x exp(—wL), (26)
B
B |:(Vbi,sSi +0) — (Vhis—si + 90 + Vpg) eXp(—WL)]
1 — exp(—2wl) '

(27)

The minimum potential of the front-channel can be
calculated from Eq. (21) as

¢smin = 2VAB — 0. (28)

The minimum occurs at

1 B

The electric field pattern along the channel de-
termines the electron transport velocity through the
channel. The electric field horizontal components un-
der the metal gate is given as

E(z) = Aaexp(az) — Baexp(—azx). (30)

3.2. Two-dimensional model for thresh-
old voltage

The threshold voltage Vry is the value of the gate
voltage Vas at which a conducting channel of SOI

v = exp(—wL), o =2cosh(wL) — sinh?(wL) — 2,

MOSFET is induced. In a fully depleted thin film SOI,
it is desirable that the front channel turns on before
the back channel. Therefore, the threshold voltage is
taken to be that value of gate source voltage for which
@s,min = 2¢F si, where ¢p g; is difference between the
extrinsic Fermi level in the bulk region and the intrin-
sic Fermi level. For the strained Si SOl MOSFET, the

threshold condition under the front gate is modified as

¢s,min = 2(bF,Si + A<ﬁsfsi = ¢th7 (31)

where

(AEg)s—Si

Ads_si = — +Vrln (

Nys—si)
NV,S—Si) '
¢4 is the value of surface potential at which the volu-
metric inversion electron charge density in the strained
Si device is the same as that in the unstrained Si at
threshold, i.e., equal to the body doping.

So the threshold voltage is defined as the value of
Vas at which the minimum surface potential g min
equals ¢p-
of threshold voltage as the value of Vzg by solving
Eq. (28). Thus the threshold voltage can be expressed

as follows:

Hence, one can determine the value

_ /n2 — 4
Vi = A1 F 27; & (32)

where

1 . .
n = Vbil (1 — ’Y) + SlnhQ(WL) . (2¢th - 2U) - Vbig(l — ’y), f = VbﬂVbig — smh2(wL) . (¢th — U)Q,

1
01 = (Vhis—si —u)(1 =)+ Vb, 92 = (Vhis—si —u) <7 - 1) —Vbs, u=—Vsyp —

Cy qNatsi
—— - (W —si,
Cf Cf ( FBl)s S

u = Véus [alcb(z(CSiGe/Cs—Si) +1)
(2f1 —1B2) | 2t (Co—si + Csice)
— (/M) (VeB,f)s—sis

a2Ch ] N qNa (az (&3 )
26 (Cs—si + Csice) 2(a2B1 — a1f2) \€si €sige

Oéle

a2Ct(2(Csige/Cs—si) + 1)
A= —
(04251 04152) { 2t§,Si(Csfsi +CSiGc)

3.3. Model for subthreshold swing

-1
 ge(Cosi + CSiGc)} '

Assuming that the drain current is proportional to the total amount of free electrons at the virtual cathode,?!

the subthreshold swing can be defined as
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WVas KT (6@ min>‘1
= ——— =~ —In(10) [ =—=— . 33
alOg(Id) q ( ) BVGS ( )
By substituting Eq. (27) into Eq. (33), the subthreshold swing can be obtained as

KT _1y2 (1 —exp(—wl) 1 —exp(—wL) 1

S = . In(10) { [(AB) (1 ~oxp(—2wl) exp(—wL)B + A1 ~oxp(—20l) 1 -
[ Qg (_ Ci((2Csice/Cs si) + 1)) L@ ( Ct )} }_1 (34)

ag + By 2 4 (Cssi + Csige) a2 + B1 \t3;q0(Cssi + Csice) '

4. Results and discussion

To verify the proposed analytical model, an FD n-channel SGOI structure shown in Fig. 1 is used. Typical
values of parameters are: work function for gate metal ¢y = 4.77 eV, t, = 100 nm, Vgyp = 0 V, Ny =
1 x 107 em™3, Ngyg = 1 x 107 ¢cm ™3,

Figure 2 shows the curve of surface potential against the horizontal distance z in the channel L = 50 nm.
It can be seen that the incorporation of gate stack SGOI design introduces an increasing of the potential barrier
with the increase of the values of Ge mole fraction in the relaxed Si;_ x Gex buffer at the source and drain end.
However, in the middle of the channel, the potential barrier increases with increasing effective Ge mole fraction
in the relaxed Sij_xGex buffer, as shown in Fig. 2(a). Figure 2(b) shows the potential barrier decreasing
with increase permittivity €5 for x = 0.2. However, this potential barrier decreases when the high-%k thickness
to increases, as shown in Fig. 2(c). The shift in the potential profile screens the region near the source end
from the variations in drain voltage and thus ensures reduction in threshold voltage roll-off in comparison with
conventional strained Si MOSFETs.

1.0
t1 = 0.5 nm

t1 = 0.5 nm

1.0 1 . = N
to = 2.0 nm =02 0o to = 2.0 nm z_ i1309
00\ femsi=i0mmo o0y : ts—si=10nm . _9q

tsiGe = 15 nm
g9 = 20

tsige = 15 nm
0.8{ \z=02

Surface potential/V
Surface potential/V

0.8 1 \
o
0.6 1 (a) 0.6 1 — (b)
0 10 20 30 40 50 0 10 20 30 40 50
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’ ts_gi = 10 nm —— 12 =1 nm
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0.6 ~

(c)

0 10 20 30 40 50

Position along the channel/nm
Fig. 2. Variation of surface potential along the channel for a 50-nm GSFDSGOI MOSFET as a function of position

along the channel for different (a) Ge mole fraction in relaxed SiGe buffer; (b) high-k dielectric permittivity eo
(z = 0.2); (c) high-k thickness ta.
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Figure 3 shows the curve of surface electric field against the channel position = in the channel L = 50 nm.
Figure 3(a) shows the surface electric field increases with increasing Ge mole fraction in the relaxed SiGe buffer
at the source end. However, at the drain end the surface electric field decreases with increasing Ge mole fraction
in the relaxed SiGe buffer. Figure 3(b) shows the surface electric field changes with the permittivity e5. It can
be seen that permittivity 5 affects the surface electric field not too more than Ge mole fraction in the relaxed
SiGe buffer.

- t1 = 0.5 nm =0 — t1 = 0.5 nm —— =39
\ 0.8 1 I 0.8 1 —10
g to = 2.0 nm —— =02 g to = 2.0 nm — &=
; ts—si = 10 nm ——2z=04 ; 1 ts—si =10 nm —e=
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g 07 2 01
— ~
g 3 1
& &
& &3

—0.4 —0.4 1

(a) (b)
0 10 20 30 40 50 0 10 20 30 40 50
Position along the channel/nm Position along the channel/nm

Fig. 3. Variation of surface electric field along the channel for a 50-nm GSFDSGOI MOSFET as a function of position along
the channel for different (a) Ge mole fraction in relaxed SiGe buffer; and (b) high-k dielectric permittivity e2 (z = 0.2).

Figure 4 shows the variation of threshold voltage against the gate length. Figure 4(a) shows the threshold
voltage against the gate length for different Ge mole fraction in the Si;_ x Gex buffer for a strained Si thickness
of 10 nm and Si;_ x Gex thickness of 15 nm. The threshold voltage decreases almost linearly with an increasing
strain, it becomes negative for a Ge content of 0.3-0.4. The threshold voltage falls sharply below ~70 nm
gate length due to short-channel effect like drain induced barrier lowing (DIBL), the gate-S/D charge sharing.
Figure 4(b) shows the threshold voltage against the gate length for different permittivity 5. It is observed that

threshold voltage decreases with the increasing of permittivity es.

0.3

0.5 1

t1 = 0.5 nm e =139
0.4 - to = 2.0 nm e =10

ts—si =10 nm . g9 =20

> >
>~ ~
& )
3 3
= =
5 01 t1=0.5nm g 037 tsiGe = 15 nm
% to = 2.0 nm % xz=0.2
< i ts_si = 10 nm = 027
8 0 - é’
FP‘: ] tsiGe = 15 nm = 0.14
©2=2 (a) (b)
—0.1 T T T T T T T 0 T T T T T T T
40 80 120 160 200 40 80 120 160 200
Gate length/nm Gate length/nm

Fig. 4. Variation of threshold voltage along the channel for a 200-nm GSFDSGOI MOSFET as a function of gate
length for different (a) Ge mole fraction in relaxed SiGe buffer; and (b) high-k dielectric permittivity e2 (z = 0.2).

Figure 5 shows the variation of DIBL with channel length for different high-k dielectric permittivity e
for GS FD SGOI MOSFET. The DIBL is obtained from the difference between the threshold voltage at high
drain—drain source voltage (Vgs = 0.5 V) and the threshold voltage value at low drain—drain source voltage
(Vas = 0.05 V). From Fig. 5, it can be seen that DIBL is lower for GS FD strained Si SGOI MOSFET than
for FD SGOI MOSFET. So, it is indicated that the incorporation of GS SGOI and high-%k designs leads to an
improvement of short channel effect.

Figure 6 shows the subthreshold swing for dielectric constant eo = 20 and ts_g; = 10 nm, t5ge = 15 nm.
For this novel structure, the GS strained Si SGOI MOSFET provides a better subthreshold swing and a small

off-current.
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Fig. 5. Drain induced barrier lowering (DIBL) coefficient Fig. 6. Variation of threshold voltage with the channel
as a function of the channel length for different dielectric length for a 200-nm GS FD SGOI MOSFET (z = 0.2).

constants €2.

5. Conclusion

In this paper, the 2D analytical model of surface potential, threshold voltage, surface electric field and
subthreshold swing has been developed for GS SGOI MOSFET. It has been shown that the high-k region on
the oxide layer reduces SCE and DIBL. The law of scaling capability of the proposed structure is compared
to the conventional strained Si MOSFET, which illustrates the improved subthreshold behaviour of the GS
strained Si MOSFET over conventional strained Si MOSFET. The obtained results are in good agreement with

the simulated results.
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