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Abstract: On the basis of the exact resultant solution of two dimensional Poisson’s equations, a new accurate two-
dimensional analytical model comprising surface channel potentials, a surface channel electric field and a threshold
voltage for fully depleted asymmetrical dual material gate double-gate strained-Si MOSFETs is successfully devel-
oped. The model shows its validity by good agreement with the simulated results from a two-dimensional numerical
simulator. Besides offering a physical insight into device physics, the model provides basic design guidance for
fully depleted asymmetrical dual material gate double-gate strained-Si MOSFETs.
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1. Introduction

Double-gate MOSFETs seem to be a very promising op-
tion for ultimate scaling of CMOS technology!l. Excellent
short-channel effect (SCE) immunity, high transconductance,
and ideal subthreshold performancel?:3! have been reported
from theoretical and experimental work on this device. In par-
ticular, asymmetrical DG SOI MOSFETs are becoming pop-
ular since these structures provide a desirable threshold volt-
age unlike symmetrical DG SOI MOSFETs. To enhance the
immunity against SCEs, a new structure called a dual-material
(DMG) gate MOSFET has been proposed. A dual-material gate
structure induces the peak of the electric field at the interface
between the different materials, which enhances the carrier’s
speed and improves the device’s performancel*~9]. In addition,
strained-Si devices can enhance mobility, high-field velocity
and velocity overshoot of carriers are promising candidates for
future high-performance MOSFETs!”). To incorporate the ad-
vantage of asymmetrical DG MOSFETs and dual-material gate
structure and strained-Si devices, the asymmetrical dual mate-
rial gate double-gate strained-Si MOSFET has been proposed.
In this paper, a novel, fully depleted asymmetrical dual mate-
rial gate double-gate strained-Si MOSFETs is investigated. The
analytical models for surface potential distribution and thresh-
old voltage are derived based on the two dimensional Poisson’s
equations. The models are verified by the simulation results
that agree well with those of the two-dimensional numerical
simulator. With appropriate modification, the model can also
be extended to asymmetrical and symmetrical DG MOSFETs.

PACC: 7330; 7340R; 7215N

2. Strained-Si MOSFET

2.1. Effect of strain on bandgap

In the presence of strain, the silicon thin film experiences
biaxial tension and changes its band structurel®~111. The strain
can increase the electron affinity of silicon. It can also cause
the bandgap and the effective mass of carriers to decrease. The
above strain-related effects on the silicon band structure are
modeled as follows!!2: 131,

(AEc)ssi = 0.57X, (D
(AEy)esi = 0.4X, )
3/2
Ny s my
Veln —230 = ; 1n< S ) =0.075X, (3)
V, s-Si mh,s—Si

where X is the strain in the equivalent Ge mole fraction in the
relaxed SiGe butter layer, (A Ec)s.s; is the increase in electron
affinity of silicon due to strain, (A E,)s.si is the decrease in the
bandgap of silicon due to strain, and V7 is the thermal voltage.
Nv,si and Ny, ¢s; are the density of states (DOS) in the valence
band in normal and strained-Si, respectively, m;‘ o and m; oS
are the effective masses of hole DOS in normal and strained-Si,
respectively.

2.2. Effect of strain on flatband voltage

Since the structure is symmetrical, the effect of strain on
the front-channel flatband and back-channel flatband voltage
of this structure MOSFET can be modeled as follows[!2: 131,
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Fig. 1. Schematic structure of (a) a asymmetrical DMG DG strained-Si MOSFET and (b) a symmetrical DG strained-Si MOSFET.

(VeB, D)s-si = (VeB,1)si + AVeg, 1, “4)
where
(VEB, f)si = dm — Psis
—(AEC)gsi AE,)ssi N
AVFB,f — ( C)s Si + ( g)s Si VrIn V, Si ’
q Nvy,ssi

¢si = xsi/q + Egsi/29 + drsi
¢rsi = VrIn(Na/ni si).

In the above relations, ¢y is the work function of the gate,
¢si is the work function of unstrained-Si, ¢¢.g; is the Fermi po-
tential of unstrained-Si, Egg; is the bandgap of unstrained-Si,
q is the electronic charge, Ny is the body doping concentration,
and n;, g; is the intrinsic carrier concentration in unstrained-Si.

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

Voi,s-si = Vi, si + (AVhi)s-sis ®)
where
Eg si
Voi,si = > + ¢F, sis
q
—(AE,)s; Nv . si
(AVpi)ssi = (AEgssi Vrin -5
V,s-Si

3. Model formulation

3.1. Two-dimensional model for surface potential

The schematic cross-section view of an FD asymmetrical
DMG DG strained-Si MOSFET is shown in Fig. 1(a), and that
of symmetrical DG strained-Si MOSFET is shown in Fig. 1(b).
In Fig. 1(a), the lengths of the gate metals M1 and M2 are L,
and L,, respectively. Assuming the channel doping to be uni-
form, the channel region is divided into two different zones
since two kinds of gate materials are used. Neglecting the ef-
fect of the fixed oxide charges on the electrostatics of the chan-
nel, the Poisson’s equation of the potential distribution in the
two strained-Si zones before the onset of strong inversion can
be written as!!4~16]

PPr(x.y) | P¢ilx.y) _ gNa
dx2 ay? &si
0<x<L;,0<5y <tsi, (6)

)

Fpa(x.y) N 0’¢a(x.y) _ qNa
dx2 dy? &si
Li<sx<LO<y<tsi, (7

’

a2¢3(x/’ y,) — qNA
ay/z s ’

0<x' <L,0<y <tsi, 8)

82¢3(X/, y/)

0x'2

Ppa(x’, ") _ 4Na
dy”? esi

Li<x'<L,0<y <tus, 9)

pa(x’.y")
8x/2

where N, is the doping density of the strained-Si layer, eg;
is the dielectric constant of the strained-Si layer, #g; is the
thickness of the strained-Si layer, L is the gate length, and
L = L + L,, with the x-axis parallel to the channel and the
y-axis perpendicular to the channel. The potential profile in the
vertical direction in the strained-Si layer can be approximated
by a parabolic function,

H1(x, ) = Ps1(x) + c11(x)y + c12(x)y2,

0<x<L1,0<y<fs, (10)
$2(x,9) = P (x) + c21(x)y + c22(x)y?,
Li<x<L,0<y<tyg, (11)
3, ¥") = do1 (X)) + e31(x)y + c32(x)y"?,
0<x'<L,0<y <t (12)
Pa(x', ") = Ppo(xX) + car(x)y’ + car(x')y,
L <x'<L,0<y <t (13)
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where ¢ (x) and ¢ (x) are the front channel surface poten-
tial under M1, M2, respectively, and ¢y (x’) and ¢pp(x’) is
the back channel surface potential. The coefficients c11(x),
¢12(x), c21(x) and ¢o2(x) are only functions of x, and c31(x”),
c32(x”), c41(x") and c42(x”) are only functions of x’. The Pois-
son’s equations can be solved using the following boundary
conditions.

(1) At the top side, the electric flux (displacement) at the
gate-oxide/strained-Si layer interface is continuous, i.e.,

doi(x,y) _ Eox os1(x) — GSl (14)
dy |y=0 &si Ie
dea(x, y) _ gﬂ¢52(x)_ VG/sz (15)
dy y=0 Esi Iy 7
dps(x, y") Eox — ¢3(x, Issi)
— = o Vs =U (16)
y Y =tssi Esi It
depa(x’, y") _ eox Vi Gsr — Pa(X 1)) a7
dy’ Y/ =tssi Esi it ,

where &,y is the dielectric constant of the gate oxide, #; is the
gate oxide thickness and Vg is the gate-to-source bias voltage,
Visi = Vas — (VeB,0ssiv Vs = Vos — (VeB2,s-sis
(VeB2,p)si = Om2 — ¢sis (VeB1,)si = dmi1 — Psi.

(2) At the bottom side, the electric flux (displacement) of
the gate-oxide/strained-Si layer interface is continuous, i.e.,

d¢1(x5y) _ on GS2 —¢1 (x, 25 Sl)’ (18)
dy Y=lssi €si tf

d¢2(X, y) _ <9ox GS2 ¢2(x Is Sl) , (19)
dy Y=issi Esi It

dos(x’, y") _ Eox Pr1 (x') — Gsz (20)
dy/ y/'=0 Esi lf

d¢4(x/; y') _ 8£¢b2(x/) - VG/sz. 1)
dy V=0 £si tf

(3) At the source side, the channel potential must be equal
to the built-in potential for the junction of the source and body,

$1(0,0) = ¢s(0) = Wi, s.si = ¢p(0) = ¢3(0,0).

(4) At the drain side, the channel potential must be equal
to the built-in potential for the junction of the source and body
plus the drain-to-source bias voltage,

(22)

@2(L, tssi) = Voi,ssi + Vbs = ¢a(L, tesi), (23)

where Vpg is the drain-to-source bias voltage.
(5) The potential and the electric flux at the interface of
Mland M2 are equal,

$1(L1,0) = ¢2(L1,0), (24)
$3(L1,0) = ¢a(L1,0), (25)
d¢l(§)C7y)|x=L1 = d¢2(x,y)|x=L1’ (26)
X dx
dos(x’, y") _dea(x',y")
T' x'=L; = T|x’=L1~ (27)

Using the boundary condition equations. (10)—(13), one
can obtain the coefficients c11(x), c12(x), c21(x), c22(x),
c31(x"), ¢32(x”), c41(x’) and c43(x’), and then obtain the ex-
pressions for ¢q(x,y), ¢2(x,y), ¢3(x’,y’) and Pqa(x’,y’).
Substituting ¢1(x, ¥), ¢2(x,¥), ¢1(x,y) and ¢»(x,y) into

Egs. (6)—(9), respectively, and substituting y =0 or y’ =0, one
obtains 5
d”¢s1 (x)
I —aa(x) = B, (28)
d?po(x)
T — () = Ba. (29)
d2¢b1(x )
i — () = a. (30)
d2¢b2(x )
e — @ (x) = Ba. (1)
where
2 280x
B Esililsi
B = gNA ey Visy + (1 +a)Vis
! Esi Esi nta (1 + la '
flsi ) 1
NA  eox 2V
po=1C _Zxem g,
Esi &si Il
By = gNA  eox Vis + (1 + al)VGS2
R it (14 2a
flsi P 1
Here, a; = 8°*t*‘

The solutlons for Egs. (28)—(31) are simple second-order
non-homogenous differential equations with constant coeffi-
cients, which can be written as

ds1(x) = Aexp(ax) + Bexp(—ax) — ﬁ—;, (32)

pal) = Cexplor(x — L)) + D expl-ox — L]~ 2.
(33)
¢dp1(x') = E exp(ax’) + F exp(—ax’) — /33, (34)
Po2(x) = Gexp [a(x’ — L1)|+ H exp[—a(x’ — Ly)] - &
(35)

Now, using boundary conditions (3), (4) and (5) to solve
for A,B,C, D, E, F,G and H, one obtains

=[ﬁ 2P exptona) + 2P exparn) - 2

+ (Vbi, ssi T+ %) exp(—al) — Vpi ssi — VDs]
x [exp(—aL) — exp(aL)] ™", (36)
2[522;2,31 exp(arLs) + B2 L — B exp(—aLy) — &

+ (Vbi, sSi T+ ﬁ—;) exp(aLl) — Vii,s-si — VDS]

o
x [exp(aL) — exp(—aL)] ",
(37
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C = AemxaL94—ﬁ ﬂl, (38)
202
D = Bexp(—aL;) + =1 P2 b1 (39)
202
E :['34 B3 exp(aly) + Ba — . B3 exp(—aLs) — 54
+ (Vbi,s—Si + %) exp(—al) — Vpissi — VDSi|
x [exp(—aL) — exp(aL)] "
(40)
Fo [,34 B3 explal,) + P4 P3 ,3 ,33 exp(— osz)—&
+ (Vbi,s-Si + f%) exp(al) — Vhissi — VDSi|
X [exp(al) — exp(—aL)]_l,
(41)
G = Eexp(aL;) + Ps _2’33, (42)
2«
H=Fexp(—aL1)+ﬁ4_'B3. (43)

202
The minimum potential of the front-channel and back-
channel can be calculated from Egs. (32)—(35) as

¢sl,min =2vAB - — (44)
_2/cp- P2
¢32,min - - 0?7 (45)
osmn = 2VEF ~ 2L, (46)
Pv2,min = 2VGH — %- 47)
The minimum occurs at
1 B
Xmin, fl = Z In Z» (48)
1 D
Xmin, 2 = Z In Ev (49)
1 E
Xmin, bl = ﬁln i (50)
1 G
Xmin, b2 = %l A (51)

The electric field pattern along the channel determines the
electron transport velocity through the channel. The electric
field horizontal components under the front gates and back gate
are given as

E ¢(x) = Aa exp(ax) — Ba exp(—ax), (52)

E> ¢(x) = Caexpla(x — L1)] — Daexp[—a(x — L1)],
(53)
Eiv(x) = Eaexp(ax) — Foexp(—ax), (54)
Erv(x) = Gaexpla(x — Ly)] — Haexp[—a(x — L1)].
(55)

3.2. Two-dimensional model for threshold voltage

The threshold voltage Vry is the value of the gate volt-
age Vgs at which a conducting channel of an SOl 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 ¢s1, min = 2¢r,si, where ¢, s; is the differ-
ence between the extrinsic Fermi level in the bulk region and
the intrinsic Fermi level. For the strained-Si SOl MOSFET, the
threshold condition under the front gate is modified as!®:1°!

s, min = 205, si + Adssi = P, (56)
where AE N
A¢s-Si — _( g)s—Sl + VT In V, Si )
Ny, ¢si

¢ 1s the value of surface potential at which the volumetric
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.

For an FD asymmetrical DMG DG structure, because of
the different metal material M1 and M2, the threshold voltage
is defined as the value of Vs in which the minimum between
of the maximum of the front channel surface potential ¢, min
and @g, min €quals ¢y, and the maximum of the back channel
surface potential @y, min and ¢p1,min €quals ¢, Hence, one can
determine the value of the threshold voltage as the value of Vg
by solving Egs. (44)—(47).

The front gate threshold voltages can be expressed as

gNA —bn + VbE —4ance

Vinn = —— — + (Ves1,dssis (57)
£gi 2agp
gNA —bf2+\/b122—4aﬂcf2
Vru,p = >~
&gt 2ap
Vi i+ (1 Wi i
( w1, f)s-si + (1 + a1)(VeBa,0)ssi ’ (58)
2+ a
where P
an =2-—n-— Z,

V; h
bf1=—Z—Y+m+a—;(2—77)—§¢th,

h
cp =Wy — —¢§1h =2 —exp(Ral) — exp(—2alL),

V2
Wi = ZY—(Z—i—Y)——i——,

= 2—12 [exp(aL2) + exp(—aL2)] + Vi, s-si

exp(—aL) — Wi, s.si — Vps.,

1%
Y = 2()[—]2 [exp(aLz) + exp(—aL2)] + Vi, ssi

exp(aL) — Vii, ssi — Vs,
n = [exp(aL) + exp(—aL)]m = Z exp(aL) + Y exp(—alL),
ap=2-n-— ﬁ
4
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V1 2V V1 h
bQ——Z—Y+m+a_2 —?4-]’1@—5(]5&1,
h
e = W2 — 764,
B i VRN

+ V_12 [exp(aLz) — exp(—aLz)] + hV—12
204 4ot

Eox 1+a;

Esi 1

Y 1t (1 + Eal)
n=Zexp(alLi)—Y exp(—alLy),

Apm = dv2 — Pmis
K = exp(aL) — exp(—al).

V= Ay,

So the front gate threshold voltage is the maximum of the
front channel threshold voltage,
Vi, = max[Vrn, r1, Vin, 2] (59)

The back gate threshold voltage can be expressed as

gNA  —be1 + \V bo — 4avicp

Vin, o1 = >~ + (VB1, s-si»
£ 2ap;
(60)
gNA —bey + /b, — 4amcy:
Vra, b2 = >~
£ 2ay,
Vi Si 1 % Si
n (VeB2, p)s-si + (1 + a1)(Vei, p)s si 61)
24 a;
where
h
apy =2—n-— e
1% h
boi=—Z =Y +m+ 22—~ .
o 2
h
o1 = Wz — Zﬁbﬁl,
ox ApM
V, = E_L
B (1 + Ly
flsi ) 1
v, V2
Ws=ZY —(Z+Y)—= + 2,
o o
h
apy = (Z—U—Z)bbz
Vs 2V, 123 h
——Z-Y 2 2,2 Dy
+m+a2n a2 + 202 2('{)th
2V, Vs Vs h
bbzz—Z—Y-i-m-F?‘i‘(?T]-i-ﬁh—zqﬁth,

h ,
oy = Wy — Z¢th,
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Fig. 2. Variation in the surface potential along the channel for the 40
nm DMG DG and DG strained-Si MOSFET. (a) Potential distribu-
tion of the front gate and back gate surface of the DMG DG and DG
MOSFETs. (b) Potential distribution of the back gate surface of the
DMG DG and DG MOSFETs. (c) Potential distribution of the front
gate surface of the DMG DG MOSFETs.

Vo V22 Vs
V2 V2
+ 327 lexp(aLa) — exp(-aLa)] + h 2.

So the back gate threshold voltage is the maximum of the
back channel threshold voltage,
Vinp = max[Vrnpr, Vin,pa)- (62)

So the threshold voltage is the minimum of the front chan-
nel threshold voltage and the back channel threshold voltage,

Vrg = min[Vry e, Vg (63)
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Fig. 3. Variation in the surface electric field within the channel for
the 40 nm DMG DG and DG MOSFETs. (a) Surface electric field
distribution of the front gate and the back gate surface of the DMG
DG and DG MOSFETs. (b) Surface electric field distribution of the
front gate of the DMG DG and DG MOSFETs. (c¢) Surface electric
field distribution of the back gate of the DMG DG and DG MOSFETs.

4. Results and discussion

To verify the proposed analytical model, an FD n-channel
asymmetry DMG DG structure, as shown in Fig. 1(a), was
used. Typical values of the work function for gate metals M1
and M2 are chosen as 4.70 eV and 4.35 eV, respectively. ¢ =
2 nm, fog = 10 nm, No = 1 x 1017 cm™3.

In the following figures, the lines represent the results from
the derived analytical models, and the symbols represent those
from ISE.

Figure 2(a) shows the curve of the front gate surface po-
tential and the back gate surface potential of the DMG DG

Li Jin et al.
0.40
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0.35F o ISE
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S 030 T
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- 0.20
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£ ol0f
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03
2 x=0.2
S
g 02
g _
5 x=0.4
S 01
s model
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i 1 1 1
0'120 40 60 80 100

Channel length L (nm)

Fig. 4. Variation in threshold voltage along the channel for 100 nm
DMG DG and DG MOSFETs. (a) Threshold voltage of DMG DG and
DG MOSFETs. (b) Threshold voltage of DMG DG MOSFET changes
with the gate length ratio and strain X.

strained-Si MOSFET and the front/back surface potential of
the DG strained-Si MOSFET against the horizontal distance in
the channel for L =40 nm. It is clearly seen that the DMG DG
structure exhibits a step function in the surface potential along
the channel. Due to this unique feature, the area under M1 ploy
front gate of the DMG structure is essentially screened from the
drain-potential variations. This means that the drain-potential
has very little effect on the drain current after saturation re-
ducing the DIBL. Figure 2(b) shows the variation in the back
gate surface potential of the DMG DG strained-Si MOSFET
and the variation in the surface potential of the DG strained-Si
MOSFET with the values of the effective Ge mole fraction in
the relaxed Si;_,Ge, buffer. At the source and drain end, the
surface potential decreases with an increase in the values of
the effective Ge mole fraction in the relaxed Si;_,Ge, buffer.
However, in the middle of the channel there is an increase in the
potential barrier with increasing values of the effective Ge mole
fraction in the relaxed Si;—,Ge, buffer. Figure 2(c) shows the
variation in the front gate surface potential of the DMG DG
strained-Si MOSFET with the values of the effective Ge mole
fraction in the relaxed Si;_,Ge, buffer and the gate length ra-
tio (L1/L,). As the gate length ratio decreases, the step change
of the potential moves toward the source end. We can see that
at the source and drain end the surface potential decreases with
increasing values of the effective Ge mole fraction in the re-
laxed Si;—,Ge, buffer. However, in the middle of the channel,
the potential barrier increases with increasing values of the ef-
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Fig. 5. Drain induced barrier lowing (DIBL) versus channel length L.

fective Ge mole fraction in the relaxed Si;—, Ge, buffer.

Figure 3(a) shows the variation in the front gate and back
gate electric field of the DMG DG and DG strained-Si MOS-
FET along the normalized channel portion with the gate length
L =40 nm. There is a peak electric field at the interface of M1
and M2 within the channel of the DMG DG MOSFET, and it
accelerates the carrier transit speed. Figures 3(b) and 3(c) show
the variation in the front gate and back gate electric field of the
DMG DG strained-Si MOSFET with the gate length ratio. It
can be seen that the peak electric field moves toward the source
side as the gate length ratio decreases.

Figure 4(a) shows the variation in threshold voltage of
the DMG DG and the DG strained-Si MOSFET with the gate
length. It is observed that SCE become serious with decreas-
ing channel length. Figure 4(b) shows the variation in threshold
voltage with the gate length for different Ge mole fractions. It
is observed that the threshold voltage is lower for higher strain
in the silicon film and small gate length ratio (L,/L,) for a
given channel length. The change with increasing Ge content
x is due to the decrease in the flatband voltage, the decrease in
the built-in potential barrier, and an earlier onset of inversion
due to a decrease in ¢y,.

Figure 5 shows the variation in DIBL with channel length
ratio for x = 0.2 Ge mole fraction for the DMG DG strained-Si
MOSFET. The DIBL is obtained from the difference between
the threshold voltage at high drain—drain source voltage (Vg
= 0.5 V) and the threshold voltage value at low drain—drain
source voltage (Vgs = 0.05 V). It is observed that DIBL is sig-
nificant for small channel lengths (40-50 nm), while it is neg-
ligible for longer channel lengths.

5. Conclusion

Based on the two-dimensional solution of Poisson’s equa-
tion, the analytical model for asymmetrical DMG DG strained-
Si MOSFET comprising surface potential, surface electric field

and threshold voltage has been developed. It has been shown
that the FD asymmetrical DMG DG strained-Si MOSFET re-
duces SCE and DIBL. The obtained results are in good agree-
ment with the simulation results.
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