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In this paper, a threshold voltage model for high-k gate-dielectric metal-oxide—semiconductor field-effect transistors

(MOSFETS) is developed, with more accurate boundary conditions of the gate dielectric derived through a conformal

mapping transformation method to consider the fringing-field effects including the influences of high-k gate-dielectric

and sidewall spacer. Comparing with similar models, the proposed model can be applied to general situations where the

gate dielectric and sidewall spacer can have different dielectric constants. The influences of sidewall spacer and high-k
gate dielectric on fringing field distribution of the gate dielectric and thus threshold voltage behaviours of a MOSFET

are discussed in detail.
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1. Introduction

The increasing need for smaller and more power-
ful microprocessors has given an impetus to the reduc-
ing of the feature size.[!] It is well known that the chan-
nel length, gate-oxide thickness and depletion width
of a MOSFET have to be simultaneously shrunk to

2l However, a

maintain proper device characteristics.
thinner gate oxide can introduce an exponential in-
crease of gate leakage current. To reduce the gate
leakage current and standby power, high-dielectric-
constant (high-k) materials have been explored as gate
dielectrics to replace the conventional SiO5.3~5 Re-
cently, the factors influencing the electric character-
istics of a high-k gate-dielectric MOSFET have been
widely studied,!=8) but the study of the effects of side-
wall spacer on the threshold-voltage behaviour is little
involved.

In this work, the gate-dielectric fringing potential
is derived through the conformal mapping transforma-
tion method considering the influences of both high-k
gate-dielectric and sidewall spacer, and then a thresh-
old voltage model based on the distribution is devel-
oped. It is the first time that the influence of sidewall
spacer on threshold voltage has been involved. As a
result, the simulated threshold voltage exhibits good

agreement with experimental data. It is proposed that

threshold-voltage roll-off of high-k MOSFET can be
alleviated by selecting a sidewall spacer with a lower
dielectric constant (e.g. SiOg).

2. Model derivation

A schematic diagram of a high-k gate-dielectric
MOSFET with fringing-field lines emanating from the
bottom of the gate electrode to the drain and source
regions is shown in Fig.1.
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Fig.1. Schematic diagram of a high-k gate-dielectric
MOSFET with fringing-field lines.

For simplicity, the polysilicon depletion effect[®-1% and
quantum effect!!1? are neglected. So, the 2D Pois-
son’s equation in the channel region and gate dielec-
tric region, and relevant boundary conditions can be

written as
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Po(x,y)  Po(zy) ]% Tx<y<0, 0<z<L,
02 y? qA7 0<y<aq, 0<z<L,
Sp(xu_Tox) :Vq_Vfb7 OSZCSL,
- 3<ﬂ(x,y)’ _ g ey )
dy y=0 Oy y=0
9p(z,y) 0
8y Y==Za ’

©(0,y) = gs(v),
o(L,y) = ga(y),

where N4 is the doping concentration of p-type sub-
strate; kox and kg are permittivities of gate dielectric
and substrate respectively; L is the channel length; x4
is the width of depletion region in substrate (z4 is the
variable); Tox is the gate-dielectric thickness; Vj is the
gate voltage; Vi, is the flat-band voltage; gs(y) and
ga(y) are the boundary conditions at the source and
drain ends respectively. Electric potential ¢(x,y) can
be expressed as a sum of three potentials:

@(Iay) = @O(y)_F(PS(Iay)'i_@d(xvy)a (2)

where g(y) is the solution of the 1D Poisson’s
equation for a long-channel MOSFET; ¢s(z,y) and
@d(x,y) are the channel-potential distributions under
the following boundary conditions of the source and
drain ends respectively:

pa(0,y) = 0. (3)

Once ¢s(z,y) and pq(z, y) are found, the solution
of ¢(z,y) can be obtained. Substituting expression (3)
into expression (2) gives

©s(0,y) = ¢(0,y) — wo(y), (4)

with ©(0,y) being the boundary condition at the

source end. By using the variational method,!3—1%!
the functional equation of ¢s(x,y) is obtained as fol-

/ dx/i::r%
ey

()

where z4s is the width of depletion region for source-

lows:

J(ps(w,y)) =

substrate junction; x; is the junction depth of source-

drain region. Since the right-hand side of the Pois-
son’s equation in Eq.(1) is a constant, the solution of
vs(x,y) can be decomposed and written as

QDS(JI,y) = ¢s(y)fs(x) (6)

To satisfy expression (3), the boundary conditions of
fs(x) in Eq.(6) are adopted as follows:

£:(0) =1,
fs(L) = 0. (7)
Equations (6) and (7) give
s(0,9) = ¢s(y)- (8)
Substituting expression (8) into expression (4) yields
¢s(y) = (0, 9) = po(y)- 9)

Substituting Eq.(6) into Eq.(5) gives

J(ps(z,y)) / da /xd#% [ s(v) (3{;:(61;))2

) (2 ] .

The Euler function of Eq.(10) is

a2,
12 ({z(f) (11)

where [ is the characteristic length for pg(z,y) and

(10)

- fs(x) = 07

given by
1/2
wdb-i-wj k 2
L | R Ry )
T s+x3 des
dTox k(y )[ ¢d1§y)} dy
with
kox; _Tox S y S 07
k(y) = (13)
ksia 0< Yy < s +xj-
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Then, fs(x) can be found from Eq.(11) to be

sinh[(L — z)/ls]
(z) = 22U Z D) /bS] 14
K@) = =) (14)
Substituting expressions (9) and (14) into expression
(6) gives
sinh[(L — z) /]
os(@,y) = [¢(0,y) — Sﬁo(y)]W- (15)
Similarly, pq4(z,y) can be derived as follows:
sinh[z /4]
pa(z,y) = [p(L,y) — <P0(y)]ma (16)
where [q is the characteristic length for ¢q(z,y) and
written as
1/2
Tdd+x;j k 2 d
I (L -

2
S k) [ ] ay

o =

2

X [(Voi + Vas — wo(x)) —

Substituting z into expression (19), @sf min can
be determined. The threshold voltage is determined

kwvT & N,

by ©sf min = 2¢¢, where ¢¢ = 27 10 22 s the Fermi
n;

potential of the substrate. Thus, for a small Vg, the

threshold voltage can be expressed as

2(Vbi — 2¢¢) + Vas]
2cosh(L/2L) -2’

Vih = Vino — (21)
where Vi; is the built-in potential of the source-
In order to
calculate the threshold voltage in Eq.(21), the charac-
teristic length [ must be known first. So, it is impor-

substrate and drain-substrate junctions.

tant to derive the boundary conditions of ¢(0,y) and
©(L,y) to calculate | according to expressions (9) and
(12).
Figure 2(a) depicts the fringing field lines near
the interface between the gate dielectric and spacer
at the drain end in the complex U + jP coordinate
system (U is the abscissa and P is the ordinate), de-
noted as u — p coordinate system. The u — p coordi-
nate system is a mapping from the real x — y coordi-
nate system in Fig.1, by using mapping functions of
u=—-L+xz,p=—y. V(p) (le. V(0,p),0<p<Tw)

(v~ pote) -
(Vbi — o

with

baly) = o(L,y) — po(y), (18)

where x4q is the width of depletion region for drain-
substrate junction; ¢(L,y) is the boundary condition
at the drain end. For a low drain voltage (Vgs) (e.g.
50mV), lqg =~ ls = [, which is defined as a common
characteristic length. Substituting expressions (15)
and (16) into expression (2), the channel potential can
be expressed as
sinh[(L — z)/I]
0.vy) — it A S A
+ [#(0,9) = po(y)] Snbh(Z/])
sinh(z/1)

(T, y) = @o(y)

+p(L,y) — (19)
Based on expression (19), the location g of the mini-

mum surface potential (¢sf min) in the channel can be
de(z, y)

determined by 1
x y=0

= 0, and given as follows:

(Voi + Vas — wo()) exp(L/1)]
(z)) exp(L/D)] ™'} (20)

is the fringing potential distribution at the interface
in the u — p coordinate system, which corresponds to
O(L,y)(—Tox <y <0) in the 2 — y coordinate system.
It is assumed that the potential between p and
p+dp is V(p) as shown in Fig.2(b). At the interface
between the spacer and gate dielectric, we have

koxEll = klEla (22)

where kp is permittivity of the spacer. Now the sys-
tem can be mapped into an equivalent parallel-plate
system by transforming the v — p coordinates to the
n — & coordinates. The mapping functions are given

as follows:
n+J§ = flu+ip), (23)
with
u = e cos(&),
p =esin(§), (24)
thus

n = In\/u? + p. (25)
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Fig.2. (a) Cross-section near the interface between the gate dielectric and the spacer at the drain end with fringing

field lines, (b) and (c) the fringing field lines in the spacer before and after conformal mapping for model derivation.

(a) and (b) are in u-p coordinate system, and (c) is in the 1-§ coordinate system.

Region I of the spacer is transformed, and the mapped
result is shown in Fig.2(c). In the n—¢ coordinate sys-
tem, the capacitance per unit length is given by

a@:m%5%. (26)

Substituting points a(0,p) and c¢(p,0) into expres-
sion(24) yields

gab =
gcd =

Inserting points a(0, p) and b(0, p+dp) into expression
(25) gives

)

SR

(27)

Mbd — Nac = In(p + dp) — Inp. (28)

Substituting expressions (27) and (28) into expression
(26), the capacitance per unit length of the region I is
calculated to be

=B+ ap) gl (29)

According to the theory of electromagnetism, Ci(p)
can be also expressed as

Ei(p)

O =) = W+ V)

(30)

koxy(Vg — Vfb) - klvbi(Tox + y)

Thus, a comparison between expressions (29) and (30)
leads to

(V(p) = (Vi + Vas))
p

BRI

Er(p) = (31)

Similarly, F11(p) for region II in the gate dielectric
can be expressed as

(Ve — Vin) — V(p))
Tox -p

Fu(p) = = (32)

Substituting expressions (31) and (32) into Eq.(22),

the distribution of gate-dielectric fringing potential
can be derived as follows:

koxp(‘/g - ‘/ﬂ)) + kl (Vbi + Vds)(Tox - p)

V =
(p) kl (Tox - p) + koxp

(33)

The classical boundary conditions are used for ¢(L, y)
in the substrate region (0 < y < zj+xqq4). Thus, when
Vas is so small that it can be ignored, the bound-
ary conditions at the drain end for the high-k gate-
dielectric MOSFET are

koxy - kl (Tox + y)

(p(Lay) = Vbiu

and

) _TOXSySO;
0<y<uay, (34)

i <y < xj+ xqd,
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Thus, substituting expressions (35) (8),(9) and (12)
into expression (21), the threshold voltage can be ob-
tained. This is a threshold voltage model including
the fringing-field effect. It should be noted that when
k1 = kox, the first part on the right-hand side of ex-
pression (34) becomes a linear function of y, and thus
the proposed model is identical to the linear fring-
ing potential (LFP) model. In other words, the LFP
model is only a special case of the proposed model, and
thus becomes less accurate for MOSFETSs with differ-
ent permittivities for their gate dielectric and sidewall
spacer.

3. Results and discussion

The simulated results are compared with experi-
mental data in Fig.3. The simulated results of thresh-
old voltage exhibit good agreement with experimental
ones for MOSFET with SiO, as gate dielectric, '8! in-
dicating the validity of this model.

0.33
[ ] L
<
o 0.32f .
a0
P
<)
>
< 0.31F
s
<
n
E 0.30
= —— This model
s Experimental data
0.29 L :

60 70 80 90 100
Channel length/nm

Fig.3. Comparison between simulated and experimental
threshold voltages of MOSFET with SiO2 gate dielectric.

As can be seen from expression (34), the gate-
dielectric fringing potential, thus threshold voltage, is
affected by the dielectric constant ko of gate dielec-
tric. Figure 4 describes the influences of dielectric
constant kox and channel length L on the threshold
voltage roll-off for devices with a SiO5 spacer (k;=3.9)
and an equivalent oxide thickness (EOT) of 2nm. For
a large kox, the threshold voltage begins to decrease at
a larger channel length (e.g. L=200nm), due to the
enhanced fringing-field effects. In other words, for a
given channel length, the larger the kox, the stronger
the influence of the fringing field on the threshold volt-
age, and thus the weaker the control of gate voltage
on the channel potential.'”) Therefore, the fringing-
field effect can be well described by this model, which

is important for accurately calculating the threshold
voltage for a small MOSFET with a high-k material
as gate dielectric. On the other hand, for a given ko,
with the channel length shrinking, the threshold volt-
age roll-off increases, indicating the influence of the
short-channel effect on V;,. These results show that
the threshold voltage roll-off is influenced by both the
fringing-field effect and short-channel effect. In addi-
tion, as shown in Fig.4, the threshold voltage roll-off of
the LFP model is larger than that of our model. This
is because the k1 value in the LFP model is always set
to be kox, resulting in the enhancing of fringing-field
effect due to the higher-k spacer, and thus a larger
threshold voltage roll-off for a MOSFET with high-%
gate dielectric.

¢ EOT=2nm
—1201 Vis = 50 mV
—B— kox = 10 —@— kox = 25 This model k1 = 3.9
—160F9 0 kox = 10 O kox = 25 LFP model k1 = kox

Threshold voltage roll-off/mV

100 1000
Channel length/nm

Fig.4. Dependence of threshold voltage roll-off on channel
length for different values of kox.

The influence of sidewall spacer on surface po-
tential is shown in Fig.5. For a given value of ko
(i.e. gate dielectric permittivity), the surface potential
increases with k; value of sidewall spacer increasing.
This means that sidewall spacer with a high dielectric

1.05
sidewall spacer
. — k1 =39
% 1.00F \ -oeeee k1 = kox =40
£ e i = 60
g
o 0.95r
a,
g
L‘g 0.90F
2 L = 65nm
EOT=1nm
0.851 ko = 40

0 15 30 45 60
Channel length/nm

Fig.5. The influence of k; value of sidewall spacer on sur-
face potential for a given gate dielectric permittivity kox.

constant can degrade the fringing-induced barrier-
lowering (FIBL) effect,'® thus leading to a larger
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threshold voltage roll-off. The fringing potentials
corresponding to the different surface potentials are
shown in Fig.6. It is obviously seen that the fring-
ing potential at the same position for low-k; (such
as k1=3.9) is higher than that for high-k; (such as
k1=kox=40 and k1= 60). The result shows that the
low-k; spacer for a high-k MOSFET can confine the
electric field within the channel region and thus the
control of gate voltage over the channel potential is
strengthened, leading the FIBL effect to weaken.

EOT=1nm
kox = 40

k1 =3.9 w— ki = 60 This model
— LFP model k‘l = kox

0 4 8 12
Fringing position of gate dielectric from drain end/nm

Fringing potential/V
—_
[

Lo

Fig.6. Gate-dielectric fringing-potential distribution for
spacer with different values of ki (for the LFP model,
k1 = kox).

The expression Vog = |Vi,| — |Vsio,| can be em-
ployed to show the influence of sidewall spacer on
threshold voltage. Here, Vsio, is the threshold voltage
with SiOq spacer, Vi, is the threshold voltage with an-
other kind of spacer (k1 > 3.9). For a given value of
kox, Vog (which is 16 mV for ko = 30, and 24 mV for
kox= 40) increases with k; in an approximately linear
manner as shown in Fig.7. This shows that the low-k;
value of sidewall spacer can reduce Vog (i.e. threshold
voltage roll-off). It is because the confining as stated
above is strengthened, which is especially obvious for
the case with larger values of kox (see the compari-
son between the cases of kox=30 and kox=40). The
influence of sidewall spacer on threshold voltage is de-
scribed, which is involved for the first time. It is well
known that the value of ko itself is a major factor that
causes the threshold voltage to degrade because of the
FIBL effect resulting from the high-k.x gate dielectric.
However, the function of sidewall spacer cannot be

ignored to accurately model the threshold voltage of
high-k MOSFET when considering the fringing field
effect.

710 -
>
E —0— kox = 30 ““
[s=} .. _ "
S ggp ¢ Ko =40 .-
EOT=1nm T
L = 65nm
730 1 1 1 1 1 1

0 10 20 30 40 50 60
Sidewall dielectric permittivity k1

Fig.7. Threshold voltage roll-off caused by sidewall
spacer.

In summary, when a high-k material is used to
replace SiOgq as gate dielectric, the fringing-field effect
is greatly enhanced, and becomes a dominant factor
of causing the threshold-voltage degradation of MOS-
FET. On the other hand, if a suitable spacer of low-
k1 dielectric is used for a small MOSFET with high-%
gate dielectric, the threshold properties can be im-
proved.

4. Conclusions

The fringing potential for the high-k gate dielec-
tric of a small MOSFET is derived by using the con-
formal mapping transformation method. Base on the
potential distribution, a threshold voltage model is de-
veloped with more accurate fringing-field effects in-
cluding the influences of sidewall spacer and high-k
gate-dielectric. Thus, the fringing field effect is de-
scribed. In addition, the short-channel effect is in-
cluded in this model.
well with experimental data, indicating the validity of

The simulated results match

this model. The influence of device parameters on the
threshold voltage behaviour is investigated, and it is
found that low-k; sidewall spacer can improve the be-
haviour of the threshold voltage for a small MOSFET
with high-k gate dielectric.
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