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The influence and explanation of fringing-induced
barrier lowering on sub-100 nm MOSFET's
with high-k gate dielectrics*
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The fringing-induced barrier lowering (FIBL) effect of sub-100 nm MOSFETs with high-k gate dielectrics is
investigated using a two-dimensional device simulator. An equivalent capacitance theory is proposed to explain the

physics mechanism of the FIBL effect. The FIBL effect is enhanced and the short channel performance is degraded

with increasing capacitance. Based on equivalent capacitance theory, the influences of channel length, junction depth,

gate/lightly doped drain (LDD) overlap length, spacer material and spacer width on FIBL is thoroughly investigated.

A stack gate dielectric is presented to suppress the FIBL effect.
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1. Introduction

As MOSFET size continues to scale down to sub-
100 nm, the thickness of SiOs is reduced to keep a suf-
ficient current driving capability. However, when the
thickness of SiO5 is thinner than 1.5 nm, the direct
tunneling current increases dramatically, which be-
comes a main limiting factor in complementary metal
oxide semiconductor (CMOS) technology.!) High-k
materials as alternative dielectrics are widely stud-
ied, and have larger physical thicknesses to prevent
direct tunneling.!? Unfortunately, a side effect called
fringing-induced barrier lowering (FIBL) becomes a
serious threat to reliability when the thickness of the
gate dielectric is comparable to the channel length.*]
With the increase in the physical thickness of the gate
dielectric, the electric field lines originating from the
bottom of the gate electrode and terminating on the

(4] These electric lines

source and drain region increase.
form an electrical field originating at the drain, pene-
trating into the channel through the high-k dielectric
and suppressing the barrier height from the source
to the channel.’l This causes lower threshold volt-
age, worse sub-threshold swing and increased off-state

current.[% In this paper, the off-state current is used
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to characterize the degradation of devices with high-k
gate dielectrics.

Some research has been conducted to under-
stand the effect of FIBL on the device and cir-
cuit performances of MOSFETs with high-k gate
dielectrics.["=1% FIBL is investigated using different
device structures, such as the effective oxide thick-
ness, the gate length, the junction depth, and the
spacer width. However, these studies have not ex-
plained the physical mechanism of the FIBL effect
thoroughly. Mohaoatra et al.'Y! proposed an equiv-
alent electrical distance theory to describe the FIBL
effect, but the influence of the spacer on the device
characteristics has not been included.

In the present paper, an equivalent capacitance
theory is proposed to explain the physics mechanism
of MOSFETs with high-k gate dielectrics. For the
first time, the equivalent capacitance is used to de-
scribe the influence of the FIBL effect. By analysing
the factors affecting the capacitance, the physics be-
hind the FIBL effect can be explained. The influence
of structure parameters on FIBL is investigated us-
ing the two-dimensional device simulator ISE-TCAD.
The effect of the gate dielectric stack on device per-
formance is also presented.
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2. Device structure and parame-
ters

nMOSFETs with a lightly doped drain (LDD)
structure are used in this study. A spacer layer with
heavily doped source/drain extensions is deposited.
Figure 1 shows a cross-section view of the device struc-
ture. The process and structure parameters are shown
in Table 1.

sub (p-)

Fig. 1. Schematic cross-section of nMOSFETSs with an
LDD structure.

Table 1. The process and structure parameters of the
nMOSFETs.

Parameters Values
n*t poly-Si doping concentration/10%° cm—3 1
nt source/drain doping concentration/102° cm~3 1
n~ LDD regions doping concentration/10'® ¢cm—3 1
p~ substrate doping concentration/10'® cm™—3 4
channel length L/nm 32
channel width W /um 1
equivalent gate dielectric thickness Tox/nm 1
spacer width Wy /nm 40
LDD junction depth z;/nm 15
gate/LDD overlap length Loy /nm 9

In the ISE-TCAD simulation, DopingDep, High-
FieldSat and Enormal are used as the mobility mod-
els. Band gap narrowing is used as the band gap
model. The source contact and substrate contact are
connected to the ground.

3. Physics mechanism of the

FIBL effect

In this paper, the dielectric permittivity of the
gate varies from 3.9 (SiO3) to 80 (TiO2). In order to
keep the same gate oxide capacitance, the equivalent
thickness of the high-k gate dielectric is given as

k x Tox
= ].
30 (1)

T,

where k is the permittivity of the high-k gate dielectric
and T,y is the equivalent thickness of SiOs.

Figure 2 shows a schematic of the coupling paths
from the drain and gate electrodes through different
paths to a point near the source in the channel. The
coupling paths are introduced to indicate the electric
field line path terminating the channel region. The
source and the substrate are grounded, the coupling
effects from the source and substrate can be ignored.
Here, we define an equivalent coupling capacitance
C¢p, which can be used to describe the coupling ef-
fect between the gate/drain and the channel region.
With increasing capacitance, the gate/drain electrode
is closely coupled to the channel, and the influence
of the gate/drain on the channel is enhanced. Cgp, is
expressed as

€in X SC
Cop =ax =L 2
cp a X Tphy ) ( )
with
Sep = W X Leg, (3)

where a is the fitting parameter between 0 and 1; €jy
is the permittivity of the dielectric between the equiv-
alent capacitance plates; Sy, is the area of the equiv-
alent capacitance plates; Tpny is the physical distance
between the two electrodes of the equivalent capaci-
tance; Leg is the length of the equivalent capacitance
plate; and W is the channel width, a constant equal to
1 um. Therefore, the equivalent capacitance is shown
as follows:

€in X Leff

Cep ) (4)

Tphy

where Leg is the channel length (Leg = L), €iy is the
gate dielectric permittivity (ein = k), and Tphy is the
thickness of the high-k gate dielectric (Tphy = Tk),
which can be obtained from Eq. (1). Thus, the equiv-
alent coupling capacitance from the gate electrode to
the channel is constant. It is concluded that the FIBL
effect induced by the high-k gate dielectric is deter-
mined mainly by the coupling effect from the drain
electrode to the channel region.

The drain electrode is coupled to the channel re-
gion through the substrate, gate and spacer.
we define three coupling paths from the drain elec-

Here,

trode to the channel region. They are path I (through
the substrate), path II (through the gate) and path
III, respectively. Path III is comprised of path
ITT_g (through the gate) and path III_s (through the
spacer). Based on the three coupling paths, the influ-
ences of the structure parameters (the channel length,
junction depth, gate/LDD overlap length, spacer
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width, spacer permittivity and gate stack scheme) on
FIBL are investigated.

sub
gate dielectric
II_g II1 s
spacer
drain

Fig. 2. Schematic of the different coupling paths.

4. Results and discussion

Figure 2 shows that the coupling through path
I (through the substrate) is related to the channel
length and the junction depth, which correspond to
Tony and Leg in Eq. (4), respectively. When the chan-
nel length decreases or junction depth increases, the
equivalent capacitance Ccp, increases. Therefore, the
coupling effect from the drain electrode to the chan-
nel increases, the FIBL effect increases and a large
off-state current is obtained.

Figure 3 shows the dependences of off-state cur-
rent I, on channel length L for different gate dielec-
tric constants. From the figure, it can be found that
the off-state current performance degradation is bigger
for short channel lengths. This is mainly due to the
fact that the coupling effect from the drain through
the substrate to the channel region increases with de-
creasing channel length, which corresponds to the Ty,
in Eq. (4). The FIBL effect then becomes obvious, and
a large off-state current is obtained. The coupling ef-
fect of the channel length affects not only path I, but
also paths IT and III. The coupling effect mechanism
is the same. The coupling effect affects the physi-
cal distance Ty, between the two electrode plates of
the equivalent capacitance, and the coupling effect in-
creases for shorter channel lengths.

Figure 4 shows the dependences of the off-state
current log on junction depth z; for different gate
dielectric constants. It can be seen from the figure
that the off-state current increases with the increase
in junction depth, which corresponds to Legs in Eq. (4).
This is consistent with the above theoretical analysis.

From Fig. 2, it can be found that path I (through the
substrate) is independent of gate dielectric constants.
From both Figs. 3 and 4, we can see that for the same
channel length and junction depth, I g increases with
That is
mainly due to the coupling effect of the drain elec-
trode through paths II and ITI, which will be analysed
in the following section.

the increase in gate dielectric permittivity.
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Fig. 3. Dependences of I g on L for different gate dielec-
tric constants.
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Fig. 4. Dependences of I,g on z; for different gate dielec-
tric constants.

The coupling through path II (through the gate)
is related to the dielectric permittivity and gate/LDD
overlap area, which correspond to e;, and Leg in
Eq. (4), respectively. A smaller equivalent capaci-
tance is obtained for shorter gate/LDD overlap length
Lo, and smaller gate dielectric permittivity, and the
coupling effect of the drain electrode on the channel
through path II is decreased. Thus, the FIBL effect is
suppressed and a small off-state current is obtained.

Figure 5 shows the dependences of the off-state
current I,¢ on gate/LDD overlap length L, for differ-
ent gate dielectric constants. The off-state current in-
creases with the increase in gate/LDD overlap length
and gate dielectric permittivity, which correspond to
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Leg and e, in Eq. (4), respectively. The coupling
effect increases with the increase in equivalent capac-
itance. The FIBL effect is then enhanced, and a large
off-state current is obtained. The figure accords well
with the theoretical analysis.
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Fig. 5. Dependence of I,g on Loy, for different gate di-
electric constants.

Coupling path III is composed of two parts, path
ITLs (through the spacer) and path ITI_g (through the
gate). Path IIIs is related to spacer width (W;) and
spacer dielectric permittivity, which correspond to Leg
and e, in Eq. (4), respectively. Path ITI_g is related
to the gate dielectric permittivity, which corresponds
to the ei, in Eq. (4). Thus, the coupling effect through
path III can be equivalent to two capacitors in series,
which correspond to path ITI_g and path III_s, respec-
tively. The total capacitance increases. The coupling
effect from the drain electrode to the channel then in-
creases, and the FIBL effect and the off-state current
increase.
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Fig. 6. Dependences of I,g on spacer permittivity and
Wy for different gate dielectric constants.

Figure 6 shows the dependences of the off-state
current I,g on spacer permittivity and spacer width
W for different gate dielectric constants. The off-state
current increases with the increases in spacer width

and spacer dielectric permittivity. Because the cou-
pling effect through the gate dielectric is enhanced by
increasing ¢;,, the off-state current increases for larger
gate dielectric permittivity.

Figure 7 shows simulated equipotential contours
of a MOSFET with a stack gate structure. The inter-
face material is SiO, and the thickness of the SiO,
layer is 0.6 nm. The high-£ material is TiO9 and the
equivalent thickness of TiOs is 0.4 nm. Figures 7(a)
and 7 (b) are the bottom SiO layer and the top SiOg
layer, respectively. It can be observed that most of
the fringing field lines originate from the drain region
through the SiO5 layer. This means that the cou-
pling effect of the drain electrode to the channel is
mainly through the SiOy layer. Small g, is obtained
in Eq. (4), and the FIBL effect is suppressed. The Tppy
value of the bottom SiO; layer is small compared with
that of the top SiO5 layer, which can suppress FIBL
effect better.
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Fig. 7. Simulated equipotential contours of the MOSFET
with a stack gate structure: (a) bottom SiO3 layer, (b) top
SiOg layer.

Figure 8 shows the dependences of the off-state
current Io¢ and gate direct tunneling current I, on
the ratio of oxide thickness to effective dielectric thick-
ness. We can see that the thinner SiO layer induces a
bigger off-state current. On the other hand, a thinner
SiO4 results in a thicker total effective dielectric layer,
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which induces a smaller gate leakage current. There-
fore, the ratio of oxide thickness to effective dielectric
thickness needs to be optimized for the stack gate di-
electric. There have been trade-off problems between
the off-state current and the gate leakage current with
increasing thickness of SiOs. For nMOSFETs with a
32 nm channel length and a 1 nm equivalent oxide
thickness, HfO5 is used as the high-k dielectric ma-
terial, and the oxide thickness is about 60 percent
(marked by a dashed line in Fig. 8) of the effective
thickness of the gate dielectric, which is a reasonable
choice for the gate structure. We can obtain better
characteristics of both the off-state current and the
gate leakage current for this structure.
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Fig. 8. Dependences of I,g and Ig on the ratio of oxide
thickness to effective dielectric thickness.

5. Conclusion

A comprehensive analysis of FIBL in sub-100 nm
MOSFETs with high-k gate dielectrics is investigated
using two-dimensional numerical simulations. An
equivalent coupling capacitance theory is proposed,

which gives better insight into the physics of the FIBL
phenomenon. The coupling effect of the drain elec-
trode on the channel through different kinds of paths
enhances the FIBL effect and induces a large off-state
current, which can be controlled by combining a low-
k spacer, short spacer width, low junction depth and
small gate/LDD overlap length. The stack gate dielec-
tric is shown to suppress the FIBL effect, in particular
when the permittivity of the bottom layer is smaller
than that of the top layer.
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