
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 51, NO. 10, OCTOBER 2004 1733

Fig. 3. Dependence of the shunt resistance (VR) on the holding voltage of
DHVSCR. The measurement setup is shown in the inset.

still high enough for on-chip ESD protection design without latch-up
issues.

V. CONCLUSION

The proposed DHVSCR device has been successfully verified in a
0.25-�m/2.5-V fully salicided CMOS process. From the experimental
results, the holding voltage of DHVSCR can be adjusted by changing
the gate bias of the embedded nMOS and pMOS in DHVSCR structure
to avoid latch-up issue during normal circuit operating condition. The
proposed DHVSCR device with suitable ESD-detection circuit can be
used in I/O pads, power-rail, and whole-chip ESD protection circuits.
For whole-chip ESD protection design, all DHVSCR devices can be
controlled by a common ESD-detection circuit to save the layout area
of ESD-detection circuit for every pin.
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A Comprehensive Study on the FIBL of
Nanoscale MOSFETs

Bing-Yue Tsui and Li-Feng Chin

Abstract—Fringing-induced barrier lowering (FIBL) effect on nanoscale
MOSFET is comprehensively examined. It is observed that by combining
stack gate dielectric, conductive spacer, short sidewall spacer, and min-
imum gate/drain (G/D) overlap, the with a dielectric constant of ( )
100 is only 1.6 times higher than that with = 3 9 when the gate length
is 25 nm. The fully depleted silicon-on-insulator device shows even better
FIBL immunity. It is concluded that although the FIBL effect can not be
eliminated, it would not an issue beyond the 45-nm technology node.

Index Terms—Fringing-induced barrier lowering (FIBL), high dielec-
tric constant material, MOSFET, silicon-on-insulator (SOI), stack gate
dielectric.

I. INTRODUCTION

Silicon dioxide (SiO2) has been used as the gate dielectric of CMOS
devices for several decades and as device dimensions scale down, the
thickness of SiO2 must be reduced to keep sufficient current driving
capability. However, when the thickness of SiO2 becomes thinner than
3 nm, direct tunneling current increases dramatically [1]. Although
many high dielectric constant (high-�) materials have been proposed
to solve this problem [2]–[10], a side effect called fringing-induced
barrier lowering (FIBL) arising from the use of high-� gate dielectric
is a serious problem [11]–[16]. The electrical field originating at the
drain penetrates into the channel through the high-� dielectric and sup-
presses the barrier height from source to channel. Therefore, the degra-
dation of off-state current (Io�) limits the allowable � value of the gate
dielectric.
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Several investigations have been performed to understand the ef-
fect of FIBL on the device and circuit performance [11]–[18]. How-
ever, current knowledge on FIBL is still insufficient. The above studies
simulated FIBL with different effective oxide thicknesses (EOT), gate
lengths (Lg), junction depths, and/or spacer lengths (Lsp). Although
several orders of magnitude increase in Io� due to FIBL have been re-
ported, there has also been a report of only a few times increase in Io�
[11], [13], [15]. Furthermore, the shortest gate length studied in the lit-
erature is 50 nm [13], [18], but it is known that the high-� dielectric
will not be used before the 45-nm technology node [19].

In this brief, the effect of device structure parameters on FIBL with
Lg down to 25 nm is desirable and the impact of a high-� dielectric
under a spacer is re-evaluated. The effect of FIBL on silion-on-insulator
(SOI) device is also investigated in a similar way.

II. SIMULATION PROCEDURE

This brief uses commercial SUPREME and MEDICI programs to
generate a typical device structure with simple shallow source/drain
junction was generated [20], [21]. In most cases, the spacer length was
set to be equal to the gate length. Since the shortest Lg in this work
is 25 nm, the doping profiles of the 25-nm device were carefully ad-
justed so that the threshold voltage (Vth) was 0.25 V and the Io� at
k = 3:9 was 3 � 10�7 A=�m at a drain voltage of 1 V. This device
is called the 25-nm reference device. Poly-depletion, quantum-effect,
impact ionization, energy balance, and channel surface scattering were
all considered. Five � values for the gate dielectric were studied, in-
cluding 3.9, 15, 25, 50, and 100. The channel width and effective oxide
thickness were fixed at 1 �m and 1 nm, respectively. For the fully de-
pleted SOI devices, the thickness of Si layer was 50 nm and the doping
profiles were identical to those used for bulk devices.

III. RESULTS AND DISCUSSION

The effect of Lg was examined first. With identical doping condi-
tions and Lsp, the Io� degradation increased upon decreasing the gate
length and increasing the � value. The increase in Io� when the � value
increased from 3.9 to 100 was less than one decade, even though the
Lg is only 25 nm. It seems that the FIBL effect does not degrade Io�
as seriously as those reported previously.

The impact of a high-� dielectric under a spacer was also examined.
It was observed that as long as the � value is lower than 25, the FIBL
effect is not serious and the Io� ratio between 25-nm devices with and
without the high-� dielectric under an SiO2 spacer is only 1.3. This re-
sult indicates that it is not necessary to remove the high-� dielectric im-
mediately after gate patterning if the � value is lower than 25 and there
are no special issues, such as contamination or parasitic capacitance.

Fig. 1 shows the simulated equal potential contour of the 25-nm ref-
erence device with k = 100. It can be observed thatmost of the fringing
field lines which originate from the drain region out of spacer and under
a spacer tend to terminate at the gate electrode. The main fringing
field resulting in barrier lowering originates from the gate/drain (G/D)
overlap region. Since the fringing field originates from the G/D overlap
region, FIBL should be sensitive to the length of overlap region (Lov).
The Lov in Fig. 1 is 1 nm. To increase the Lov while maintaining the
same source/drain doping profile and similar device performance, the
gate structure of the 25-nm reference device was removed. Then, the
gate structure with Lg = 50 nm was reconstructed so that the Lov

became 13.5 nm. Fig. 2 shows that the Io� degradation of the device
with Lov = 13:5 nm is one order of magnitude higher than that with
Lov = 1 nm. Since the Lov decreases upon scaling down the design
rule to control the short channel effect, the degradation of Io� due

Fig. 1. Simulated equal potential contour of the 25-nm reference device with
k = 100, EOT = 1 nm, and Lsp = 25 nm. The gate, source, and substrate
electrodes are all grounded and the drain electrode is biased at 1 V.

Fig. 2. Simulated I–V characteristics of the 25-nm devices with various
Lovand �values.

Fig. 3. FIBL-induced Io�degradation of the 25-nm devices with various gate
dielectric structures and various Lov.

to FIBL effect could be relaxed due to the short Lov. The different
Lov may explain the wide variation of Io� degradation in the previous
literature.

In the real gate structure, it is difficult to avoid a buffer layer or in-
terfacial layer between Si channel and high-� layer. Fig. 3 compares
the effect of the buffer layer � value. The EOT of the buffer layer is
fixed at 0.3 nm and the total EOT of the gate dielectric is fixed at 1 nm.
The � value of the high-� layer is 100. It can be observed that the
FIBL-induced Io� degradation can be reduced by 50% using a stack
gate dielectric. It is also observed that when Lov is 1 nm, a � value
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Fig. 4. FIBL-induced Io�degradation on SOI and bulk devices.

for the buffer layer of 3.9 or 15 results in almost identical Io� . How-
ever, when Lov = 13:5 nm, a buffer layer with higher � value results
in lower Io� . Using SiO2 as a buffer layer, because the thickness is
only 0.3 nm, the fringing field can penetrate the SiO2 layer and enter
the high-� layer easily. The physical thickness of a buffer layer with
k = 15 is 1.15 nm, so that less fringing field enters the upper high-�
layer. It is thus, concluded that the buffer layer at the high-k=Si in-
terface can relax the FIBL effect regardless of whether it is oxide or
silicate.

It has been reported that SOI devices, especially fully depleted SOI
devices, have better immunity to the FIBL effect [15], [16]. Since the
SOI devices would be the mainstream beyond the 45-nm technology
node, the FIBL induced Io� degradation on SOI and bulk devices are
compared. The Lg and Lsp are 25 nm and the EOT is 1 nm for both
SOI and bulk devices. Since the fringing field terminating at the gate
electrode does not play a role in Io� degradation, the efficiency of a
conductive spacer is also considered in this part. Fig. 4 confirms that the
Io� degradation of an SOI device is smaller than that of the bulk device.
It is also clear that the conductive spacer can relax the Io� degradation,
and longer Lov results in more severe Io� degradation. These trends
for SOI device are consistent with those of the bulk device. If the Lov

can be controlled to be 1 nm, a simple stack gate dielectric scheme can
reduce the Io� degradation factor to two, even if the � value is 100. It
is expected that the novel device structures such as ultrathin body SOI
and multiple gate SOI can further reduce the Io� degradation.

IV. CONCLUSION

In this brief, TCAD tools were used to investigate the FIBL effect of
25-nm devices. The key factor to affect the FIBL effect is the gate to
drain overlap length. Most of the fringing field originates from this re-
gion. Since the overlap length must be reduced to control short channel
effect, it is expected that the FIBL effect can be further relaxed. It is
known that a stack gate dielectric scheme with buffer layer (k < 15)

between the high-� dielectric and the Si substrate can relax the FIBL
effect. A conductive spacer is another effective method to reduce the
FIBL effect but the process is more complicated. A fully depleted SOI
device shows better resistance to FIBL-induced Io� degradation. It is
expected that the ultrathin body SOI and multiple gate SOI devices will
exhibit even better FIBL effect resistance. Therefore, it is concluded

that although the FIBL effect can not be eliminated with suitable de-
vice structure, its impact on device performance is diminished for the
sub-45-nm technology node and beyond.
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