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Abstract—We investigated the surface band-to-band tunnelling
(BTBT) current under the OFF-state condition in drain-extended
MOS (DeMOS) devices. We found significant gate-induced drain
leakage current due to surface BTBT, which was also reported
earlier as the dominant cause of early time-dependent dielectric
breakdown and device failure. Furthermore, a layout solution for
the existing DeMOS device is proposed in order to mitigate the
surface BTBT current and the associated gate oxide reliability
issues, without sacrificing the mixed-signal performance of the
device.

Index Terms—Band-to-band tunnelling (BTBT), drain
extended, drain-extended MOS (DeMOS), input/output, time-
dependent dielectric breakdown (TDDB).

I. INTRODUCTION

S THE TECHNOLOGY is shrinking below 45-nm node,

the core circuits are now operating at voltages below 1V,
whereas the input/output circuits are still operating at higher
voltages, leading to severe gate oxide reliability issues. This
can either be due to hot-carrier degradation or electrostatic
discharge events. There are several high-voltage structures pro-
posed for advanced CMOS technology, and among them, drain-
extended MOS (DeMOS) device is one of the possible options
due to its easy integration in the advanced CMOS process and
its process compatibility. There are two possible DeMOS struc-
tures suitable for advanced CMOS technologies: 1) shallow
trench isolation (STI) type, i.e., with an STI underneath a gate-
to-drain overlap, and 2) non-STI type, i.e., without any STI un-
derneath a gate-to-drain overlap (as shown in Fig. 1). Although
the STI-type DeMOS has shown excellent gate oxide reliability,
it is known for its degraded mixed-signal performance [1], [2].
The non-STI device shows excellent mixed-signal performance
but suffers from significant gate oxide reliability concerns
in the OFF state [3]. As reported earlier [3], [4], significant
surface band-to-band tunnelling (BTBT) current leads to ex-
cess hot-hole generation in the OFF state and causes the early
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Fig. 1. Non-STI-type DeMOS device. Standard device, which is prone to
TDDB failure in the OFF state, has Lpg = 0 nm.

time-dependent dielectric breakdown (TDDB) failure of the
non-STI device. In this brief, we have proposed a modification
in the device’s layout, which mitigates the surface BTBT cur-
rent and eventually helps in improving the associated gate oxide
reliability behavior significantly without sacrificing its mixed-
signal performance.

This brief is arranged as follows. Section II describes the
experimental and simulation setup. The proposed modification
and results are discussed in Section III, and Section IV summa-
rizes the important contributions of this study.

II. SIMULATION AND EXPERIMENTAL SETUP

A thin-gate-oxide non-STI-type DeMOS device was fabri-
cated using standard 65-nm CMOS process and characterized.
For simulation studies, the device was realized using a well-
calibrated process simulation deck. The device simulation setup
with well-calibrated mobility models for hydrodynamic trans-
port was used.

In order to accurately capture the surface BTBT current and
carrier energy (or temperature), Hurkx BTBT model [5] was
calibrated with the reference non-STI-type DeMOS device, and
carrier (i.e., both electron and hole) temperatures were solved in
the hydrodynamic simulations. Fig. 2(a) shows the calibration
of our simulation setup with experiments. This simulation setup
is used further in order to study the performance of the modified
device.

III. RESULTS AND DISCUSSIONS

Fig. 2 shows the experimental and simulated /p—V charac-
teristics of the non-STI DeMOS device (with Lg = 450 nm).
The inset in Fig. 2 shows the hole temperature (7},) profile
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Fig. 2. Experimental and simulated I p—V(s characteristics (@ Vp = 5V) of
standard DeMOS device (i.e., Lpg = 0 nm). Inset shows the hole temperature
(in kelvins) contour extracted from hydrodynamic simulations in the OFF state
(ie.,Vp=5Vand Vg =0V).
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Fig. 3. Simulated Ip—V characteristics (@ Vp =5 V) of the modified

DeMOS device (i.e., Lpg > 200 nm). Inset shows significantly relaxed hole
temperature (in kelvins) in the OFF state (i.e., no hot holes) for the device with
Lpg > 200 nm.

extracted from hydrodynamic simulations, where the hole en-
ergy (F)) is given by the relation

Ej, = 3kT}, /2 (1)

where £ is the Boltzmann constant and 77}, is the hole tempera-
ture. A significant BTBT current in the OFF state is evident from
Fig. 2. The surface BTBT current causes hot-hole generation in
the OFF state, which causes severe gate oxide reliability issues
[3] and eventually leads to early TDDB and permanent failure
of the DeMOS device.

Fig. 3 shows that, by increasing the Lpg (Fig. 1) from 0
(standard device layout) to 200 nm or more (proposed device
layout), one can mitigate the surface BTBT. This behavior
is attributed to the increased tunnelling width (valance band
to conduction band, w.r.t. electrons) by shifting the N* drain
diffusion away from the gate edge. This helps in reducqing the
excess leakage current in the OFF state by orders of magnitude
and eventually helps in improving the gate oxide reliability.
This is evident from the inset in Fig. 3, as the hole temperature
(i.e., energy) is relaxed significantly. Recently, we have reported
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Fig. 5. Simulated Vap/Ron tradeoff characteristics. It shows an optimum
point at Lpg = 200 nm and 25% improvement in Vgp /Ron tradeoff. Vgp
was extracted at Vg = 0 and an Ip compliance of 1 A /pm.

few other ways of reducing BTBT current [1], [2]. However,
they lead to degraded Ron or require an extra masking step.
Furthermore, Fig. 4 compares the hole energy profile (1 nm
under the surface) for devices with different Lpg. It shows that
increasing the Lpg to 200 nm or more relaxes the carrier (hole
for DeNMOS) energy significantly. The proposed modification
will greatly help in improving the device reliability. In order
to incorporate the proposed modification, a silicide blocking
mask is required, in order to block the silicidation in the drain
extension region (between gate edge and N drain diffusion),
and the proposed modification does not need any other masking
or process step. Since the silicide blocking mask already exists
in the standard sub-100-nm-node CMOS process, the proposed
modification does not require any extra mask or process step.
Furthermore, Fig. 5 shows a 25% improvement in the
Vep/Ron tradeoff. It is also evident from the figure that
devices give an optimum value of Vzp/Ron tradeoff at Lpg =
200 nm. For further discussions and comparison of the standard
device with the modified device in this brief, we use Lpg =
200 nm. Fig. 6 shows the change in the device’s intrinsic per-
formance (i.e., Vr, Iorr, VBD, and Ron) by incorporating the
proposed modification. For Lpg = 200 nm, it shows that, while
Iorr was improved by five orders of magnitude (as discussed
earlier), Ron degrades by less than 20%, which is due to
a slight increase in the resistance of extended drain region.
Furthermore, it also shows a negligible change in threshold

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on October 04,2022 at 06:03:05 UTC from IEEE Xplore. Restrictions apply.



3538

0.5
Lg = 200nm 10000
—_ ‘© 10004
s [E = 5—a—-8 g_
o < 100
> 04 =
- . 104
> _("S ]
Vp=0.1V
P L) A or{lb) TE—E—
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Lpg (nm) Lps (nm)
91 1.354
1.309
—~ 8] @ 1.25]
) £ 120]
(o]
s O 1151
= X 1.10]
g Z 1.051
S - =
> 64 o 1.00] Vp=0.1v
V=0V 0.951 Vg=1.2V
sl - PR
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Lpg (nm) Lpg (nm)

Fig. 6. Simulated intrinsic characteristics (i.e., Vo, Iorr, VBD, and RonN)
of the DeMOS device w.r.t. Lpg.
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Fig. 7. Simulated impact of gate-to-drain spacing (Lpg) over drain current

and transconductance (G ) under various bias/circuit conditions.

voltage in the linear operating condition of the device and
60% improvement in the breakdown voltage. Improvement in
breakdown voltage is explained as follows: Initially, for Lpg =
0 nm, the device’s breakdown was limited due to dominance of
surface BTBT, which triggers at lower drain voltages (5.5 V).
Whereas, by mitigating the surface BTBT effect, the device’s
breakdown dominantly depends on impact ionization at Nwell-
to-Pwell junction, which occurs at a higher drain voltage.
Eventually, this leads to improved Vpp values.

Fig. 7 shows the impact of increasing Lpg over drain current
(Ip) and transconductance (G ) of the device under various
bias/circuit conditions. It is evident from Fig. 7 that, for Lpg =
200 nm, there is a negligible degradation in Ip and G, for
the following: 1) Vgst = 200 mV and Vp = 5V and 2) under
the device’s operation in the saturation region (i.e., Vp = 5 V).
On the other hand, Ip and Gj; degrade by less than 20% and
6%, respectively, for devices’ operating in the linear region
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(i.e., Vp = 0.1 V), due to a slight increase in the resistance
of the drift region. It is worth mentioning that the observed
degradation in the linear operating condition (under which Ron
versus Vpp is the dominant figure of merit) is in the acceptable
range, considering 25% improvement in Vgp /Ron tradeoff.

IV. CONCLUSION

The standard non-STI-type DeMOS device suffers from the
surface BTBT current, which causes early TDDB failure. In-
creasing Lpg length is the key to improve the surface BTBT
current in the device without sacrificing the analog performance
of the device for a given value of Vpp/Rox tradeoff. The pro-
posed modification also helps in improving Vpg/Ron tradeoff
associated with drain-extended devices for high-voltage appli-
cations. Furthermore, it does not lead to any degradation in the
digital performance of the device. The proposed modification
in the layout does not need any extra mask or process step.
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