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The shallow trench isolation (STT) induced mechanical stress significantly affects the CMOS device off-state leakage

behaviour. In this paper, we designed two types of devices to investigate this effect, and all leakage components,

including sub-threshold leakage (Isup), gate-induced-drain-leakage (IgipL), gate edge-direct-tunnelling leakage (IgpT)

and band-to-band-tunnelling leakage (IgTpT) were analysed. For NMOS, I, can be reduced due to the mechanical

stress induced higher boron concentration in well region. However, the GIDL component increases simultaneously as

a result of the high well concentration induced drain-to-well depletion layer narrowing as well as the shrinkage of the

energy gap. For PMOS, the only mechanical stress effect on leakage current is the energy gap narrowing induced GIDL

increase.
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1. Introduction

The control of the off-state drain leakage (Iog) is
one of the main challenges for MOSFETSs scaling. [
High leakage current in deep submicron regime is be-
coming a significant contributor to power dissipation
of CMOS circuits as threshold voltage (Vih), channel
length, and gate oxide thickness (Tox) are reduced.
For deep submicron technology, the I,g increases with
changes in device scales?: 1) the sub-threshold leak-
age (Isup) increases exponentially with the reduction
of Vipn; 2) the gate induced drain leakage (Igipr,) and
gate edge direct tunnelling leakage (Igpr) increase
as Tox becomes thinner; 3) the band-to-band tun-
nelling leakage (IgrpT) at drain-to-bulk junction also
increases due to the increasing source-drain-extension
(SDE) and pocket concentration. Among these, Igipr
has become one of the greatest limiting factors on ad-

vanced semiconductor devices. [l

Additionally, with the continuous downscaling of
CMOS technology, shallow trench isolation (STI) in-
duced mechanical stress increases with the shrinkage
of device active area. Many processing steps individ-
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ually or collectively contribute to the development of
STT stress, such as the STI formation, thermal oxida-
tion processes after STI formation, etc.*) STT stress
will lead to strained region in silicon, and thus changes
the silicon band-gap, the diffusivity of impurities in
silicon, the mobility of both electrons and holes, and
so on. These phenomena can cause non-negligible im-
pacts on device performance. As a result, devices with
the same gate length (Lg) and width (W) but dif-
ferent layout patterns and/or surroundings exhibit in-
consistencies in characteristics, such as threshold volt-
age, trans-conductance (g, ), saturation drain current
(Igsat), etc. This problem has significant impact on
precise analogue circuits.

In the present research, we have designed two de-
vices with different active overhangs to explore the
STT-induced mechanical stress effect on CMOS leak-
age current. All leakage components contributing to
the off-state current, including Iy, Icipn, IsTBT,
and Igpr were analysed. The results were then
verified by TSUPREM-4 stress simulation. The 2D
numerical process simulator TSUPREM-4 simultane-
ously solves force balance equations while taking into
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account the volume expansion during oxidation, ther-
mal mismatch between materials, intrinsic strain in
deposited layers and surface tension.!”!

2. Experiment

As shown in Fig.1, the only difference between
the two devices is the active overhang (L,): 0.4 um
for A-device and 5 um for B-device. Other parame-
ters, including gate width (W, = 10 um), gate length
(Lg = 0.15 pm) and contact-to-gate spacing (0.13 pm)
are identical for A- and B-device.
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Fig.1. Layout of the two devices: (a) A-device: L, =
0.4 pm and (b) B-device: Ly = 5 pm.

The devices were fabricated on (100) p-type 8-12
ohm.cm silicon substrate with a standard 0.15 pm self-
aligned-silicide (SALICIDE) CMOS process. After
laying out of active region, the two-step silicon etch-
ing is applied to form STI with top-corner-rounding
(TCR). A 15nm oxide liner was grown at the trench
sidewall and high density plasma (HDP) CVD di-

The de-
vice channels were doped with boron and arsenic for
NMOS and PMOS, respectively, before the growth of
gate oxide. The thickness of gate oxide was 2.5 nm.

electric films were used to fill the trenches.

3. Results and discussion

3.1. Layout dependent device character-
istics
Table 1 shows a comparison of the key MOSFET
parameters of each two devices of NMOS and PMOS,
including I,g and its four leakage components, as well

It is found that the difference in
active overhang has a significant influence on device

as Vin and Iggat-

characteristics. The A-device with narrow active over-
hang has 13.9% and 3.0% higher off-state leakage than
B-device for NMOS and PMOS, respectively, in spite
of the same gate length and width. Moreover, the V;y
and Igsat dependence on layout pattern are not con-
sistent between NMOS and PMOS. For NMOS, the
Vin of A-device is 45 mV higher than that of B-device.
While for PMOS, the Vi, of both devices are identical.
The layout influences on I4s,+ have opposite trends in
NMOS and PMOS, which can be explained by electron
mobility enhancement and hole mobility degradation
due to compressive stress along channel direction.!®
Gate voltage dependencies of g, in NMOS and PMOS
are shown in Fig.2. For NMOS, the gate voltage at
maximum ¢y, (gm_max) 0f A-device is 40mV higher
and gm_max 18 5% lower than B-device. For PMOS,
the gm_max positions are the same for both devices,
and gm_max of A-device is 15% higher than that of
B-device.

Table 1. Comparison of key parameters of NMOS and PMOS devices.

Parameters NMOS PMOS
A-device  B-device  Diff /%  A-device B-device  Diff/%

Iog/(pA/ pm) 2.86 2.51 13.9 1.02 0.99 3.0
Lo/ (PA/ pm) 0.29 0.78 —63.4 0.65 0.66 ~18
IcipL/(pA/ pm) 2.41 1.57 53.2 0.16 0.13 22.4
InteT/(PA/ pm) 0.17 0.16 3.8 0.20 0.19 5.2
Ispr/(pA/ pm) <0.01 <0.01 / <0.01 <0.01 /
Vin/V 0.635 0.590 7.6 0.600 0.600 0.0
Tisat/(pA/um) 370 420 ~11.9 189 174 8.6

To understand the mechanism of off-state leak-
age dependence on layout, the four leakage compo-
nents were extracted and compared respectively. For
NMOS, the major contributor is GIDL leakage, which

is more than 60% of the total drain leakage in both
structures. Moreover, the magnitude of Igpr, in A-
device is 53% higher than that in B-device, which re-
sults in higher I, in A-device. As for other leakage
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components, Igpr is negligible, while Iy, and IptpT
still need to be taken into consideration. The I, of
A-device is far smaller than that of B-device, while
their IgrpT are comparable. However, PMOS charac-
teristic is much different from NMOS. I, are domi-

nating components and almost identical in both struc-
tures. The magnitude of Igpr, in A-device is 22%
higher than that in B-device, but contributes little to
Iog. The other two components, Iprgt and Igpr, are
similar as NMOS.
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Fig.2. Comparison of transconductance curves of A- and B-device: (a) NMOS and (b) PMOS.

3.2. Analysis and mechanical stress sim-
ulation

We'll focus on the comparison of Iy, and IgiprL,
while ignoring Igpt and Igrpt due to their negligi-
ble magnitude or inconspicuous difference. It is well
known that gy is determined by MOSFET V4, and
increases exponentially with decreasing Vi,. And Vi
relates to effective gate oxide thickness (EOT), charge
density at gate oxide interface (Qit/Qox), and sub-
strate dopant concentration (Ny,).[") To investigate the
mechanism of Vi, behaviour, we used TSUPREM-
4 to simulate the dopant concentration in MOSFET
well region, while taking the stress effect into account.
Figures 3(a) and 3(b) show the boron concentration
in p-well and arsenic in n-well for both A- and B-
device. It can be seen that boron diffusion is retarded
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in A-structure NMOS, which will lead to higher boron
concentration near the surface and thus higher V.
However, arsenic concentrations are almost identical
in both structures of PMOS, and won’t cause Vi, dif-
ference. The stress distributions in active area along
channel direction were simulated for both devices with
different active overhangs and are shown in Fig.4. It
reveals that the compressive stress originates from STI
edge and is attenuated to the centre of active region.
As a result, the magnitude of stress under the chan-
nel region increases with decreasing L,. It has been
reported that compressive stress will reduce the dif-
fusion constant of boron.[® However, the diffusivity
of arsenic seems to be immune to mechanical stress.
Based on the above results, we conclude that differ-
ent I, behaviours originate from STI-stress induced

impurity concentration variation.
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Fig.3. Simulated distribution of (a) boron and (b) arsenic dopant concentration in A- and B-structure NMOS and

PMOS well regions, taking the stress effect into account.
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Fig.4. Simulated stress distributions along channel length
direction of both A- and B-device.

Another main contributor of I,g is Iqipr, which
is the band-to-band tunnelling leakage occurring at
the interface of gate-to-drain overlap region. The
mechanism of GIDL is rather complicated, and rel-
evant to many factors such as drain and well dopant
distribution, the density and distribution of interface
trap at gate-to-drain region, silicon energy gap (Ej),
etc. For PMOS, the two devices did not show any
difference in drain and well dopant, as well as Dj,
due to their threshold voltages being the same. As
a result, the higher GIDL in A-device is believed
to originate from the mechanical stress induced E,

narrowing. ‘!

When the silicon crystal is deformed by
external compressive stress, the distances between sil-
icon atoms are changed and thus the E,; becomes nar-
rowed. This is consistent with the result of device
simulation.['”) For NMOS, we have already known
the retardance of boron diffusion in the channel re-
gion. Thus, higher boron concentration near the sur-
face causes the drain-to-well depletion layer to be nar-

rower. The narrowing of the depletion layer near the

surface leads to an increase of local electric field, and
hence higher GIDL. Meanwhile, the stress induced en-
ergy gap change will also make contribution in NMOS.
Therefore, the GIDL dependence on mechanical stress
in NMOS is more sensitive than in PMOS.

In recent years, the strained silicon technology has
been widely used in advanced VLSI manufacturing.[']
Tensile and compressive stresses are introduced to en-
hance electron and hole mobility, respectively. From
the engineering point of view, tensile stress in NMOS
will also be helpful to decrease the total I,g. How-
ever, compressive stress in PMOS will result in higher
leakage based above analysis. Thus, a trade-off should
be considered between on-state current increase and
off-state leakage decrease in PMOS.

4. Summary

In summary, two styles of devices were fabri-
cated to investigate the STI process induced mechan-
ical stress effect on off-state leakage current. For A-
structure NMOS with small active overhang, I, is re-
duced due to mechanical-stress-induced higher boron
concentration in well region. However, the GIDL com-
ponent increases simultaneously as a result of the nar-
rowing of high well concentration induced drain-to-
well depletion layer as well as the shrinkage of energy
gap. Therefore, the total I,g of A-device is larger be-
cause GIDL is the main contributor of I,g. While for
PMOS, the only effect of mechanical stress on leakage
current is the energy gap narrowing induced GIDL in-
crease. And this effect should be considered when at-
tempting to take advantage of the compressive stress
to enhance hole mobility.
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