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Abstract—The impact of mechanical stress on MOSFET gate-
induced-drain-leakage (GIDL) current is investigated. The tests
were performed on planar short channel p- and n-type MOSFETs.
Vertical compressive mechanical stress was induced in the devices
by applying a vertical load with a nanoindenter. The applied stress
was ranging from several hundred MPa to a GPa range, estimated
by finite element modeling. It is reported that GIDL current
increases exponentially with mechanical stress. This effect is
attributed to mechanical stress-induced reduction in the Silicon
band gap and effective mass, leading to enhanced band-to-band
tunneling. Furthermore, the GIDL currents are found to change
depending on the location where the vertical force is applied, with
a higher influence of force on GIDL above the channel.

Index Terms—Band-to-band tunneling, gate-induced-drain-
leakage (GIDL), mechanical stress, MOSFET

I. INTRODUCTION

ECHANICAL STRESS (MS) is present in various
components of modern very-large-scale integration
(VLSI) circuits as the result of the chips fabrication and
packaging [1], [2]. Depending on the device structures and
processing conditions, intentional and residual MS can vary
from a few hundred MPa to several GPa [3]-[7]. MS is known
to affect the band structure of semiconductor materials and thus
their electrical properties (e.g., energy band gap, carrier
mobility) [8]-[12]. Consequently, controlling and deliberately
engineering MS presents attractive prospects for improving the
performance of advanced CMOS devices. Although previous
studies reported various effects of MS on the device
performance [8], [11]-[15], the literature on the impact of MS
on the off-state leakage current remains relatively scarce due to
the limited magnitudes of stress and types of devices [16], [17].
Minimizing the off-state leakage current of CMOS devices is
essential for producing reliable low-power CMOS devices for
next-generation VLSI circuit design [18]-[21]. One of the most
prominent leakage mechanisms in modern CMOS devices is
referred to as Gate-induced-Drain-Leakage (GIDL) [22], [23].
It occurs in the gate-to-drain overlap region and is dominated
by band-to-band tunneling (BTBT) caused by a high electric
field between the gate and the drain [24]-[26]. GIDL current is
especially severe at the edge of the gate oxide near the drain
region where the electric field is the strongest [18], [26], [27].
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It has been shown to have a significant impact on (i) power
consumption as the sum of dynamic and static power [20] and
(i) device reliability and lifetime, e.g., time dependent
dielectric breakdown (TDDB) [26], [28].

In this study, we report that GIDL current increases
exponentially with vertical compressive MS induced by
mechanical force application with a nanoindenter. The induced
MS, ranging from a few hundred MPa to several GPa, causes (i)
a decrease of the channel band gap and (ii) effective mass
reduction caused by a sub-band splitting/warping. That, in turn,
enhances BTBT and GIDL current. In addition, sensitivity
maps were obtained for n- and p-type devices by locally
inducing stress at different locations of 54 identical devices-
under-test (DUTs). The collected MS-sensitivity maps indicate
that GIDL current is especially sensitive to MS above the
channel, which means that GIDL currents are strongly
dependent on the force applied to the channel.

II. EXPERIMENT
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Fig. 1. (a) Cross-sectional illustration of a FEM model used for channel MS
calculations for 1.5 mN applied to the tip. The stress at the surface just below
the diamond tip is about 10x larger than the stress at the channel. Metal
interconnects and vias were considered in the MS calculation. (b) Calculated
MS in the channel as a function of the external force applied at the middle of
the channel. The SPM topography of n- channel device (c) before and (d) after
the measurements. (¢) The device topography scan indicating the locations of
the indents in the tests repeated on 54 (n-channel) identical devices.

The experiments were performed on p- and n-channel planar W
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x L =90 x 70 nm? Si MOSFETs with a 1.8 nm thick SiON gate
oxide layer (the effective channel length of a pristine device is
~40 nm). Vertical MS was induced in the DUTs by applying an
external force with a cube-corner diamond tip of a Bruker’s
Hysitron TI 950 nanoindenter, as shown in Fig. 1(a) [11], [12].
The values of the external force used in this experiment have
been selected so that the device would be still fully functional
after the force removal. The corresponding mechanical stress
ranged from a few hundred MPa to several GPa, which coincide
with typical levels occurring in devices due processing and
packaging [3]-[7]. These induced MS values were calibrated
and calculated using 3D Finite Element Modelling (FEM) in
MSC Marc/Mentat software, Fig. 1(b) [11], [12], [29], [30].
The load-displacement curves were measured using a standard
fused silica sample, then the tip geometry is extracted using the
area function obtained from these measurements [30]. The
calibrated cube corner tip is used in the simulations of the actual
device (Si0; layer with a thickness of > 240 nm) and the force-
displacement response from modeling and experiments are
compared for dual verification. To create GIDL current MS-
sensitivity maps, a mechanical force of 1.5 mN was applied at
different locations of 54 identical n- and p-channel devices,
targeted via topography scans obtained with in-situ scanning
probe microscopy (SPM), Figs. 1(c)-(e). The precise location
where the force was applied was established by finding the
intersection of the deepest point (indentation point) along the x
and the y axes in topography scans. Device transfer
characteristics (Ip-Vs) were measured at |Vp| = 0.05 V and 0.5
V (i) before, (ii) during, and (iii) after the force has been applied.
The GIDL current before the force application was extracted +
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Fig. 2. In-V before (dashed black line), during (solid red line), and after (solid
blue line) application of a mechanical force of 1.5 mN in (a) p- channel ([x, y]
= [100 nm, -100 nm]) and (b) n- channel ([x, y] = [20 nm, Onm]). Note the
coordinates in Fig 1(e). / have a constant value of less than 0.5 nA regardless
of the channel type, drain bias level, and the presence or absence of force. After
the application of the force, Ip-Vi curves are completely recovered. Igipr
variations of (c) p-channel and (d) n-channel as a function of force. Channel
stress was calculated from FEM simulation by known applied force when the
external force is exactly centered on the DUT.

which the minimum value of /p was observed. The GIDL
current during the force application was determined by
considering the Vry shift induced by the force application. This
extraction method was used to account for different Vry shifts
observed in the tested devices due to variations in the applied
MS. The devices were diced from a 300 mm wafer and
individually attached to a metal sample holder for placement in
the nanoindenter system. Next a topography scan was done with
the indenter tip at low forces to identify the precise indentation
location, and the devices were probed using nanoprobes
(MiBots, Imina Techn. SA). In-situ electrical measurements
were done during larger force application, making the
experiments labor and time intensive.

[II. RESULTS AND DISCUSSION

The application of mechanical force (MS) significantly
impacts the device characteristics, as can be seen from the
transfer curves of p- and n- channel devices measured before
and during application of 1.5 mN force, Figs. 2(a)-(b). After
force application removal, both p- and n-channel devices
completely recovered their pristine curves, showing that no
damage was induced by the nanoindenter tip. Channel stresses
induced by a known applied force were computed using FEM
for the case where the external force is exactly centered on the
DUT. It was observed that, first, on current and threshold
voltage demonstrate an expected MS-induced change that can
be attributed to mobility and band gap modification under MS
[8], [11], [31], [32]. The threshold voltage shifts extracted by
the constant current method were larger than those extracted by
the second derivative method, which can show that the mobility
increase by effective mass reduction also contributes to the
threshold voltage shift. Second, GIDL current showed an
exponential increase with MS (up to 3 orders of magnitude at -
1.3 GPa), as can be seen from Figs. 2(c)-(d) showing data
obtained on 6 p- and n-channel devices, respectively. This
effect could not be explained by the gate leakage, which
remained under 0.5 nA regardless of the channel type, drain bias,
and the presence of force (see Figs. 2(a)-(b))
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Fig. 3. Energy band diagrams of (a) p- and (b) n-channels in the accumulation
region before and during application of the force at high Vp. In(ZgipL) as a
function of Vpg' of (¢) p- and (d) n-channels before and during application of
the force (1 mN and 1.5 mN).
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Fig. 4. The GIDL current-sensitivity maps of (a) p-channel and (c) n-channel
according to the different MS indentation locations. Al at |[Vp| = 0.5 V are
the values calculated before and during the force application. The CDFs of Igip.
before and during applying the 1.5 mN of force in (b) p- and (d) n- channels.

A. Impact of MS on BTBT and GIDL currents

The reported exponential increase in GIDL current with MS
can be attributed to MS-induced change in the channel energy
band gap and effective mass. According to previous studies on
BTBT and GIDL current, /gipr can be expressed as [18], [24]—
[26], [33]

3

2 g 2
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where A is a preexponential constant, " is the effective mass,
E, is band gap, and E is the vertical electric field at the silicon
surface. It is known that application of compressive MS shrinks
the Si band gap, which leads to a decrease in the tunneling
distance for electrons that travel from the valence to the
conduction band via BTBT, as depicted in Figs. 3(a) and (b)
[18], [24], [27], [33]. In addition, MS is also known to affect
the effective mass of electrons [10]. Given the exponential
dependence of GIDL current on the band gap and effective mass
(Eq. 1), MS-induced decrease in those two parameters can
explain the exponential increase in the GIDL current, observed
in the presented study. Interestingly, as shown in Figs. 3(c) and
(d), the absolute values of the slopes of In(/gipr) as a function
of Vpg'decreased as the mechanical force increased in both p-
and n-channels. According to eq. (1), the corresponding band
gap decrease was ~67 % and ~60 % for the p- and n-channels,
respectively, when 1.5 mN of force was applied. However, (i)
Es is also affected by the band gap, therefore the fitting should
strictly be performed using reciprocal functions, and (ii) the
effective mass reduction included in the slope cannot be
completely ignored. Overall, we conclude based on Figs. 3(c)
and (d) that the band gap does decrease with increasing applied
force, as expected, but further experiments with additional data
are required to estimate the precise band gap changes with the
applied MS.

B. Strong GIDL currents directly above the channel

The most MS-sensitive areas of the device can be identified
using the GIDL current-sensitivity maps for p- and n-channel
devices in Figs. 4(a) and (c), respectively. For this purpose, the
1.5 mN force was Jocally applied at different locations in 54
identical devices located within 300 nm % 300 nm area around
the channel. The GIDL current increase Algipr. was calculated
as the percentage increase in Igipr at |Vp| = 0.5 V during the
force application relative to the value before force application.
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Fig. 5. Simulated channel stress values at the center of the channel as a function
on the position where vertical force of 1.5 mN is applied (The shape of this
simulated channel stress distribution is affected by metal interconnects and
vias).

As can be seen from the measured maps, Algior is the largest
around the channel in both the p- and n- channels. This is
expected, because the greatest level of the stress is applied to
the channel when the indentation position is located at the
center of the channel as shown in Fig 5. Since the channel stress
is highly dependent on various extrinsic factors (e.g., tip radius,
thickness and properties of SiO», and metal layer), repeatable
and comparable maps which directly reflect the channel stress
can be a good guidance for strain engineering in the future. The
cumulative distribution functions (CDFs) of GIDL current of p-
and n-channel devices before and after applying the same 1.5
mN force, used in the GIDL current-sensitivity maps, are shown
in Figs. 4(b) and (d). The median values of the distribution
increase by ~100 times in p- and n- channels, from 6.3 pA and
13.8 pA to 519 pA and 969 pA, respectively. As shown in
Section A, the distributions of Igipr values in both p- and n-
channels increase exponentially after the 1.5 mN of force is
applied to DUTs.

IV. CONCLUSION

In this study, the impact of externally applied vertical
compressive MS on gate-induced-drain-leakage (GIDL)
current of short p- and n-channel CMOS transistors has been
investigated. It was demonstrated that application of a GPa
level mechanical stress (MS) induces an exponential increase in
GIDL current. The observed effect can be attributed to MS-
induced reduction of Silicon channel band gap and effective
mass, leading to enhanced band-to-band tunneling (BTBT). In
addition, GIDL current-sensitivity maps were extracted by
applying local MS at different locations on 54 identical devices.
It was demonstrated that the GIDL current increase is strongest
when the MS is applied in the mid-channel regions of the



devices. The presented findings indicate the importance of MS
control (especially in the channel region) for creating reliable
low-leakage devices, required for low-power applications.
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