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Abstract—Experimental data show that tensile stress improves and
compressive stress degrades retention time for nonvolatile memory (NVM)
devices. External mechanical tensile stress and compressive stress are
introduced into the NVM floating-gate and nitride trap based memories
via four-point wafer bending. The enhanced retention time under tensile
stress results from stress-altered changes in the SiO2/Si barrier height
and out-of-plane conductivity mass for floating-gate memories and from
changes in the trap activation energy in nitride based memories.

Index Terms—Compressive stress, data retention, nonvolatile memory
(NVM), read current, strain, tensile stress.

I. INTRODUCTION

Conventional CMOS logic device scaling beyond 90-nm node re-
quires local strain engineering to increase electron and hole mobilities
and enhance transistor performance [1]–[4]. In addition to increasing
mobility, which has some advantages in nonvolatile memory (NVM),
strain also alters the SiO2/Si barrier height, the conductivity mass
perpendicular to the SiO2 interface, and electron trap energy levels,
all of which will alter the retention time.

The charge retention characteristics of an NVM cell are set by
the leakage of stored electrons under the specified environmental and
operational conditions including power-off mode. For the NVM NAND

cell, electrons are generally stored on a floating poly-Si gate, while for
NOR, electrons are stored on a floating gate or in nitride traps. With
NVM technology in the nanoscale regime, many process steps from
cell isolation formation to packaging introduce both intentional and
unintentional strain in the floating gate, insulating layers, and channel.
There have been early reports on compressive stress being important to
minimize since it degrades the retention time [5], [6]. In this brief, we
investigate the effect of tensile and compressive stress on floating-gate
and nitride trap based NVM retention time. This has applications for
intentionally engineering “good” types of strain and removing “bad”
types from an NVM process flow.

II. EXPERIMENTAL SETUP

A flexure-based four-point bending setup is used in applying large
(up to 600 MPa) tensile and compressive stress, as shown in Fig. 1(a).
A flexure is a long beam with a notch on one end, which gives the
beam only one degree of freedom and suppresses the others [7]. The
setup has a system of eight such flexure beams, which provide uniaxial
upward displacement to the bottom rods in a traditional four-point
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Fig. 1. Flexure-based wafer bending jig: (a) photograph and (b) schematic
diagram.

bending setup, as shown in the schematic in Fig. 1(b). This eliminates
error due to the uneven rotation of two screws present in traditional
four-point bending setups and is essential for achieving high stress.
The surface stress along the channel direction is calculated from the
relationship σ = Eyt/{2a(L/2 − 2a/3)}, where E is the Young’s
Modulus (E = 168 GPa for 〈110〉 channel), y is the sample vertical
displacement, t is the total thickness of the sample, L is the length of
the sample between the two outer rods, and a is the distance between
the inner and outer rods, as shown in the schematic in Fig. 1(b). The
jig was calibrated with a load cell under the mounting platform and a
strain gauge mounted on to the surface of the wafer.

III. EXPERIMENTAL DATA: STRAIN EFFECT ON DATA RETENTION

To understand the effect of strain on retention time, we perform
two experiments. Both experiments apply longitudinal to the channel
tensile and compressive stress on industrial samples. The first exper-
iment measures the change in the stress-altered leakage current for
thick SiO2 tunnel oxides. The second experiment directly measures
the stress-altered retention of store electrons in nitride traps.

In the first experiment, the change in strain-altered electron tunnel-
ing current is quantified by introducing mechanical compressive and
tensile stress into the gate, oxide, and channel of a 1-µm n-MOSFET
with a SiO2 oxide thickness of 55 Å, which is typically used in
NVM. The data are taken at room temperature on ten samples with
a repeatability of within 5%. The channel direction of the n-MOSFET
is 〈110〉, and a mechanical stress of as large as 600 MPa is introduced.

Fig. 2. Strain-induced change in gate tunneling current. Note that uniaxial
tensile stress reduces the electron tunneling current, while compressive stress
increases the current.

Fig. 3. NVM cell data retention (190 ◦C for 24 h) with and without externally
applied mechanical 162-MPa tensile stress. Note the improved retention time
for devices under tensile stress.

The results are plotted in Fig. 2, and we observe that the SiO2 tunnel
leakage current increases under compressive stress and decreases
under tensile stress. We also note a strong electric field dependence of
the leakage, in which the stress-altered change in the leakage current
is much larger at low vertical fields (retention condition) than at high
electric fields (program condition).

In the second experiment, since it is difficult to directly measure the
leakage current from nitride traps, we measure the change in retention
time for the trapped electrons. Electrons are stored on the nitride
based NVM cells of various sizes. All of the cell programming is
done at room temperature using conventional programming conditions
without any externally applied mechanical stress. Next, the samples
are baked at 190 ◦C for 24 h with and without externally applied
tensile or compressive mechanical stress. For each experiment, the
stress and unstressed samples are baked at the same time, and all
devices come from the same wafer on neighboring dies. Figs. 3 and 4
plot the threshold voltage shift after the bake condition. For all device
sizes, tensile stress is observed to significantly improve the retention of
the trapped electrons, while the opposite is observed for compressive
stress. The magnitude of stress used in the experiment of a few hundred
megapascals is typical of stress intentionally/unintentionally induced
on a Si channel of NVM–Flash cell via process steps.
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Fig. 4. NVM cell data retention (190 ◦C for 24 h) with and without externally
applied mechanical 140-MPa compressive stress. Note the degraded retention
time for devices under compressive stress.

Fig. 5. Strain-induced splitting between ∆2 and ∆4, resulting in an increased
average conductivity effective mass in the direction of tunneling. The mass is
increased due to increased electron population in ∆2 valleys.

IV. DISCUSSION

Severe degradation in the retention time has been reported for
mechanical stress, leading to the suggestion that process-induced
mechanical stress needs to be eliminated [6]. However, in this brief,
we see that it is compressive stress that degrades retention time,
while tensile stress offers improvement. Improved retention time under
tensile stress results from stress-altered changes in the SiO2/Si barrier
height and out-of-plane conductivity mass in floating-gate memories
and from changes in the trap activation energy in nitride trap based
memories. We will discuss each of these effects in more detail.

Strain alters tunnel oxide leakage currents by changing the SiO2/Si
barrier height and the electron conductivity effective mass. The barrier
height is altered via strain-induced changes in the Si and SiO2 electron
affinity (see Fig. 5). The electron conductivity effective mass changes
due to the valley repopulation and slight band warping for certain
types of strain. Based on how tensile stress splits the conduction
band, we should expect a reduction (improvement) in the magnitude
of the tunneling current. This is understood by first discussing electron
transport in unstressed silicon. For unstressed Si, the conduction band
compromises six degenerate valleys. The degeneracy reflects the cubic
symmetry of the silicon lattice. The effective mass for any direction
is inversely proportional to the curvature of the energy dispersion
relationship in that direction. Consequently, the effective mass of each
ellipsoid is anisotropic, with the transverse mass (perpendicular to
the axis) given by mt = 0.19m0 being significantly smaller than the

longitudinal mass (parallel to the axis) given by ml = 0.98m0, where
m0 is the free electron mass. For unstressed bulk silicon, the total
electron conductivity mass m∗ is obtained by adding the contributions
of the six degenerate valleys and is given by

m∗ =
[1

6

( 2
ml

)
+

( 4
mt

)]−1

.

Assuming a crystal orientation where 〈001〉 is the floating gate to the
channel direction, in-plane tensile stress reduces the tunneling current
by removing the degeneracy between the four in-plane valleys ∆4 and
the two out-of-plane valleys ∆2 by splitting them in energy. Tensile
stress lowers the energy of the ∆2 valleys and results in preferential
occupation of these states. The tunneling current in these states is
significantly reduced due to m∗ transforming to ml = 0.98m0 after
enough band splitting to fully populate the ∆2 valleys. Furthermore,
the ∆2 splitting increases the SiO2/Si barrier height, which will also
decrease the tunneling current. Which effect dominates depends on the
magnitude of the oxide field [8]–[11] (Fig. 5).

Similarly, strain is known to alter the activation energy of SiO2

electron traps and should be expected to alter the retention time.
For nitride-based memories, the primary electron loss mechanism at
elevated temperatures is the thermal detrapping of the stored electrons.
The electron detrapping is proportional to exp(−Ea/kT ), where Ea
is the electron trap activation energy. Mechanical stress will shift the
activation energy. Consistent with our measured data, compressive
stress is observed to decrease the activation energy by ∼40 meV for
100 MPa. Though no data are reported for tensile stress, it should have
the opposite effect as that for compressive stress and should increase
the activation energy.

V. CONCLUSION

We have experimentally measured using four-point mechanical
wafer bending, the effect of tensile and compressive stress on floating-
gate and nitride based NVM cells. We have shown experimentally that
compressive stress degrades and tensile stress improves the retention
time. Historically, process-induced stress in NVM process technolo-
gies has been eliminated due to deleterious effects. In this brief, we
show that tensile stress is desirable. Recently, there have been several
techniques to introduce tensile stress in logic technologies, which can
also be used in NVM [12].
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Performance Investigation of 50-nm
Insulated-Shallow-Extension Gate-Stack (ISEGaS)

MOSFET for Mixed Mode Applications

Ravneet Kaur, Rishu Chaujar, Manoj Saxena, and R. S. Gupta

Abstract—An extended study of electrical characteristics of 50-nm
single-material-gate insulated-shallow-extension-gate-stack (ISEGaS)
MOSFET is performed using ATLAS-2D. Incorporation of dual-material-
gate architecture leads to the suppression of short channel effects along
with the improvement in device intrinsic gain (gm × Rout), voltage gain
(gm/IDS), and Ion/Ioff ratio, thereby opening a new era of ISEGaS
MOSFETs for mixed mode applications.

Index Terms—ATLAS-2D, dual material gate (DMG), energy-balance-
transport (EBT), gate stack.

I. INTRODUCTION

Shortcomings of implanted pockets of high and low doping near the
source/drain junctions lead to a new concept of dielectric pocket (DP)
proposed by Jurczak et al. [1]. The buried dielectric spacer substituting
the implanted pockets isolates vertical sidewalls of the deep junctions
from the channel except the topmost region which constitutes the
inversion layer. Thus, it can provide a means to curb the avalanche
breakdown by preventing bulk punch through without reducing the
depth of highly doped junction and without increasing the channel
doping [1].
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In this brief, the electrical characteristics of 50-nm insulated-
shallow-extension (ISE) gate-stack MOSFET are investigated by
extensive simulation studies using ATLAS-2D [2]. Further, for min-
imizing short channel effects (SCEs), dual material gate (DMG) [3]
with more advanced high-κ gate stack, as foreseen in the International
Technology Roadmap for Semiconductors Road Map [4], has been
incorporated onto the ISE architecture. Lc and Ls are the lengths of
two laterally contacting gate materials of different work function—Lc

serving as a control gate, having metal workfunction qΦM1 and Ls as
a screening gate, having workfunction qΦM2, in DMG architecture.
Work function difference of the two metal gates causes an abrupt
change in the conduction band energy at the silicon surface providing
an electric field peak in the channel [5] giving greater acceleration to
the charge carriers and hence improves the carrier injection into the
channel. For the feasibility of DMG architecture, several integration
schemes have been suggested such as fully silicided metal gate [6];
metal wet etch process [7]; metal interdiffusion process [8], [9]; pat-
terning and implanting a workfunction modifying species into one of
the electrodes [10], and chemical mechanical polishing [11]. Further,
combining the potential benefits of DP together with electric field
tuned DMG and gate-stack architecture, optimum device structure is
presented as an attractive design in view of system-on-chip realization,
where digital mixed-signal base band and RF transceiver block are
integrated.

II. RESULTS AND DISCUSSION

All device simulations are performed using energy-balance-
transport model with relaxation time of 0.4 ps [12], [13], inversion
layer Lombardi CVT mobility model [12], [13], Shockley Read-Hall
and Auger recombination model. The simulated device described by
the schematic cross section shown in Fig. 1 (inset) uses gate stack of a
2-nm-thick high-κ layer and a 1-nm-thin interfacial SiO2 layer.

A. Surface Potential, Electric Field, and Electron Velocity

The penetration of drain electric field into the source region lowers
the source-channel diffusion barrier resulting in poor drain-induced-
barrier-lowering (DIBL). Fig. 1 shows step potential profile along
the channel for DMG architecture that results in drain bias screening
as compared to bulk and single material gate (SMG)-ISE. Upon
decreasing ΦM2 (i.e., ∆qΦM (= qΦM1 − qΦM2) increases) and in-
creasing εox1, step potential increases and the single electric field peak
underneath the gate region, as shown in Fig. 2, increases resulting in
improved gate transport efficiency, i.e., the carrier transport efficiency
due to the effect of electric field distribution in the channel such that
electron near the source are accelerated rapidly as a result of which
average electron velocity in the channel increases [14], [15]. The
electric field peak originates in the channel due to the work function
difference between the two metal gates and hence, gate transport
efficiency is the carrier transport efficiency due to the effect of gate
electrode workfunction tuning. In Fig. 1, L = 75 nm curve has been
plotted to illustrate the effect of shortening of screening metal gate
length (Ls). It has been seen that with the reduction in the Ls, the
potential step reduces and hence, deteriorates gate control. In scaled
devices, electric field peak near the drain end causes carrier heating
that result in the hot electron effect [3] thereby degrading the hot
carrier reliability of the device. Hence, DMG-ISE architecture exhibits
lowest field and reduced carrier temperature at the drain end as shown
in Figs. 2 (inset 1) and 3; and thus improves the hot carrier reliability
of the device. In SMG-ISE and bulk, occurrence of electric field peak
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