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ABSTRACT Static random-access memory (SRAM) is an essential component for realizing large-scale
integration (LSI). The future transition to a 48 V DC supply in datacenters and electric vehicles acting as
mobile edge servers will increase the demand for a bipolar-complementary metal-oxide semiconductor-
double diffused metal-oxide semiconductor with high-capacity SRAM. When we scaled and optimized an
SRAM cell from 130 nm nodes to 90 nm nodes, we observed the generation of crystal defects induced
by mechanical stress in the p-channel MOS active area that cannot be explained by previous models. We
performed simulations using the finite element method to identify the mechanism. In our results, the edge
of the narrow active area showed a large deformation compared to the middle of the active area, which
can be attributed to compressive stress from the gate electrode and sidewall. The cell layout and sidewall
structure were optimized to suppress this defect generation while satisfying reliability requirements, and
the design can be extended to 65 nm nodes.

INDEX TERMS Defect, mechanical stress, SRAM.

I. INTRODUCTION
The advancement of the Internet of Things has led to a
data explosion, with the annual data generation predicted
to exceed 175 ZB by 2025 [1]. Processing of big data
is essential to the development of new applications and
businesses, which will require an improvement in comput-
ing performance. However, the explosive increase in the
power consumption of datacenters has become a signifi-
cant concern [2]. A typical approach to minimizing power
consumption is to reducing the supply voltage, and the intro-
duction of a 48V DC supply for data buses is being studied
intensively [3]–[5]. A 48V DC supply has long been used
for telecommunication hardware [6] and electric vehicles,
which can potentially act as mobile edge servers. Therefore,
compatibility with a 48V DC is becoming a requirement
for an increasingly wide range of applications. The bipolar-
complementary metal-oxide semiconductor-double diffused
metal-oxide semiconductor (BiCDMOS) is a technology that
combines analog, digital and high voltage devices in a single
die [7], and it has been used in the automotive, aerospace
and other industrial fields for power management. Silicon
carbide (SiC) devices are advantageous for power control
at high voltages more than several hundred volts. However,

the BiCDMOS is more economical in the range of <100 V.
Another advantage of the BiCDMOS is that more digital
functions can be added by scaling its dimensions and increas-
ing the number of transistors in a single chip. Node with a
scale of 180 or 130 nm are mainly used for <100 V appli-
cations and 90 nm nodes have recently been proposed [8].
The static random-access memory (SRAM) is an essential
component that is widely used for large-scale integration
(LSI) because it can be fabricated by using a conventional
CMOS process. Implementing a large-capacity SRAM in a
BiCDMOS platform will make more functions available. In
this paper, we propose a design guidelines for a SRAM
cell that is suitable for 90 nm nodes and beyond while still
satisfying reliability requirements for the BiCDMOS.

II. PRELIMINARY STUDY
A. CELL LAYOUT COMPARISON
We evaluated two SRAM cell layouts suitable for 90 nm
nodes of a BiCDMOS, as shown in Fig. 1. Based on past
technology trend [9], the target cell size was predicted to be
around 1 µm2. Both cells satisfy the target cell size as per
design rules presented in Table 1. Type A is a conventional
cell layout that has been used since the advent of 0.25 µm
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FIGURE 1. SRAM cell layouts for scalability study; (a) conventional
(Type A) and (b) low cell height (Type B).

TABLE 1. Rules used for cell design.

nodes. The advantage of Type A is the single well (n+/p+)
isolation region in the unit cell, which requires a larger iso-
lation width than the diffusion (n+/n+ or p+/p+) isolation
width. The aspect ratio (i.e., height to width) of the unit cell
is close to one, which is suitable for large cell arrays.
In contrast, Type B cell has two well isolation regions

in the wordline direction that increase the cell width. The
cell also requires the shared contact to connect both the gate
electrode and active area. However, the cell height is lower,
which shortens the bitline length and is advantageous for
fast access speed.
In terms of manufacturing, a straight pattern for both the

active area and the gate electrode is preferable because a
small width variation can be realized. The optical proxim-
ity correction (OPC) technique [10] adds a sub-lithography
pattern (i.e., serif) to the photomask layout to minimize
shrinkage. An elongated design such as the gate electrode in
Type B shrinks in the longitudinal direction during the pat-
terning process. Such elongated patterns do not affect each
other when placed in the longitudinal direction even if the
spacing is narrow. On the other hand, when the gate elec-
trodes are arranged orthogonally such as in Type A, they are
affected by narrow spacing, and they can shorten the pattern
in the worst case, as shown in Fig. 2. We calibrated OPC
models according to measurement results and simulated the
variability in the wordline gate length for types A and B
under various lithography conditions. As shown in Fig. 2,
Type B showed better uniformity than Type A. Therefore,
we chose Type B as the SRAM cell layout for 90 nm nodes
in consideration of future scalability. We optimized the cell
layout by using an OPC combined with a manufacturability
check [11] and a hotspot fixing system [12]. The active area
and gate electrode in the shared contact region had sufficient
overlap to avoid open failure.

FIGURE 2. SEM photograph of the wordline and pulldown gate resist
profile in a Type A cell (left). When the distance between the pulldown
gate and wordline is small, the wordline gate shows a wavy shape,
although the pulldown gate still shows pattern shortening. The dotted
lines in the photos represent the designed layout. Simulated cumulative
probability of the wordline width for types A and B (right). Type B shows a
better distribution.

FIGURE 3. (a) Designed SRAM cell layout and (b) SEM photograph after
the Wright etching corresponding to single-bit failure. The active area edge
of the pMOS load transistor is missing where shared contact was formed.
Shared contacts connect both the gate electrode and active area, as
indicated by the red line in (c).

B. VALIDATION BY HARDWARE
To validate the cell layout, we fabricated a Type B 256 kbit
SRAM cell using 130 nm nodes, which are already in mass
production with Type A cells. In a functional test, Type B
SRAM cell showed single-bit failures, and failure analy-
sis confirmed a missing active area in the p-channel MOS
(pMOS) transistor region as shown in Fig. 3. Several reports
have noted that mechanical stress generates crystal defects
by the shallow trench isolation or gate electrode [13], [14].
Another cause of defect formation is damage from high-
dose ion implantation [15], [16]. However, those phenomena
were observed for the n-channel MOS (nMOS) transistor
region, and they cannot explain the observed failure in the
pMOS region. In addition, previous simulation studies used
2D models and could not accurately analyze the phenomenon
of actual structures. Therefore, we carried out a 3D simu-
lations of the mechanical stress by using the finite element
simulation tool MARC [17] for failure analysis.

III. PROCESS FLOW AND SIMULATION SETUP
We investigated the process flow for the step that caused
high stress. Fig. 4 shows the process flow for fabricating a
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FIGURE 4. Process flow for SRAM fabrication: (a-g) process steps that may
generate crystal defects.

FIGURE 5. Mechanical stress monitoring location (left) and simulated
stress values at process a − g (Fig. 5) with the temperature profile (right).

TABLE 2. Material parameters.

SRAM cell. Process steps that may generate crystal defects
are labeled a-g. Table 2 presents the Young’s modulus and
Poison’s ratio for each material used in this simulation, such
as Si, SiO2, and SiN. In the simulation, shear stress was
observed at the top corner of the active area under the
gate electrode, as shown in Fig. 5. Correlations were found
between the amount of stress and process temperature. After
gate electrode formation, the source/drain formation had the
largest stress. Therefore, we focused on this process step.
Before detailed analysis, we evaluated the effect of struc-

ture fidelity on the simulation results. Despite the use of
OPC, the actual device has a rounded shape. To reflect the
actual device structure precisely, a complicated mesh struc-
ture would be required that would increase the simulation
time. The top corner of the active area is rounded to prevent
kink effects in the transistor [18]. We compared the von
Mises stresses value with and without rounding the top cor-
ner. The radius of the rounded corner was 20 nm, and the
other dimensions are shown in Fig. 6.
The von Mises stress value with a rounded corner shows

some fluctuations caused by mesh generation. However, the
difference between stresses with and without a rounded cor-
ner was less than 5%, which is acceptable for comparing
stress along the channel. Thus, we carried out simulations
without rounding the corner. Fig. 7 plots the contours of the
von Mises stress with (a) the designed layout and (b) the
actual device shape shown in Fig. 3 (b). For a fair compari-
son, the number of elements was set to 572 for the designed

FIGURE 6. (a) Simulated device structure (active area only) and (b) stress
at the top corner of the active area with/without corner rounding. The
stress was normalized against the stress without corner rounding.

FIGURE 7. Stress of the designed pattern and actual pattern along the
active area directions (dotted lines A − A′ and B − B′).

FIGURE 8. Maximum resolved shear stress with displacement (200×
enhancement) of the active area during source/drain activation annealing.

layout and 582 for the actual device. Both cases had similar
stress distributions, and the maximum stress was observed
near the concave corner. The stresses along with the top cor-
ner of the active area are indicated by the dotted lines A−A′
and B − B′. Some differences were observed in the maxi-
mum stress near the concave corner. However, the overall
difference in other regions was less than 5%, which is suffi-
cient for a stress comparison. Based on the above results, we
decided to use a rectangular shape without rounded corners
for the following simulation.

IV. SIMULATION RESULTS
A. MECHANICAL STRESS AND DEFECT GENERATION
MODEL
Fig. 8 plots the contour of the maximum resolved shear stress
in the active area of the pMOS region during the source/drain
annealing process. The displacement value (multiplied 200
times for easy observation) is also shown.
The corner region of the active area had a stress of more

than 300MPa, which is large enough to generate crystal
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FIGURE 9. Displacement of the active area (dotted line A − A′ in Fig. 8).

FIGURE 10. Models for explaining the mechanical stress and deflection
under the gate electrode shown in Fig. 9: (a) cantilever beam structure for
under GE2; (b) simply supported beam structure under GE1.

defects [14]. In addition, the active area edge showed a
large displacement from the top surface in the trench depth
direction. This region overlaps with the gate electrode, which
indicates that mechanical stress by the gate electrode may
be a root cause for this displacement. Fig. 9 shows the dis-
placement of the active area under the gate electrode along
A − A′ in Fig. 8. The gate electrode clearly applied com-
pressive stress to the active area. GE1 is in the middle of
the active area, while GE2 is at the edge of the active area.
Both the stress and displacement were in the same direc-
tion, and the displacement was about 1.8 times larger at
GE2 than at GE1. This difference can be attributed to the
deflection of the beam structure. Fig. 10 shows a model that
explains the deflection under the gate electrode. The can-
tilever beam structure reflects the deflection of the active
area edge under GE2. The simply supported beam structure
reflects the deflection of the active area under GE1. The dis-
placements dC and dS can be calculated with the following
formulas [19]:

dC = 4FL3
C

EI
(1)

dS = FL3
S

4EI
= 2FL3

C

EI
(LS = 2LC) (2)

F: Load

E: Young’s modulus

I: Moment of inertia of area

LC,LS: beam length

dC, dS: displacement

where F is the load, E is the Young’s modulus, I is the
moment of inertia of the area, LC and LS are the lengths of

the cantilever and simply supported beams, respectively, and
dC and dS are the corresponding displacements, respectively.
LS is about twice of LC. If equation (2) is rewritten with
LC, dC becomes twice of dS. This is close to the simulation
result, which found a correction factor of 1.8. The active
areas of nMOS transistors in the SRAM cell are connected
and considered to have a beam structure with both ends
fixed. The deflection of a beam with both ends fixed beam,
dB, is given by

dB = FL3
B

16EI
= FL3

C

2EI
(LB = 2LC) (3)

Thus, it is eight times smaller than dC. This is why defects
were only generated in the pMOS region. Therefore we con-
cluded that the beam model can describe this phenomenon
and is applicable to estimating the stress effect.

B. CELL LAYOUT OPTIMIZATION FOR 90NM NODE
Process variability affects the overlap length between the
active area and gate electrode, such as misalignment and
pattern shortening. To realize a robust cell design, we
carried out detailed simulations for layout optimization.
Mechanical stress is known to generate crystal defects
and degrade the transistor characteristics and reliability.
Therefore, these reliability issues need to be considered for
SRAM cell optimization. Several studies have reported on
the impact of mechanical stress on transistor characteris-
tics and reliability. Time-dependent gate oxide breakdown
(TDDB) can be caused by a mechanical stress of more than
200MPa [20], [21]. Both the hot carrier reliability and bias
temperature instability are degraded by compressible stress
under the gate electrode [22]–[24]. However, these degrada-
tions depend on the amount of stress, and a stress of less
than 200PMa does not affect reliability [25]–[28]. Because
the mechanical stress in the active area increased about
5% with a 10% reduction in dimensions [13], the maxi-
mum mechanical stress should be at least 15% less than
200MPa for possible extension to 65 nm nodes, which are
30% smaller than 90 nm nodes. Thus, the maximum allow-
able stress should be less than 170MPa. The active area edge
of the initially designed cell had a 60 nm overlap length with
the gate electrode. However, the active area shrank in the
longitudinal direction because of pattern shortening, and the
actual overlap length was about 50 nm. Because the gate
length was 80nm, the edge of the active area was located
at about the middle of the gate length. According to the
cantilever beam model, this is close to the conditions that
cause the maximum deflection. We investigated the effect
of the overlap length on the mechanical stress at the active
area under the gate electrode. Fig. 11 shows a schematic
of the overlap structure. The overlap length d was varied
from −60 nm to +120 nm. Fig. 12 plots the contours of the
resolved shear stress for each overlap length based on the
simulation results. For easy observation, only the active area
is shown. The displacement in the depth direction is also
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FIGURE 11. Schematic image of AA−GE overlap. The overlap length d was
varied from −60 nm to +120 nm.

FIGURE 12. Simulated mechanical stress for each AA−GE overlap amount
with active area deflection.

FIGURE 13. Effect of overlap length on the shear stress at the active area
under the gate electrode shown in Figs. 12 (a)–(d)

shown, as given in Fig. 8. A high stress was observed at the
edges of the active area where defects were observed, and
its region increased as the overlap length was increase from
−60 nm to +60 nm. However, increasing in overlap length
to +120 nm reduced the high-stress region at the active
area edge. This is because the edge of the active area sepa-
rated from the gate electrode, which shifted from a cantilever
structure to a simply supported beam structure, as shown in
Fig. 10. Fig. 13 shows the effect of the overlap length on
the maximum resolved shear stress at the top corner of the
active area under the gate electrode (red circle in Fig. 11).
The stress clearly increased with an increasing overlap length
and then decreased at an overlap length of +120 nm, which
means that the active area passed under the gate electrode. An
overlap length of more than 80 nm increased the cell height,
and an overlap length of less than −60 nm overlap (away
from the gate electrode edge) caused open failure of the
shared contact. Therefore, the maximum allowabole overlap
length is between −60 nm to 0 nm to ensure that the stress
remains less than 170MPa. The above simulation was carried

FIGURE 14. Sidewall configurations used for simulations: (a) dual-layer
and (b) triple-layer structures.

FIGURE 15. Effect of the sidewall structure on mechanical stress under
the gate electrode.

out without a sidewall structure because only the effect of
the overlap length was being considered. Because the side-
wall structure of the transistor is known to affect the channel
stress [29], we investigated the effect of the sidewall structure
to finalize the cell layout. Fig. 14 shows schematic images of
two sidewall structures. The original process had a dual-layer
structure consisting of SiN/SiO2 (Fig. 14 (a)). The sidewall
material affects the transistor reliability [30], so we con-
sidered a triple-layer structure consisting of SiO2/SiN/SiO2
(Fig. 14 (b)) for comparison. The total sidewall width was
the same for both structure at 80 nm. Fig. 15 shows the sim-
ulation results for both sidewall structures. The triple-layer
structure showed a maximum stress at the gate edge region
rather than the center of the gate electrode, and the stress
decreased drastically in the sidewall region. In contrast, the
dual-layer structure showed a maximum stress in the side-
wall region. Moreover, the stress in the channel region was
10% less than that for the triple-layer sidewall structure. For
the dual-layer structure, the compressive stress from the SiN
film appears to have increased the stress under the sidewall.
This compensated for the stress by the gate poly-Si, which
reduced the mechanical stress in the channel region. In con-
trast, for the triple-layer structure, the SiO2 film between the
gate poly-Si and SiN reduced the stress from the SiN film,
and the stress from poly-Si was dominant in the active area.
Fig. 16 shows the effect of the overlap on the mechanical
stress at the active area edge for both sidewall structures. In
terms of process robustness, the optimal design for an SRAM
cell with 90 nm nodes is an active area edge that is 30 nm
away from the gate electrode edge with triple-layer side-
walls because this design can be extended to 65 nm nodes.
A 1 Mbit SRAM was fabricated to confirm the robustness
of the optimized cell layout. Fig. 17 shows the cumulative
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FIGURE 16. Effect of the overlap length on the shear stress for both
dual-layer and triple-layer sidewall structures.

FIGURE 17. Cumulative probability of the shared contact resistance.

FIGURE 18. Functional bit count vs SNM of a fabricated 1 Mbit SRAM.

distribution of the shared contact resistance, which indicates
a tight distribution and no open failure. Fig. 18 plots the
functional bit count against the static noise margin (SNM).
The SRAM could operate with a supply voltage as low as
0.6 V with a sufficient SNM.

V. CONCLUSION
Finite element simulations were performed to analyze the
mechanical stress induced by defects generated in SRAM
cells. Compressive stress by the gate electrode was found
to cause a large deflection in the active area, and its effect
was enhanced at the active area edge. This phenomenon can
be described by models of cantilever and simply supported
beams. The sidewall structure modulates the mechanical
stress and affects the optimum overlap length between the
gate electrode and the active area. For a maximum allowable
mechanical stress of 170 MPa, an overlap length between
−60 nm to −30 nm with a triple-layer sidewall structure is
recommended for 90 nm nodes. A 1 Mbit SRAM with an
overlap length of −30 nm was fabricated and demonstrated

a tight shared contact resistance distribution and functional
bit count even down to Vdd = 0.6 V. The SRAM cell, con-
sidering the proposed failure model, can be scaled down to
the 65 nm nodes. However, this is a prediction by the simu-
lation and needs to be verified by actual hardware. Although
the maximum mechanical stress is kept below 170 MPa, the
hot carrier effect and bias temperature instability are also
need to be evaluated for future work.
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