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Abstract—In this paper we have studied the impacts of floating
body effect, device leakage, and gate oxide tunneling leakage on the
read and write-ability of a PD/SOI CMOS SRAM cell under Vt, L
and W variations in sub-100 nm technology for the first time. The
floating body effect is shown to degrade the read stability while
improving the write-ability. On the other hand, the gate-to-body
tunneling current improves the read stability while degrading the
write-ability. It is also shown that the use of high-Vt and thick oxide
cell transistors can improve leakage, read and write-ability without
causing significant performance degradation. The test-chip is fab-
ricated in sub-90 nm SOI technology to show the effectiveness of
high-Vt and thick-oxide devices in improving stability of SRAM
cells.

Index Terms—Dynamic stability, high-Vt, process variation,
SRAM, thick oxide, write-ability.

I. INTRODUCTION

ITH technology scaling, inter-die and intra-die varia-
W tions in process parameters (channel length (L), width
(W), threshold voltage (V't) etc) have become serious problems
in circuit design [1], [2]. The device-to-device (intra-die) varia-
tions in L, W or V't between the neighboring transistors in an
SRAM cell can significantly degrade the stability of the cell. The
static stability of a cell is measured by the static noise margin
(SNM) [3]. In [3] authors have analyzed the impact of device-to-
device Vt fluctuations on the SNM of a bulk CMOS SRAM cell.
However, in a PD/SOI SRAM cell, due to the floating body ef-
fect, the strength of the different transistors in the cell varies
during read and write operations [4]. Even if the static stability
of the cell is high, device-to-device fluctuations may result in
instability during the read and write operations. In addition,
the initial states of cell transistors as well as gate-to-body tun-
neling current are very critical in cell stability. Hence, a thor-
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ough understanding of the dynamic stability under parameter
variations is crucial to maintain/exploit the performance advan-
tage of PD/SOI technology. We have also analyzed the impact
of using high Vt and thick oxide transistors on the performance
and stability of the cell. It has been observed that, use of high
Vt and thick oxide cell transistors can significantly reduce the
cell leakage, improve the cell stability without causing signifi-
cant performance degradation. Notice that in this study, param-
eters are treated as independent and variations are applied in the
worst case directions, thus representing the worst case scenario.
Test-chip is fabricated in sub-90 nm PD/SOI technology and
measured to demonstrate the effectiveness of the high-Vt and
thick-oxide devices. The measurement results verifies the simu-
lation based predictions and demonstrate that, use of higher-Vt
and thicker-oxide devices can significantly improve the cell sta-
bility and hence, SRAM yield.

II. DYNAMIC CELL STABILITY

In this section, we present the concept and the methods for
analyzing dynamic stability of SRAM cell.

A. Dynamic Stability

The strengths of the PMOS and NMOS transistors in an
SRAM cell (Fig. 1) control the read stability and write-ability
(collectively known as cell stability) of the SRAM cell. The
strength is defined by the threshold voltage (Vt), channel length
(L), and channel width (W) of transistors. The conventional
static stability analysis focuses on the beta ratio (which is
determined by the L and W ratios) and Vts of pass-gates and
cross-coupled PFET/NFET. The Vt used in such analysis is
normally the Vt measured at a particular terminal (i.e., Vds
and Vgs) voltages (e.g., at Vds-Vpp). However, due to short
channel effects, such as Drain Induced Barrier Lowering
(DIBL), the Vt of a device depends on its terminal voltages
and hence, changes dynamically for different voltages at cell
terminals (e.g., wordline, bitlines, cell supply) as well as cell
nodes (i.e., Vpp or 0 at a given node) [9]. Further, for PD/SOI
devices, the operating conditions (i.e., V4s and V4 values) of
a device also modify the threshold voltage due to floating body
effect. Moreover, the read/write operation of a cell also depends
on the capacitances at the cell nodes, which can only be cap-
tured through transient analysis. Therefore, for a true analysis
of the cell stability, static analysis considering parameters such
as L, W, and Vt, as well as transient analysis considering dy-
namic changes in the bias conditions and corresponding effects
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Fig. 1. A SRAM cell storing “1”.

in device parameters need to be considered. The ‘dynamic
stability analysis’ evaluates cell stability considering both the
static and bias-dependent transient effects, and hence provides
a more accurate measure of stability of SRAM cell in opera-
tion. In dynamic analysis instead of performing a DC analysis
of SRAM cell, a transient analysis is performed considering
dynamic voltage waveforms at wordline and bitlines. In a true
sense dynamic stability can be defined as the critical noise
level required in the cell to prevent the upset or corruption
under dynamically stressing the transistors. In this work, for
read stability or write-ability analysis considering random
Vt mismatch, we consider the ‘noise’ as the worst case Vth
variation (the read and write operations have different worst
case conditions as explained in following sections). To estimate
dynamic stability for read or write operations, we first apply
certain worst-case Vth mismatch. Next, we consider different
Vpp values defining cell, bitline, and wordline voltage levels,
and perform transient analysis for read or write operations. In
the transient analysis wordline slew rate is varied from low
to high to explore the worst case condition for the cell. The
SRAM cell as well as the peripherals is considered in the
analysis to obtain a comprehensive picture. The effect of array
organization, such as the impact of other cells on the same
column and/or same row, is also considered. The considerations
of array organization and peripherals provide a more accurate
measure of stability compared to static/DC analysis (such as
Static Noise Margin for read stability) which considers ‘a cell in
isolation’. The transient simulations (with standard waveforms
for read/write operations) provide an indication of correct
(stable) or faulty (unstable) operation of the cell at a given
Vpp level. The range of Vpp which provides correct (stable)
operations is used as an indicator of the dynamic read stability
or write-ability. Note, that Vpp level is just one option, one
can also perform dynamic stability analysis by modifying the
operating frequency, wordline pulse width, etc.

In summary, the dynamic stability of the cell is a measure of
the robustness of the cell against parameter variations during the
read (read stability) and write (write stability, or “write-ability”)
operation. The dynamic stability measures the ac characteristics
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of the cell and provides more detail information regarding the
cell functionality compared to the static noise margin. Since dy-
namic stability captures the cell behavior in the ac mode (e.g.,
frequency response of the cell, the effect of node capacitances,
floating body effect in SOI as discussed later) it is a better indi-
cator of the actual product behavior.

In the following sections, we discuss the dynamic stability
analysis for read and write operation in an SRAM cell. In this
analysis, sub-90nm PD/SOI SRAM cell is used. Further, the
analysis consider a PD/SOI SRAM cell which stores ‘1’ (i.e.,
Vi, = ‘1" and Vi = ‘0’) (Fig. 1). The analysis is same for a cell
storing ‘0’ (i.e., Vz, = ‘0" and Vr = ‘1’), which is not repeated
for brevity. To explain the effects of Vt variation on read stability
and write-ability we have used simplified equations considering
square-law transistor model. However, the results are obtained
using circuit simulations for the sub-90nm PD/SOI cell.

B. Read Stability

During the read operation, the access transistor Si and the
NMOS transistor N form a resistor-voltage-divider between
node BLT and node R. This increases Vg to an intermediate
voltage (Vrpap) which subsequently increases the sub-
threshold leakage through Ny, , thereby discharging Vi, from
‘1’. A reduction in V7, further reduces the strength of Ny (since
Vys(Nr) = Vi < Vpp) and hence cause Vg to rise more
[51, [7]. If VrREpap is higher than the trip point of the inverter
Pr-Ny, the state of the cell gets flipped (i.e., VL = ‘0’ and
Vxr = ‘1’ after reading). This is known as ‘destructive read’ or
‘unstable read’. A simple static condition for read stability can
be defined as [7], [8]:

Vrrip(PL — N1) > VrREAD.- (D
The intermediate voltage can be obtained by solving Vrgap:

lascsry(Vpp — VREAD, VDD — VREAD)
+1as(pr)(VL — VoD, VREAD — VDD)
=Ilis(nr)(VL = Vpp, VREAD) 2)

where, I35 (gate-source, drain-source) represents the drain-to-
source current. For the sake of simplicity, in the above formula-
tion we have neglected the gate leakage contributions to node R.

1) Worst-Case Condition for Read-Stability: From (1) we
can observe that, if the relative strength of Pr and Sk increases
while that of Ny reduces, Vrgap increases thereby increasing
the possibilities of the read failure. Hence, the worst-case for
read stability occurs if due to process variation, Si and Pg be-
comes strong (Vt & L reduces, W increases) whereas Np be-
comes weak (Vt & L increases, W reduces).

2) Impact of Floating Body Effect in PD/SOI: In PD/SOI var-
ious effects such as gate-to-body coupling (which causes kink
effect), drain-to-body, body-to-source coupling can affect the
body voltages. In PD/SOI SRAM before the start of the read
operation, the Vg5 of Sy is Vpp which increases the body-
voltage of Sg. The body-voltage of Ny is much lower as V g
[VBopy (Ng) = 0]. This is evident from the waveform shown
in Fig. 2 which shows the body voltage of different transistors
before and during read operations. Further, since node Lis at ‘1°,
body voltage of both Ny and Py are also higher. Since a higher
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Fig. 2. Waveform for read operation showing body voltage of different
transistors.

body voltage for NMOS indicates a stronger device (i.e., lower
Vth) while a higher body voltage for PMOS indicates a weaker
device (i.e., higher Vyy,), the floating body effect results in (1)
stronger Sg and weaker Ny (higher VRgap); and (2) stronger
N, and weaker Py, [lower Vgrip (P1.-Nr)]. Therefore, floating
body-effect tends to marginally degrade the read stability.

3) Impact of Leakage on Read Stability: The high leakage
in the nano-scaled transistors plays an important role in de-
termining the read-stability. A larger subthreshold leakage of
the transistor Ny, reduces the voltage V7, during read opera-
tion and thereby affects read-stability. A larger subthreshold
leakage of Py also negatively affects read stability by increasing
VgrEap- Also in the presence of large number of cells on the
same bit column having opposite state as that of the selected
cell can increase leakage on bitlines which slows down the bit-
line discharge. Due to back to back body diodes in PD SOI (re-
verse diode from drain to body and forward diode from body to
source) the other leakage component (parasitic bipolar current)
exists from drain-to-body-to-source. This has a similar effect
on the cell stability as that of sub-threshold leakages. A slower
bit-line discharge indicates a higher V45 stress for Sy thereby
affecting read stability. Similarly, as shown in Fig. 1, the gate-to-
channel and the overlap tunneling leakage from the transistors
Npg, N1, Pg and Pr, entering into the node R, cause Vg to
rise more during read operation and hence degrade the read sta-
bility. While the gate-to-body tunneling leakage is much smaller
than the other leakage components, it has interesting implica-
tions for PD/SOI SRAM cell. For PD/SOI devices, however, the
gate-to-body tunneling current charges/discharges the floating
body, thus changing the body voltage and Vt. When the gate of a
transistor at “VDD” and source and drain are at “0”, initially the
body sits at “0”. The gate-to-body tunneling current charges the
transistor body. Similarly, when gate is at ‘0’ the gate-to-body
tunneling current tends to discharge the body-voltage. There-
fore, gate-to-body tunneling current reduces the body-voltage
of Sgr and Ny, (gate at Vpp) thereby weakening them. It also
reduces body-voltage of Py, which makes it stronger. On the
other hand, gate-to-body tunneling increases the body-voltage
of Ny (gate at Vpp) thereby making it stronger [6]. This helps
to reduce Vreap (stronger Nr and weaker Sg) and increase
Vrrip (stronger Py, and weaker Np,), thereby improving read
stability. Hence, the presence of gate-to-body tunneling current
helps to improve the read stability of PD/SOI SRAM cell.
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Fig. 3. Variation of read-stability at T = 85°C for different L, W and Vt
variation (normalized unit for variation) .

4) Circuit Simulation Results for Read Stability: To measure
the read stability, we have applied the V¢, L and W variations
in the worst-case direction and varied the Vpp from a low to
a high value. We have measured the Vpp region in which the
cell is stable for each unit of variation in V¢, L and W. A larger
stable region indicates a better robustness against read failure
due to process variation. Fig. 3 shows the read stability of the
cell at T = 85°C with application of different parameter varia-
tion. Note, that the figure shows two different unstable regions.
This is due to the counter-acting effects of Vpp on the cell char-
acteristics. As mentioned earlier, in this simulation, we consider
same Vpp value for cell supply, wordline voltage, and bitline
voltage. A lower wordline Vpp implies a lower gate voltage
for the pass-gates and a lower bitline Vpp implies a lower Vds
stress across the pass-gate. Both of these reduces the pass-gate
strength and helps to reduce VrRgap. However, a lower cell
Vpp reduces the trip-point and the strength of the pull-down
device (NR) in the read path. Both of these negatively impact
the read stability. At very low voltage, the negative effect of
lower cell Vpp results in unstable read operations. On the other
hand, at very high Vpp, the increased strength of the access de-
vice results in unstable read. Note, that during read operation the
pass-gate Sy is in saturation while Ny is in linear. Since satura-
tion current is a stronger function of Vg (e.g., quadratic) com-
pared to linear current, a higher wordline Vpp increases VRgap
resulting in unstable read operation. This explains the origin of
two unstable regions related to read operations. Further, a higher
Vpp also increases the Vth mismatch between Sg and Ny due
to DIBL effect [as Vds for Sg (= Vpp — Vreap) > Vds for
Ngr(VREAD) = due to DIBL Vt(Sg) < Vt(Ng)] which
negatively impacts read stability [9]. Moreover, as explained in
the following section, for PD/SOI the floating body effect re-
sults in a lower Vyy, for Sg from Ny at the start of read opera-
tion. At a higher Vpp the body-voltage difference between Sy
and Ny is higher which also degrades read stability. It can be
observed that, the impact of V'¢ variation is very significant. The
impact of the L & W variation becomes significant when cou-
pled with V¢ variation. The stronger effect of Vth variation orig-
inates from the stronger-than-linear dependence of saturation
current on Vt which results in a stronger sensitivity of VRgap
and Vgrrp to Vt compared to L and W (both linear and sat-
uration current depends linearly on L and W). Considering a
given Vt variation and different amount of L and W variation it
was observed that, read stability marginally degrades at a higher
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temperature (Fig. 4). This is mainly because; at a higher temper-
ature mobility degrades. Further, linear current depends more
strongly on mobility compared to saturation current (velocity
saturation effect in short-channel devices makes saturation cur-
rent less sensitive to mobility). Hence, at a higher temperature
due to lower mobility, linear current reduces more than satura-
tion current resulting in a higher Vrgap and degraded read sta-
bility. The temperature sensitivity increases if L & W variation
increases as sensitivity of (-ratio [where, 3 = 1ot Cox (W /L)]
to L, W mismatch depends on mobility which in turn depends
on mobility. At a higher temperature, the leakage current con-
tributed by Pr [see (2)] increases. This leakage contribution
also increases when L mismatch is considered (as worst-case
L mismatch means lower L for Pg). The higher temperature
coupled with Vt and L mismatch can significantly increase the
leakage current contribution resulting in a higher Vggap and
lower read stability. Fig. 5 shows Vgpap at different V¢, L
and W variation, by applying the variations to transistors Sg,
Npg and Pg one at a time. It can be observed that, applica-
tion of variation in Sk cause maximum rise in Vggap. This
indicates that Sg is most critical for read stability. This is be-
cause of the stronger-than-linear dependence of saturation cur-
rent of Sg on device Vyy,. The impact of Pr is minimum since
it is in the subthreshold region. From Fig. 4, it can be con-
cluded that to optimize the cell for best read stability we need
a weak access transistor while a strong pull-down NMOS. The
effect of gate-to-body tunneling current on the read stability is

shown in Fig. 6. It can be clearly observed that, the presence
of gate-to-body tunneling current improves the read stability of
PD/SOI SRAM cell.

C. Write-Ability

While writing a ‘0’ to the cell shown in Fig. 1 (i.e., changing
the state of the cell from (Vz, = ‘1’ and Vg = ‘0’) to (V, = ‘0’
and Vi = ‘1’)), the low going bit-line BLC forms a voltage di-
vider between the PMOS Pp, and the access transistor Sp,. If
due to this voltage division the voltage at node L(Vivgrrg) is
reduced below the trip point of the inverter Pg-Ng within the
time-interval when WL is high (Tw1,) then a successful write
occurs [4]-[8]. Hence, the stability conditions for write opera-
tions can be formulated as [5], [7], [8]:

3

Twrite < Twr

where Ty rrrE is the time required to reduce the voltage Vp,
from Vpp to the trip-point of Pr-Ng. TwriTE can be obtained
by:

Vl) D
Cr

lissry + Las(nry — Las(pr)
Vrrrip(Pr—NR)

avy

TwriTE =

4)
Note, a stronger Py, and weaker Sy, increases write time and
degrades write-ability.
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1) Worst-Case Condition for Write-Ability: From (3)—(4)
we can observe that, if the relative strength of Py increases
while that of S;, and N, reduces the net discharging current
for node ‘L/[= Laysr) + las(nr) — Lascpry] becomes lower
thereby increasing Ty rrrp. Further, a weaker Sg and Pg
and a stronger Ngi reduce the trip-point of Pr-Ni which
also increases TwriTr. Hence, the worst-case condition for
write-ability occurs if due to process variation, (a) Pr, becomes
strong (V't and L reduces, W increases) whereas Sy and Np,
become weak (V¢ & L increases, W reduces) resulting in lower
discharging current; and (b) Sg and Pr become weak (higher
Vit & L, lower W) and Ny becomes strong (lower V't and L,
higher W) resulting in lower trip-point of Pr-NR.

2) Impact of Floating Body Effect in PD/SOI: In PD/SOI
SRAM before the start of the write operation, body voltage
of SL[VBODy(SL)] and PL[VBODY(PL)] are hlgh (since
drain and source at Vpp). This is shown Fig. 7 which shows
the body-voltages of different transistors before and during
a typical write operation. This results in a stronger Sy and
weaker P, and thus improves the write-ability. Further, since
node R is at ‘0’, VBODY(NR) is low (Vdrain = Viource = 0)
while Vpopy (Sr) is high (Vas ~ Vpp), resulting in a weaker
Ng and stronger Sg. The body voltage of Py is also less (as
Vrain = 0) resulting in a stronger Pg. Stronger Sg and Pg
and weaker Ny improves write-ability. Therefore, floating
body effect tends to improve the write-ability.

3) Impact of Leakage on Write-Ability: A large subthreshold
leakage of the transistor Nj helps to discharge V7. The
gate-to-channel and overlap-tunneling leakage of the tran-
sistors Ngr, N, Pr and Pr, also helps to discharge Vi and

PPA wnwiuIy

Vt Variation

Fig. 8. Write-ability at with Vt and Temperature variation.

hence improves write-ability. On the other hand, gate-to-body
tunneling reduces the body voltages of Ny, Sr, Sg, PL, (gate
at ‘0’). This weakens Ny, Si, and Sg while strengthens Pr,
thereby degrading write-ability [5]. For the worst case write
operation all the unselected cells have same polarity as that
of the selected cell. When the node holding “1” needs to be
written to “0”, parasitic bipolar currents induced in pass gates
can reduce the currents to discharge the bitline degrading the
“write-ability”. Similarly, gate-to-body tunneling increases
body voltages of Ny (makes it stronger) and Pr (makes it
weaker) as both of them have gate at Vpp. This lowers the
Vrrip of (Pr-Ng). Therefore, gate-to-body tunneling current
degrades the write-ability of PD/SOI SRAM cell. It is inter-
esting to note that, for PD/SOI devices floating body effect
degrades read stability while improves write-ability. On the
other hand, gate-to-body tunneling improves read stability
while degrades write-ability.

4) Circuit Simulation Results for Write-Ability: To measure
the write-ability, we have applied the V¢, L and W variations
in the worst-case direction and varied the Vpp from a low to
a high value. As Vpp increases, the strength of Sy, increases,
thereby increasing the write-ability. We have measured the min-
imum Vpp(Vpp min) at which the cell remains writable. A
lower value of Vpp min indicates a better write-ability. Fig. 8
shows the variation of the Vpp min with application of only
Vt variation at different temperature. It can be observed that,
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VoD min > Vpp (= 0.9 V) if Vt variation is high. It can also be
observed that, the sensitivity with temperature is not very high.
The sensitivity of the Vp p min With respect to L and W variation
alone is very low (figure not shown). However, if L and W varia-
tion is coupled with Vt variation, it has a strong impact (Fig. 9).
The effect of temperature variation was observed to be small.
Fig. 9 shows Vpp min With application of Vt (Fig. 10(a)) and
(L and W) (Fig. 10(b)) variations to transistors Sy,, P, and Ny,
alone. It can be observed that, the access transistor Sz, is most
critical whereas Ny, has little impact (since it is in subthreshold
region). Hence, a weaker PMOS pull-up and a stronger NMOS
access transistor are required for better write-ability.

III. STABILITY WITH HIGH-VT TRANSISTORS

In order to reduce the subthrehold leakage in the cell, scaled
SRAM cells are often designed with high Vt transistors. It has
been observed that the performance degradation associated with

Fig. 11. Impact of using high Vt transistor on the performance and leakage
of an SRAM cell: (a) Read delay vs. temperature, (b) Leakage components in
stand-bv mode. Notice that, significant leakage reduction is possible with small
performance degradation by using high Vt transistors.

the use of high Vt transistors are not very significant. Fig. 11
shows the read delay (Fig. 11(a)) and the leakage (Fig. 11(b)) of
the SRAM cell designed with all nominal Vt (AIINomVT), high
VtNMOS (HighVtN) and all high Vt transistors (AIIHVT). It can
be observed that, leakage improves significantly from AlINomVt
to AIHVT (> 4X) and the associated performance degradation
is quite small (< 2%). The subthreshold leakage shows max-
imum reduction with higher-Vt transistors. The leakage reduc-
tion obtained with high-Vt increases at a higher temperature as
the current contribution from the subthreshold leakage is much
higher. In the following sections we will describe the impact of
using high-Vt transistors on the stability of the cell.
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Fig. 12. Impact of using High Vt transistors on read-stability. X axis represents normalized units of L, W variations along with 3 units of Vt variations.

A. Read Stability With High Vt

In order to analyze the impact of high Vt transistors, let us
assume a simplified square-law transistor characteristics. Under
this assumption, the trip point of the inverter Pr-Np can be
given by

Vo — Vit — AVip + (Vino + AVin) (ﬁw)

ﬁPL
Vrrip =
8
1+ (aﬁﬁ )
or
8
AVin ( ﬂgf) — AVip
Vrrre =Vrripro + 5)

B
14+4/(52)

where [ for each transistor is given by

_ (Besie\ (W

o= () (%) ©
Vt,0 and Vi, represents the nominal PMOS and NMOS Vt,
Vrrrpo represents the trip point with nominal Vt and AVip
and AV'in represents the difference between high and nom-
inal Vt. From (6) it can be observed that, use of higher Vt for
NMOS increases the trip point whereas increasing the PMOS
Vt lowers the trip point. Since in SRAM Sy > Bpr (because
(W/L)pymos < (W/L)nmos and pp < up), increasing Vit
of NMOS has a stronger impact (assuming AVip =~ AVitn) on
the trip point of the inverter. Similarly, Vg g4 p can be given by
(assuming Vinggr =~ Vinygr = Vin) [5]:

VrEAD =

Won=Vim=svim (e (322) ) (32) + (32))
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Fig. 13. Impact of using high Vt transistors on write-ability. X-axis represents
different units of L, W variation along with 3 units of Vt variation.

The use of high V¢ NMOS Np increases the on resistance of
the pull-down path and thus results in a higher Vrg4p. How-
ever, high V¢t NMOS Sg lowers the current into the node R and
hence lowers Vreap. It can be observed from Fig. 5 that Sg
is more critical than Ng in increasing Vrgap due to parameter
variation. Hence, using high Vt NMOS decreases the VRgap
(see (7)) and helps to improve read-stability. Simultaneously,
high Vt NMOS increases the trip point of the inverter Pr,-Ny,
and reduces the subthreshold leakage of Ny, thereby improving
the read stability. Moreover, the improvement primarily comes
from the use of higher Vt NMOS transistors. Hence, improve-
ment in stability from HighVtN to AIIHVT is not very significant
(Fig. 12).

B. Write-Ability With High Vt

As explained in Section III-A, use of high Vt transistors in-
creases the trip point of the inverter Pg-Npg, thereby helping to
improve the write-ability (see (3)). Using high Vt NMOS (Sy,)
reduces the discharging current (degrading write-ability) but
using high Vt PMOS transistor (Pp,) increases the discharging
current for node ‘L’ (improving write-ability). Hence, it can
be concluded that, migrating from AlINomVt to HighVtN does
not improve the write-ability. However, use of AIIHVT cell
improves the write-ability (Fig. 13). A larger improvement is
achieved at higher variation of the process parameters.
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IV. STABILITY WITH THICK-OXIDE TRANSISTORS

The use of high-Vt transistors in a cell reduces the sub-
threshold leakage of an SRAM cell. However, in nano-scale
transistors gate leakage is a major contributor to the total
leakage. Hence, to reduce the total leakage of the cell it is
necessary to reduce the gate leakage of the cell transistors.
Fig. 1 shows the different transistors that contribute to the gate
leakage. Fig. 14(a) shows the different leakage component of
an SRAM cell for different Vt and Tox assignment (ThickN1.5
= High Vt & Thick Oxide (by 1.5 A°) NMOS and Nominal Vt
Nominal Oxide PMOS; ThickN1.5HvtP = High Vt & Thick
Oxide (by 1.5 A°) NMOS and High Vt Nominal oxide PMOS;
ThickN3.0HvtP = High Vt & Thick Oxide (by 3 A°) NMOS
and High Vt Nominal oxide PMOS). It can be observed that,
use of AllHighVt cell reduces the subthreshold leakage of the
cell. However, in AllHighVt cell gate leakage is the dominant
leakage mechanism (at T = 25 C). Hence, using thick oxide
NMOS devices significantly reduces the total leakage from the
AllHighVt case. It should be noted that, thick oxide PMOS does
not have a strong impact as the gate leakage in PMOS is much
lower than that in NMOS. It can be noted that, use of thick
oxide NMOS and all high Vt devices results in 11X reduction
in total cell leakage compared to the cell with all nominal Vt
and all nominal Tox. The improvement increases at a higher
temperature. The performance degradation associated with the
11X leakage reduction from AlIINomVt to ThickN3.0HvtP is
negligible (~ 5%) (Fig. 14(b)). Hence, use of thicker oxide
(and higher Vt) devices is efficient in reducing cell leakage with
negligible performance penalty. In the following section we
will analyze the effect of thicker oxide devices on read stability
and write-ability.

A. Read Stability With Thick-Oxide Devices

Increasing the oxide thickness of the NMOS transistors in-
creases the trip point of the inverter Pr,-Ny,. To understand that
let us consider the expression of Vrip from (5):

Vbp = Vit + Vtnoy [ (522

1+ (gN)

Vbop — th + Vinor

= ; where,
1+7r

/BNL) OVrrrp
r= =
(ﬂPL or
. tho(l + ’I“) — (VDD — th —+ th(]T‘)
(147)?
Vpp — Vi Vt,
= Wop = Vip & Vim) ®)
(I+7)

Vrrip =

Increasing the 7,, of the NMOS alone reduces Sy thereby
reducing r (= +/Onr/BpL). Hence, from (8) it can be ob-
served that increasing the oxide thickness of NMOS increases
the trip-point thereby improving the read stability. Moreover,
increasing oxide thickness of NMOS reduces the strength of
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Fig. 14. Effect of Vt and oxide thickness of different devices on SRAM cell:

(a) Leakage components for different Vt and T, assignment, and (b) Cell per-
formance (read delay) for different Vt and Tox assignment.

both Ng (NMOS transistor) and Sg (access transistor). Since
the access transistor has a stronger impact on read stability (see
Fig. 5), increasing the NMOS oxide thickness helps to reduce
NVggap thereby further improving the read stability. From
Fig. 15(a) use of thicker oxide NMOS devices shows a large im-
provement in read stability (Fig. 15(a)). First, compared to HvtN
case increasing NMOS oxide thickness (ThickN1.5) results in a
significant improvement in read stability. The similar improve-
ment is also observed from AllHigh to ThickN1.5HvtP. How-
ever, increasing NMOS oxide thickness from 1.5 A° to 3.0 A°
does not result in significant additional improvement. It is also
interesting to note that, the minimum stable Vpp for ThickN1.5
is marginally higher than ThickN1.5HvtP. This is due to the fact
that, a higher Vt PFET reduces the trip-point and hence degrades
stability for low VDD as explained in Section II.

B. Write-Ability With Thick-Oxide Devices

As explained in Section IV-A, use of thick-oxide NMOS
transistors increases the trip point of the inverter Pr-Ng,
thereby helping to improve the write-ability. On the other
hand, higher oxide thickness of S, reduces its strength. Conse-
quently, the rate of discharge of node L (storing “1”) reduces.
However, it should be noted that, increasing the Tox of Sp,
marginally improves its mobility (lower vertical electric field
implies lower scattering). Hence, the overall impact in the
discharge rate of node “L” is marginal (~ 1%). This is evident
from the negligible (1%) increase in the write delay associated
with the thick oxide cells. Hence, the overall impact of thick
oxide cells on write-ability is marginal. Fig. 15(b) shows that,
the write-ability of the AlIHvt cell is much better compared
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Fig. 15. Impact of using high-Vt and thick-oxide transistors on (a) Read-sta-
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to the other cases. Increasing the thickness of NMOS de-
vices with nominal Vt PMOS ThickN1.5 significantly worsens
write-ability. With a high-Vt PMOS, increasing NMOS oxide
thickness results in marginal degradation of write-ability. From
Figs. 15(a) and 15(b) it can be observed that, all highVt devices
with thick-oxide NMOS device can result in significantly
lower leakage and better read stability, with marginally lower
performance and write-ability. Use of thick-oxide PMOS along
with thick-oxide NMOS can result in further leakage saving
and better-write-ability with a minimal impact on read stability.
This is verified through hardware measurement as shown later.

V. TEST-CHIP DESIGN AND MEASUREMENT RESULTS

A test-chip is designed in sub-90nm PD/SOI technology to
evaluate the effects of threshold voltage and gate oxide thick-
ness on SRAM cell stability. The die photo for the SRAM cell
stability characterization macro is shown in Fig. 16(a) and the
detail layout is shown in Fig. 17(a). The designed the SRAM fly
cell macro uses a 25-pad-set to characterize the dense SRAM
cell device DC parametrics for a 36 Kbit SRAM array. The
SRAM devices cells are wired out using metal layer. Two in-
verters in the cell are disconnected to accurately characterize
the devices and cell stability. The device threshold voltage of
each of the six transistors is measured in-line at room tempera-
ture and nominal supply voltage (1.0 V for this technology). The
saturation threshold voltage (Vtsat) is defined by the gate-source
voltage (Vgs) at which the drain is connected to supply voltage

q

SRAM fly cell array SRAM fly cell array

(®)

Fig. 16. Die-photo of the SRAM array showing (a) The fly cells for stability
characterization, and (b) SRAM yield monitor.

SEA OF FLYCELLS MEASUREMENT
STRUCTURE

INIVIDUAL FLYCELL
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POLY

PERIPHERAL
LOGIC

SRAM
ARRAY

PAD

®)

Fig. 17. Layout of the SRAM array showing (a) The fly cells for stability char-
acterization, and (b) SRAM yield monitor (layouts are also shown as actual
photomicrographs are obscured by metal fill).

and the source-drain current reaches 300 nA/um, and 70 nA/um,
for N-type and P-type, respectively. The yield of SRAM is based
on 1 Mbit arrays. Fig. 16(b) shows the die-photo of the SRAM
yield monitor and Fig. 17(b) shows the layout. Onchip yield
monitor circuits are used to measure the yield.

Fig. 18 shows the effect of device threshold voltage on read
and write-ability of SRAM cells (normalized stability values are
shown). The Vth value for all cell devices are increased in the
fabricated cells. As predicted in Section III, use of higher Vt im-
proves both read and write-ability, whether lower Vt degrades
both of them. The high-Vt NMOS improves the read-stability
while high-Vt PMOS results in better write-ability. Moreover,
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it can be observed that, the use of high-Vt improves read-sta-
bility more strongly. This is because, as explained in Section III,
higher Vt simultaneously increases trip voltage and reduces read
voltage. The improvement is less for write-ability. This is be-
cause, with a higher Vt the pass transistors becomes weaker
and negatively impacts write-ability and reduces the overall im-
provement of write-ability. Fig. 19 shows the effects of oxide
thickness on read and write-ability. The oxide-thickness for both
NMOS and PMOS are increased in the fabricated cells. As pre-
dicted in Section IV, use of thicker oxide NMOS improves read-
stability and thicker-oxide PMOS improves and write-ability.
Therefore, thicker-oxide cells have both read stability and write-
ability. Further, improvement of read stability is more com-
pared to the write-ability. Fig. 20 shows the yield improvement
of a IMbit array with the use of higher Vt pass gate devices.
It can be observed that, significant yield improvement can be
achieved with the use of higher Vt. Further, this shows that
proper design/optimization of the device Vt may be helpful for
yield improvement.

VI. CONCLUSIONS

With increasing variation in the process parameters, the
dynamic stability of the SRAM cell during read and write
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Fig.20. Yield improvement with optimization of Vt value of higher-Vt devices.

operations has emerged as a serious design challenge. In this
work we have presented a detailed study of the read and the
write-ability for a sub-100 nm PD/SOI SRAM cell under
parameter variations. PD/SOI specific aspects such as floating
body effect and gate-to-body tunneling current were consid-
ered. The floating body effect was shown to degrade the read
stability while improving the write-ability. On the other hand,
the gate-to-body tunneling current improved the read stability
while degrading the write-ability. The impact of using high Vt
and thick oxide transistors in the cell on the cell stability has
been evaluated and it has been shown that, high Vt and thick
oxide cells offer improvement in leakage, read and write-ability
without causing significant performance degradation. The study
provided the basic understanding for maintaining/exploiting
PD/SOI SRAM performance advantage and is corroborated
with the SRAM hardware data.
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