Design of FINFET SRAM Cells using a Statistical Compact Model
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Abstract— A study of designing FinFET-based SRAM cells using
a compact model is reported. Parameters for a multi-gate FET
compact model, BSIM-MG are extracted from fabricated n-type
and p-type SOI FinFETs. Local mismatch in gate length and fin
width is calibrated to electrical measurements of 378 FinFET
SRAM cells. The cell design is re-optimized through Monte
Carlo statistical simulations. Variation in readability, writability
and static leakage of the cell are studied.

l. INTRODUCTION

Variability has become increasingly troubling as the SRAM
cell size is reduced. In the FinFET [1], short channel effects are
suppressed by a thin body instead of channel dopants. With a
lightly-doped fin as the channel, Vy, variation due to random
dopants is minimized. Reduced variability of FInFET SRAM
cells has been demonstrated [2]. FinFET SRAM cell design has
been studied with mixed mode TCAD simulations [3].
However, such simulation is very time consuming. A compact
model is more suitable when a large number of simulations
must be performed (e.g. Monte Carlo simulations).

In this work, a multi-gate compact model BSIM-MG [4]
with calibrated variability is used to design a 6T FInFET
SRAM cell. Model parameters covering all gate length devices
are extracted from measured FinFET I-V. Transistor mismatch
within the cell is determined by comparing Monte Carlo
simulation with measurement distributions. The model is used to
perform optimization for the number of fins in the pull-down
devices (NFpp) and gate lengths (Lg) of each transistor. Monte
Carlo simulations are performed to study the contribution of each
transistor to cell variation.

BSIM-MG [4] is a physics-based compact model for multi-
gate MOSFETSs. The core drain current expression is based on
the analytical solution of an ideal double-gate MOSFET. Real
device effects such as short channel effects, quantum
mechanical effects, and the effect of the top gate in the tri-gate
FinFET (Fig. 1(b)) are considered. The model is implemented
in Verilog-A and can be easily simulated in SPICE simulators.

COMPACT MODEL REVIEW

I1l.  HARDWARD CALIBRATION

A. Device Fabrication

FinFETs with 60nm fin height (Hgy), 30nm fin width
(Tein), SION gate dielectric with 1.9nm equivalent oxide
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Fig. 1 Hlustration of a (a) double-gate FinFET with a
oxide hard mask on top of the fin and a (b) tri-gate
FinFET without a hard mask.

Fig. 2 SEM of a 6T FinFET SRAM (NFsp=2) [5].

thickness (EOT), 10nm TiN gate and lightly-doped channels
are fabricated on SOI wafers [4][5]. Both stand-alone FinFETs
and 6T FinFET SRAM cells are fabricated. The stand-alone
devices have 20 fins in parallel; The SRAM cells use single-fin
or double-fin devices. An SEM of the SRAM cells is shown in
Fig. 2.

B. Nominal Parameter Extraction

The nominal parameters of BSIM-MG are extracted from I-
V measurements of stand-alone FIinFETs. One set of
parameters is extracted from devices with Lg ranging from
75nm to lum. Although the binning methodology [6] is
offered in BSIM-MG, it is not used in this study. As shown in
Fig. 3, the drain current (l4) versus gate voltage (V) for p-type
FinFETs in both linear (Fig. 3(a)) and saturation (Fig. 3(b))
modes are well-captured over the entire range of L.
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Model (lines) and measured data (symbols) agree well.
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Fig. 4 Circuit schematic of a 6T FInFET SRAM cell.

TABLE I. GATE LENGTH CORRECTION
NFpp Lax (nm) Lpp (Nnm) Lp, (nm)
1 +10 +15 +20
2 +0 +20 +20

C. Adjustment for SRAM FETs

FinFETs in SRAM cells and stand-alone FinFETs do not
have identical physical dimensions and electrical characteristics
due to the influence of neighboring patterns. To account for
this, we simulate butterfly curves of the SRAM cell, compare it
with measured ones, and adjust Lg to account for lithography
variation. Fig. 4 illustrates the circuit schematic of the 6T
FinFET SRAM cell. Fig. 5 shows the simulated and several
measured butterfly curves on the same graph. The discrepancy
of the uncorrected model may be caused by a modeled Vi,
value of the pull-down nFETs (PD1, PD2) that is too low. This
difference is resolved through the correction of Lg (Table I, Fig.
5). Since only half-cell measurement is available in this study,
the butterfly curves are obtained by measuring one curve and
mirroring.
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Fig. 6 Read SNM distribution of SRAM cells with pull-down

nFETS containing (a) 1 fin (b) 2 fins. (Vg=1.0V)

D. Calibration of Variation

To model variation in SRAM cells, we consider physical
parameters such as Lg, Hrn, Triy @and EOT. Each is assumed to
follow a Gaussian distribution. Fluctuation of channel doping is
not considered since the fin is lightly-doped. Global variation is
assumed to be 30=10% of the nominal value for each
parameter. ¢ is the standard deviation. Local mismatch is
determined by matching the Monte Carlo simulated read static
noise margin (SNM) distribution to measurements. To
introduce global variation in Monte Carlo, the same random
component is shared by all transistors within the cell. (For
example, Hgy of all the transistors vary at the same time.) To
model local mismatch, each transistor is assigned an
independent and identically distributed random component. To
properly describe the statistics, multi-fin transistors are
modeled by separate devices connected in parallel with
independent local mismatch components.

Butterfly curves of 378 SRAM cells are measured. 189 of
the SRAM cells have NFpp=1; the other 189 have NFpp=2. The
read SNM of the cells are extracted from the butterfly curves
using the conventional method. The 3¢ value of local
mismatch is found to be 3.1nm for Ty and 12.6nm for Lg. We
neglect the local variation in Hgy and EOT, whose values are



not determined by lithography conditions. Fig. 6 shows the
good agreement of Monte Carlo simulated read SNM
distributions with measurements. A few SRAM cells show read
SNM much lower than others (4 cells have OV SNM).

IV. FINFET SRAM CELL DESIGN

In this section, a variation-aware procedure of designing a
FinFET SRAM cell is presented. Lg of each transistor and
NFpp are optimized under the constraint that both the read
margin and the write margin must satisfy

P i < ®(-5.5) =1.9x107° (1)
where py,; is the read (write) failure probability of a given cell.

O(x) is the cumulative distribution function of a standard
Gaussian distribution.

A. Design criterion for read and write operation

The word line sweeping write margin (WLWM) follows a
Gaussian distribution [7]. Therefore (1) translates to the
widely-used criterion for the mean () and ¢ of WLWM:

Hywm _5-SGWLWM >0. 2)

(2) is adopted as the design criterion for write operation. For
read operation, both SNML and SNMR (defined in Fig. 5) are
Gaussian but

read SNM = min(SNML, SNMR)

is not [7]. Therefore (2) can not be directly applied to the read
SNM. However, we observe that

Pt < P(-5.5) =1-[1-®(-2)]°. 3)
where ®(-z) is the probability that SNML is less than zero.
Solving (3), we obtain z=5.62. Therefore

M _5'620-SNML >0 (4)

is used as the design criterion for read operation.

B. Cell Optimization

We first study the effect of changing NFpp and V. NFpp is
varied from 1 to 3 at Vy=0.8 and V4=1.0. 1000 Monte Carlo
circuit simulations are performed for each combination of NFpp
and Vyq (Fig. 7). The strength of the pull-down nFET increases
with NFpp. Therefore with increasing NFpp, SNML is
improved and WLWM is slightly degraded. At NFpp=1, SNML
does not satisfy the design criterion (4). However, this will be
overcome through further optimization of Lg. V44=0.8 is chosen
for low power operation.

Next Lg of the access transistor and the pFET load are
optimized for the two cases: NFpp=1 and NFpp=2. NFpp=3 is
not considered since both SNML and WLWM constraints are
satisfied at NFpp=2 with a smaller cell area. For NFpp=2, L of
the access transistor is chosen to be the minimum value (75nm)
since the design constraints are already satisfied (Fig. 7). For
NFpp=1, we vary Lg of the access transistor from 75nm to
105nm and perform Monte Carlo simulations (Fig. 8). The
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Fig. 7 (a) Word line sweep write margin (WLWM) and (b)
SNML (defined in Fig. 5) versus fin number of pull-down
NFETs for V4=0.8 and Vy44=1.0. (Lna=75nm, Lpp=75nm,
LpL:lSOnm)

minimum access transistor L that satisfy the SNML constraint
is 90nm (Fig. 8(a)). At 90nm the WLWM constraint is also
satisfied (Fig. 8(b)). Similar optimization is performed for Lg
of the pFET load for both NFpp=1 and NFpp=2. Table Il
summarizes the optimization results. The cell area is estimated
according to the 65nm design rule [5]. When NFpp=1 the cell
area is about 30% smaller due to the smaller number of fins.

V. DISCUSSION

To further analyze the optimized cell, Monte Carlo
simulation is performed with local mismatch added to one pair
of transistors at a time. Global variation is switched off. Fig.
9(a) shows the contribution of each transistor to read SNM
variation. The pull-down nFET has the largest contribution.
Therefore, increasing Lg of the pull-down nFET may be
another option to reduce variability. Fig. 9(b) shows that the
variation of WLWM is primarily due to access transistor
variation. This is reflected in Fig. 8(b), where we see a strong
Ls dependence of WLWM variation. The static leakage power
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Fig. 8 (a) SNML (define(d)in Fig. 5) versus access
transistor gate length. Whiskers mark u+5.62¢. (b) word
line sweeping write margin (WLWM) versus access
transistor gate length. Whiskers mark u45.5¢. (V44=0.8,
1 fin pull-down nFET)

TABLE II. GATE LENGTH OPTIMIZATION RESULT
NFpp LpD(nm) Lax (nm) Lp. (nm) Area (].Lmz)
1 75 90 90 0.702
2 75 75 95 1.027

is dominated by the pull down nFET. Therefore it has the
largest contribution to leakage variation (Fig. 9(c)).

CONCLUSION

Multi-gate compact model BSIM-MG is calibrated to I-V
measurements of stand-alone FinFET devices and 6T FinFET
SRAM cells. Variation in the SRAM cell is determined by
calibrating to measured read static noise margin data. The cell
is re-designed through a variation-aware procedure. Read
margin, write margin and static leakage of the cell are studied
through Monte Carlo circuit simulations.
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Fig. 9 Impact of access (AX), pFET load (PL), and pull-
down (PD) device variation on (a) read static noise margin
(V4g=0.8V), (b) word line sweeping write margin (WLWM)
(V4g=0.8V) and (c) static leakage power per cell (Vyq=0.4V).
(Whiskers mark the 5% and 95% quantiles. Lax=90nm,
Lpngom, LpD:75nm)
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