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Abstract— The impact of device variability, temperature, and
technology CAD-based layout parasitics on low-voltage static
random access memory (SRAM) yield is explored using a novel
variability-aware statistical methodology. Threshold voltage, Vi,
mismatches for planar 22- and 14-nm FinFET SRAM transistors
are characterized based on unique array-like structures for
capturing process voltage and temperature (PVT) impact on vari-
ability. In general, the mismatches are shown to be a consistent
and unique function of Vg, doping, and temperature across the
two technologies. Stronger Vi mismatch impact is observed as a
function of Vyq and doping in the 22-nm technology, with higher
mismatch recorded at lower temperatures. In the 14-nm technol-
ogy, doping is found to have the strongest impact on V¢ mismatch,
and the mismatch increases with Vyq despite the reduced drain-
induced barrier lowering effects. Similar to the 22-nm technology,
the mismatch increases at lower temperatures. Front-end-of-the-
line capacitance effects are found to be more significant than
back-end-of-the-line effects in 14-nm technologies, as opposed
to planar technologies. Accurate parasitic capacitance modeling
along with PVT-aware variability process variations for different
22-/14-nm cell arrangements are incorporated into a physics-
based statistical analysis methodology for accurate Vi analysis.
The yield analysis results are corroborated with hardware yield
using 4-16-Mb inline SRAM macro monitors. The methodology
is unique in the industry, gives insight into the technology—circuit
interactions, and is able to effectively predict the SRAM vyield
bounds.

Index Terms— Capacitance, DIBL variability modeling, fast
statistical sampling, FIinFET, hardware characterization,
static noise margin (SNM), SRAM, technology computer-aided
design (TCAD), Vnin-
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I. INTRODUCTION

ITH increased scaling, nanoscale circuits become

highly susceptible to process and geometric variations.
This is a critical problem in sub-22-nm SRAM designs that
need to have high stability, and write-ability yields along
with high performance. Analysis of the impact of PVT corner
in scaled technology is very important to find technology
limitations. Miyamura et al. [1] and Damrongplasit et al. [2]
explored the SRAM static noise margin [3] at constant
temperature and process conditions without going into
high sigma yield analysis or rare fail events estimation.
Systematic PVT impacts on V; mismatch and yield trends of
the SRAM, however, at low voltages are not addressed. Accu-
rate understanding of variability is critical to design yield opti-
mization and lower Vyin operation. The PV T-driven statistical
methodology to predict and optimize SRAM dynamic margin-
based [4], [5] high sigma yields at the circuit level is crucial
and does not exist in the literature. Hardware data are needed
to model and accurately utilize the trends in variability for
realistic evaluation of circuit performance, functionality, and
power. Here, we focus primarily on functionality. Furthermore,
in sub-14-nm technologies, accurate cell layout parasitics
are critical to the yield optimization process. In this paper,
we propose a comprehensive technology circuit codesign flow
that incorporates hardware variability trends into fast statis-
tical methodology for accurate yield estimation at different
PVT corners. The key contributions are: 1) the 22-/14-nm
PVT-aware process variation characterization macros and
unique findings of the V; mismatch trends; 2) accurate capaci-
tance extraction for the 14-nm cell arrangements; 3) integration
of (1) and (2) into a physics-based statistical methodology
that helps push Vmin further by enabling accurate variability
and parasitic modeling; and 4) the 22-nm (16 Mb)/14-nm
(4 Mb) macros for yield characterization. This paper provides
for the first time an insight into the impact of PVT on process
variations, as well as the cell layout parasitic capacitance
impact, in nonplanar nodes compared with the more matured
22-nm planar technology. Note that while parasitic resistance
is important, parasitic resistance extraction is out the scope
of this paper, but has been included in the simulations.
It also highlights the universal application of the statistical
methodology from planar to nonplanar technologies.

Il. 22- AND 14-nm FinFET SRAM MACROS
Macros consisting of 22-nm partially depleted silicon-
on-insulator [6], 0.144-um? SRAM arrays, and 14-nm
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Fig. 1.

22-nm SRAM hardware measurement macro.

SOl FinFET [7] thin-cell 6T SRAM arrays were used
for the variability analysis, as shown in Figs. 1 and 2.
The 14-nm cells are based on the 122 fin arrangement
for the pull-up (PU), pass-gate (PG), and pull-down (PD)
devices, as shown in Fig. 3, and the 122 fin arrange-
ment represents 1/2/2 fins for PU/PG/PD, respectively.
The V; mismatch measurement macros utilize 25 pads
and memory arrays. The macros are used to characterize
Vi, @and Viiin values and mismatch under different PVT corner
conditions for all three SRAM cell devices. There are banks
of arrays that are symmetrically laid out emulating productlike
SRAM arrays. Each bank contains 5 < 3 subarrays. Each
sub-array has one pair of same type FETs wired out from
one cell through the first-level metal layer for V; mismatch
measurement; hence, the pair corresponds to the left/right PG
or PD or PU devices.

The structure is unique in that it realistically captures
6T cell mismatches. Each subarray pair shares a
common pad. Measurement on one chip gives 2 x 15 pairs of
left/right PG/PD V; (30 Vi mismatch, V,,, numbers) and
2 x 2 x 15 pairs of left/right PU V; (60 V; mismatch
numbers). Therefore, full-wafer measurement generates
63 x 30 = 1890 PD/PG and 63 x 60 = 3780 PU
Wi,,, NUumMbers. Chips on several wafers/lots were measured.
For Vi, measurements, Vps is set t0 Vgg, and for Viin
measurements, it is set to 0.05 V. Vgs is varied between
0 and Vyg, and V; values are recorded at a constant
current of 300 nA W/L for PD and PG devices and
70 nA W/L for the PU. The choice of the current target
for Vi definition is arbitrary, as long as it is not in the
weak inversion region, or near the leakage floor, and
300 nA/pm was set in much older technologies. In addition,
for the purpose of across technology comparisons, the same
value has been used ever since. The SRAM array structure
includes wordline (WL), bitline (BL) decoder drivers, and
write drivers and muxes to reduce the number of outputs.

The 22- and 14-nm macros are also fabricated to study the
yield of optimized cell designs. Fig. 4 shows a 14-nm 4-Mb
SRAM array (16 Mb for 22 nm) with peripheral logic and
I0s along with a schematic of the critical subcircuits; this

Chip Image:
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Layout view: Vt Mismatch Macro

1 bit SRAM
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for FET level
measurement
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Fig. 2. Fabricated chip image of mismatch macro and layout view of the
14-nm SRAM V; mismatch macro.

nFIN
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Fig. 3.  14-nm 122 SRAM cell top view (left) of two shared half-cells
and cross section (right). The 122 fin arrangement represents 1/2/2 fins for
PU/PG/PD.

includes WL, BL precharge/decoder drivers, write drivers,
domino sensing, and local/global evaluation circuitry. Dual
supply for support circuitry and arrays is used. The cell supply
uses Ves (cell supply), while BLs use Vgg (logic supply).
The WL driver has the capability to switch from Vyq to Vgs.
Header devices are used for power gating. The array portion
contains domino sensing and BL restore gate control.
For our dense monitor, the description of the decoding and
sensing schemes circuits is similar to that presented in the
test chip of [8].

The 22-nm macro consists of two segments with
16-Mb density each. The array portion contains 32 cells/BL.
The macro area is 4.4 mm x 7.2 mm. The yield on the
16-Mb segments is reported. Several quantized FinFET-based
cell structures were implemented in the form of the 14-nm
4-Mb SRAM arrays. There are eight diagons on the chiplet.
Each diagon is a 4-Mb group corresponding to a unique cell,
thus rendering chiplet to be 32-Mb size. To stress the
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Fig. 4. Critical subcircuits of the 4-Mb 14-nm (16 Mb 22 nm) SRAM array.
Images of the chiplet, 4-Mb diagon, and an SEM of the diagon metal layers
(labeled M4 through M7).

FinFET-based cells and accommodate for the impact of
multiple fin arrangements, we increased the number of
cells/BL. Thus, the array portion contains 64 cells/BL and
banks consist of 64 WLs x 512 BLs. Fig. 4 shows the images
of a diagon, the chiplet, and an SEM of the diagon metal
layers. The macro area is 6 mm x 1.1 mm.

The yield of these macros is based on the combined dynamic
write-ability and read stability, and is measured at 0.2-0.5 GHz
for dual supply conditions by varying Vyg (and V) from
0510 1.3 V.

I11. NEwW HARDWARE-BASED VARIABILITY TRENDS
A. 22-nm Measurements

For the Visat measurements, all parameters demonstrate
Gaussian behavior and model accordingly. Drain-induced
barrier lowering (DIBL)-attributed effects lead to 25%
reduction in Vit (@t T = —10 °C), and tempera-
ture effects lead to 35% drop in Visgz of the small
PU device, as shown in Fig. 5. Vit drops around
17% and 20% are recorded for the larger PD (Fig. 5)
and PG (not shown here) devices due to the DIBL-related
effects. Temperature and Vyq effects are, thus, aggravated as
a function of the device geometry, and the decrease is the
highest at high-temperature corners. Our measurements also
show that the standard deviation of the threshold voltage
mismatch, Oy, iNCreases with Vgyqg, as illustrated for
PU/PD devices in Fig. 6. Oy,q_nm increase for the PU device
is most notable at lower temperature corners. PU/PD/PG
Viiin and Visat mismatch dependence on well doping profiles
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Fig. 5. 22-nm PU and PD device normalized Visat measurements.
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Fig. 6. 22-nm PU/PD device normalized Oygy_p,m Measurements.

is also studied in Fig. 7. For the PG and PD devices,
Ovis—mm INCreases as a function of doping and Vyg. However, at
higher doping profiles (>1e14), it is a weaker function of Vyg.
Ovyin—mm» ON the other hand, is constant as a function of Vyq.
For the PU device, Oy, iNCreases as a function of doping.
At higher doping profiles, though, it is found to be a stronger
function of Vyq. Overall, the PU device mismatch variations
are most sensitive to doping profile corners.

Inspired by the work in [9], we further analyze the signif-
icance of the PVT parameters on Oy,g_n,- Thus, we fit the
measured data against the following model:

C V& (%
O Visat—mm — T 1)

where V, T, and d represent the normalized voltage,
temperature, and doping density, and ay, aT, and ag represent
the corresponding powey coefficients, respectively. C is found
to be proportional to 1/ LW (based on the experimental data
not disclosed in this paper), where L and W represent the
device length and width, respectively. Tg is chosen such that
(T — Tp) is always positive. The strength of the impact of
each PVT factor lies in the significance of the corresponding
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Fig. 7. Normalized measured PD/PU Oy;_,y, for 22-nm Viga: (filled dots)
and Vyjin (lines) at different dopant densities at 25 °C.

TABLE |
MISMATCH REGRESSION COEFFICIENTS FOR THE 22-nm DATA.
INDEPENDENT VARIABLES: NORMALIZED Vg,
TEMPERATURE, AND DOPING

22nm PD PU
Oy 0.0786 0.4261
o 0.0447 0.0366
Olg 0.0588 0.1049

regression power coefficients. Table I summarizes the fitted
model power coefficients for the 22-nm PD and PU devices.
It is evident that the PU device has high sensitivity to Vg and
doping, and that temperature is negatively correlated with the
mismatch data.

1) TCAD Modeling: Finally, by relying on the hardware
measurements, we develop a simulation flow to predict mis-
match numbers and enable, if any, future control of process
variations. First, we calibrate the TCAD simulation mod-
els to hardware characteristics. Then, we set up statistical
simulations to understand and evaluate the contributions of
the key individual components of process variations in terms
of random dopant fluctuations (RDFs), metal gate granu-
larity (MGG), line edge roughness (LER), and orientation
effects along with their sensitivities to PVT effects. Finally,
we corroborate the total of the simulated contributions to
the hardware mismatches. This helps to serve a twofold
objective.

1) Verify which component has a dominant role on the

variation aspect and enable future control.

2) Enable an infrastructure for early prediction of technol-

ogy phase process variation effects.
Fig. 8 shows TCAD-simulated individual contributions in
terms of RDF, MGG, and LER to the 22-nm PU device Vigat

15 60— 500
MGG RDF 400 LER
§ 10 § 40 g 100
: 2 =
0127 -10 -073 042 10 -08 ~1.06 -1.0-0.94
Vt (norm) Vit (norm.) Vt (norm.)

Fig. 8. 22-nm PU device TCAD-predicted V; variations due to RDF, MGG,
and LER effects. Vgg = 0.9 V.
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Fig. 9. Simulated sensitivity of the RDF and MGG 0Oy;gy_p,m, COMponents
to Vqq, temperature, and doping (D1 < D2 < D3) for the 22-nm PG device.
Values are normalized.
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Fig. 10. 22-nm PD/PU/PG device TCAD-predicted versus hardware mea-
sured Oyygg—mm (normalized). Vg = 0.9 V.

distribution. Fig. 9 shows the TCAD-simulated sensitivity of
the RDF and MGG components to temperature, Vyq, and
doping (densities D1 < D2 < D3) for the example of the
PG device. The gate composition is based on 50% large metal
grains; this can cause large variability in V;. Temperature
and dopant density insensitivity of Oy, ., arises mainly
due to MGG. Finally, variations due to MGG and RDF are
dominant as was also disclosed in [10] and are found to
constitute the major components of V; variation, as shown
in Fig. 10, for model-to-hardware corroborations. Note that for
the uncorrelated components, the equivalent standard deviation
is derived according to

_ 2 2 2
Ovi—otat = Ovit—rDF ¥ Ovi—-mGG + OVi—LER" )

B. 14-nm FinFET Measurements

The impact of doping density on FinFETs is evaluated for
process variation. Driven by low-power requirements, FinFET
doping is critical to the control of the threshold voltage and
leakage currents. Figs. 11 and 12 show the hardware-measured
PD and PU devices opigr, Where DIBL =  Vigat — Viin,
and Oyg_mm @S @ function of doping, Vgg, and temperature.
The doping concentrations are labeled D1-D5 from low to
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Fig. 11. Measured PD device Oy, and opigp for low-to-high doping
concentrations (D1-D5) in 14 nm for the 122 fin arrangement cell.
Data normalized to the maximum measured value across the
PD and PU devices (Fig. 12).

high. Table Il presents the fitted model coefficients of Oy,
corresponding to (1) for the measurements in Figs. 11 and 12.
This is similar to what was studied in Section IlI-A for
the 22-nm technology, and the PVT parameters are normal-
ized over the same range to evaluate the sensitivities as we
migrate to nonplanar technologies. The measurements can be

summarized as follows.
1) Vuq sensitivity drops compared with the 22-nm technol-

ogy. However, despite the reduced DIBL effects due to
stronger gate control in FINFET devices, the mismatch
increases monotonically with Vyq, driven by DIBL varia-
tions as indicated by op . Lower doping shows a much
shallower slope of Oy,g_m VErsus Vgq compared with
the 22-nm technology. This is also evident in the reduced
ay coefficients, as opposed to the increased o (q).

2) nFET (PD/PG) mismatch has a stronger well doping
dependence than pFET (PU). PD Oy, iNCreases by
80% for experimental doping density levels. This is
compared with 40% Oy, _., increase for the PU device
for similar levels.

3) Mismatch increases with lower temperatures. Tempera-
ture dependence is much stronger with higher channel
doping.

It is clear from the regression analysis of oy, character-
ization data that the supply voltage effects are no longer
dominant as was the case in the 22-nm technology due
to reduced DIBL effects, as explained earlier. Doping den-
sity effects are most dominant, followed by temperature
effects.

PU 6 sat.mm VS VDD, Doping and Temperature

D1 D2 D3 D4 D5

Temperature

— 4
— 25
. — 85

1.00
0.83
0.67 '
0.50
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© RO W RSO R OR QO RS
O O v~ O O v~ O O v~ O O «~O0O O v«
vdd (V)

PU opg. vs VDD, Doping and Temperature
D1 D2 D3 D4 D5

Temperature
— -40
- 25
— 85

PU opjg. (norm.)
o
o
2

Fig. 12. Measured PU device Oyigy—mm and opigL for low-to-high
doping concentrations (D1-D5) in 14 nm for 122 fin arrangement cell.
Data normalized to the maximum measured value across the PD (Fig. 11)
and PU devices.

TABLE I
REGRESSION COEFFICIENTS FOR 14-nm DATA (FI1GS. 11 AND 12).
INDEPENDENT VARIABLES: NORMALIZED Vq,
TEMPERATURE, AND DOPING

14nm PD PU
oy 0.0321 0.0304
ar 0.0746 0.0479
o7 0.3074 0.1892

1V. DESIGN METHODOLOGY FLOW AND CIRCUIT IMPACT

Process variations obtained using physical and electri-
cal measurements similar to the measurements obtained
in Section Il along with layout effects are fed to a mixed-
mode statistical analysis tool to create a holistic yield analysis
methodology based on [11] as illustrated in Fig. 13 with the
following unique features.

1) The designed characterization macros enable capturing
the proper process, voltage, and temperature effects
on O-Vtsatfmm'

2) During simulations, 0Oy, IS regressed as a function
of PVT, and the equations are used to properly reflect
the different PVT corners understudy.

3) Unique industrial FinFET cell structures for application
specific needs are designed and modeled using the
proposed methodology, capturing layout effects. The
design cells are fabricated, and the hardware measured
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Fig. 14. FEOL 3-D capacitance extraction is becoming increasingly critical
with scaled technologies and represents around 62% of the total capacitance
for 14-nm technologies. Data are extracted from cells with PD/PG beta ratio
of 2.

yield is then corroborated to the model prediction to
make it production worthy. Model-to-hardware corrobo-
ration of parasitic capacitance for different process/cell
optimizations and 14-nm cells fin arrangements is
also performed. It is worth noticing that 3-D capac-
itance extraction that captures layout effects in terms
of front-end-of-the-line (FEOL) and back-end-of-the-
line (BEOL) effects is very critical. In particular,
FEOL effects become more significant with scaled
technologies and represents up to 62% of the total
BL capacitance in the 14-nm technology, as shown
in Fig. 14, for 32-/22-/14-nm technologies.

Rare fail statistical simulations are achieved by relying on
fast statistical importance sampling [12] (see Fig. 15). The
overall flow paves the way for more constructive feedback
and, hence, circuit/model enhancements.

A. 22-nm Simulations

Key design metrics, including dynamic read stability and
write-ability, are analyzed for the subcircuits in Fig. 4 for
two cases.

1) Constant_oyt: Constant Oy, Values are observed
from traditional hardware measurements at some stage
of the technology, independent of PVT. Due to
lot-lot variation, the learning curve of constant Oy, m
is updated frequently.
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Fig. 15. Statistical methodology.
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2) Variable oyt: Variable Oy, Values are obtained from
the Vit measurement macro characterization as a function
of PVT, as presented earlier related to (1).

To enable the flow, we rely on an adaptive netlist structure
that utilizes regression to adjust for oy, as a function of
PVT corner when analyzing the dual supply yield schmoo.
Different global parameters are explored to tune the model to
existing yield macro hardware. We focus on PG Vy modulation.
The base-case model relies on a weak PG design.

The yield of a memory design varies based on different
design choices and environment variables, such as logic
supply (Vaq), cell supply (Vgs), temperature, and array size.
In Figs. 16-18, we demonstrate the difference in the estimated
yield values when using the variable_oy,_.n approach as
opposed to the constant_0y,g,_.., approach. We note in Fig. 16
the differences of up to 40% in the yield for the strong PG and
weak PG scenarios, respectively, for different array sizes for
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Strong PG: Yield Difference §Yield
dYield = Yield(variable_o,,) — Yield(constant_cy,)
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Weak PG: Yield Difference §Yield
8Yield = Yield(variable_oy,) — Yield(constant_oy,)
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Fig. 17.  22-nm difference in yield between variable_oy; and constant oy,

approaches as a function of Vyq and Vs for strong and weak PG corners for
an 8-Mb array example.

Strong PG: Yield Difference §Yield. Vcs=0.7
Yield = Yield(variable_oy,) - Yield(constant_oy,)

d Yield %

Fig. 18.  22-nm yield difference between variable_oy; and constant oy,
approaches as a function of temperature for a 4-Mb array using strong PG.
Vcs =07V

variable Oy, _.; the different array sizes yield at different cell
probabilities of fail, and hence, the accuracy in estimation is
not limited to a specific cell sigma range. The yield difference
is plotted against the true yield as well, and as will be dis-
cussed later, the yield difference is the largest for intermediate
yield values, and diminishes near the extreme yield values:
0% vyield or 100% vyield. This is attributed to the fact that
the conditions that lead to extreme fails outweigh the impact
of Vi mismatch variation. Note that the write-ability yield for
the strong PG is better. Thus, the true write-ability yield for
the weak PG has more points at the intermediate yield level,
whereas for the strong PG, more design simulation points yield
at 100%. The vyield difference sensitivity in the Vgg and Ve
planes is studied in Fig. 17 for an array size of 8 Mb. The
yield difference is centered around V¢s = 0.7 V for the strong
PG and 1 V for the weak PG, as shown in Fig. 17. Fig. 18
shows the yield difference as a function of temperature; the
plot is for constant Vs = 0.7 V for a 4-Mb array.

14nm FinFET SRAM 1x1 structure for 3D-TCAD
FEOL+BEOL capacitance extraction

oy, W,
- _ ¢ e o

Doping
¥ High

S low
14nm FinFET SRAM 4x2 structure for 3D-TCAD
FEOL+BEOL capacitance extraction

w3

Fig. 19.  FinFET SRAM cell structure for FEOL and BEOL parasitic
extraction directly from 3-D automatic layout generator. The bottom figure
is for a higher density cell topology with BL/vcs on M1, gnd on M2, and
WL on M3.

B. 14-nm FinFET Technology Smulations

In addition to the mismatch effects, we also account for
3-D-TCAD-based parasitic effects [13] based on the
FEOL (defined below M1 level), and BEOL (includes
M1 to M3 levels) capacitance for more accurate yield analysis.
First, capacitance is extracted for the FEOL structure,
which accounts for the cell structure up to contact level.
Then, the total capacitance is calculated up to M3 level.
BEOL capacitance is computed as total capacitance minus
FEOL capacitance. This approach is unique in that it captures
the interaction between FEOL and BEOL (the bottom level and
the top level) unlike other extraction techniques. Fig. 19 shows
an example of a 1 < 1 3-D capacitance extraction structure
with mesh that is automatically generated through layout for
the optimized 122 cell; it also illustrates a 4 < 2 boundary
structure used to provide more accurate estimates. Larger
number of rows and columns are preferred for accurate capac-
itance modeling as they tend to properly capture the sharing
or mirroring effects for the neighboring cells preventing the
double counting.

Fig. 20 shows the contribution of the different cell nodes
to the FEOL and BEOL BL capacitance. The BL-to-WL
capacitance dominates. This is attributed to the interaction
between BL M1 layer and WL M1 and M2 islands and
vias due to their close topologies. Our methodology looks
for layout-based parasitics and gives all the permutation and
combination effects that cannot be easily separated. Thus, the
optimization of WL widths, vias, and contacts is essential.
Table IV summarizes the effect of the different width/spacing
strategies on the WL and BL cell parasitics portrayed in the
different cell designs presented in Table Ill. For example,
cell B_122 has a smaller WL capacitance compared
with A_122. Likewise, cell B_133 has lower WL capacitance,
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Bitline Capacitance Contributions
Total=FEOL+BEOL FEOL
0% 6%

Node Interaction
@ BL-Substrate
B BL-Left

0% OBL-Vcs

O BL-WL

B BL-Right

@ BL-GND

= BL-BLb

1%—_ 3% 5%
0%

Fig. 20. BL 3-D capacitances for 14-nm FinFET cell 122. Left and right: cell
storage nodes.
TABLE Il
EXAMPLE CELL PROCESS OPTIMIZATIONS. CELL A_133 HAS
LARGER AREA THAN THE OTHER 133 CELLS

Cell name | Fin Pitch W(Lwi'dmst;;g’i::’gy)er
A 111 low narrow
B 111 low typical
A 122 medium narrow
B 122 medium typical
A 133* medium typical
B 133 high typical
C 133 medium narrow
D _133 medium typical
TABLE IV

NORMALIZED 3-D WL AND BL CAPACITANCE FOR 14-nm FinFET CELL
WITH DIFFERENT CELL OPTIMIZATIONS IN TERMS OF METAL WIDTH
AND SPACING FOR DIFFERENT FIN ARRANGEMENTS 122 AND 133

BL WL

Cell Total Total

Type FEOL+BEOL) FEOL | BEOL IFEOL+BEOL| FEOL [BEOL
A 111 3.15 1.80 | 1.36 8.21 4.66 | 3.55
B 111 2.38 1.00 | 1.39 5.97 3.09 |2.89
A 122 3.63 2.15 | 148 791 5.02 | 290
B 122 3.64 2.16 | 148 7.50 5.16 | 233
A 133 4.99 3.68 | 1.32 10.70 8.10 | 2.55
B 133 5.48 4.12 | 1.36 11.22 8.70 | 2.52
IC_133 5.30 3.88 | 1.42 11.39 8.15 | 3.27
D 133 5.14 3.71 1.43 10.49 790 |2.50

compared with the other 133 cells, despite the slight increase
in BL capacitance compared with A_133. Table IV lists the
cell process optimizations.

Fig. 21 shows the sensitivity of the cell stability and write-
ability to various combinations of PD and PG transistor fin
count, obtained using the proposed statistical methodology
flow. Two ratios indicating the strength of the different devices,
and hence the ability of the cell to read/write, are critical in
this paper:

1) the beta ratio (), which represents the ratio of the

number of PD fins to the number of PG fins;

2) the gamma ratio (y), which represents the ratio of the

number of PG fins to the number of PU fins.

The results in Fig. 21 are presented in terms of normalized
yield z-value numbers, where z ~ N(0O, 1) is Gaussian. For
example, for a cell whose z-value = 4.75, the probability of
fail Pf is 1 per million, Pf = 1e-6; this corresponds to the
probability under the tail of the Gaussian distribution with
z = 4.75. The larger the z-value, the better the cell yield

Number of PG Fins (Gamma Ratio)

Number of PD Fins

Fig. 21.  14-nm cell yield analysis. Bubbles corresponding to f = 1/2,
1/3 (B < 1) are disturb-limited. B = 1, 2, and 3 (B > 1) are write-limited.
Numbers inside are the combined yield sigma numbers z[z N (0, 1) and
probability of fail based on normal Gaussian distribution] corresponding to
the radius of the bubbles. It shows an optimum for beta = 1 without read or
write assists. Vgg = Ves = 0.7 V.

and, hence, the bubble size. Lines of constant geometric beta
ratio are plotted beneath the yield bubbles. Fig. 21 shows that
for an nFET-to-pFET drive current in the range of 1-1.25,
the best balance for a six-transistor SRAM cell is achieved
for PD/PG device B = 1 without read or write assists.
Bubbles corresponding to B = 1/2, 1/3 (B < 1) are read
disturb (stability) limited due to weaker PD devices. Bubbles
corresponding to B = 1, 2, and 3 (B >1) are write-limited,
with stronger PD device stability is not a concern and a
stronger PG device is desired for improving write-ability. Cell
122 achieves the desired z-value = 5 yield number, which
corresponds to six fails per 10 million.

C. Inline SRAM Hardware

1) 22-nm Measurements. Hardware-based yield for the
22-nm 16-Mb SRAM array is obtained from different lots
based on dynamic margin measurements. These data are then
corroborated to the statistical simulations similar to those
presented in Figs. 22 and 23. To corroborate to the hardware
measurements, we study the variability for different corners:
1) corner (weak PG) and 2) corner (strong PG). Figs. 22 and 23
show the simulated yield and yield difference, for the different
hardware corners. The illustrated results are for variable Vyq
at Vs = 0.8. The simulated yield is found to decrease with
weaker PG device and larger Vgiff = Ves — Vyg Values.
The resulting intermediate yield contours, which lie between
the extreme pass/fail conditions (0% or 100% yield), are
highlighted in Fig. 22. As shown in the xy plane of Fig. 23, the
yield difference contours, between the variable oy, approach
and constant oy, approach, have high values in the regions
that correspond to the intermediate yield contours in Fig. 22;
this is consistent with what was discussed in Section IV-A.
Fig. 24 shows the hardware-measured yield for several 22-nm
lots of the 16-Mb macro design. As shown in Fig. 24, for the
case of V4gg = 0.7 V and Vs = 0.8 V, the measured hardware
yield ranges between 20% and 90% and is best matched by
the predicted yield range using the variable oy, approach
(from Fig. 22). This is attributed to a decrease in this setup
in the corresponding oy, as derived by the variable oy,
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16Mb array yield prediction; Vcs=0.8V
variable_c,, approach

(Weak PG) 80 .
60 8
< 3
Corner oy 409
g >
5 20
<
(StrongPG) o

“vdd (V)

Fig. 22.  16-Mb 22-nm simulated yield using variable oysat approach for
Ves = 0.8. Yield drops with weaker PG and large Vgiff = Ves — Vg
(see contours). At Vgg = 0.7 V (dashed line), the variable_oy, yield ranges
between 20% and 90% for the different PG corners.

Vcs=0.8V constant_c, variable_c,
Yield
Difference
100 80 0 20
g 60 | 160
5
g 0 Yield difference contour 0 40

@ Ro 20 0

-100 4 -
06 08 1 19 oS 0 0
vdd (v)
Fig. 23.  Simulated 22-nm yield for 16-Mb array for variable oy and

constant oy, approaches. Difference between the two yield plots is referred
to as the yield difference and is plotted on the xy plane. The yield difference
is highest for Vyq and PG device ranges that correspond to the intermediate
yield contours in Fig. 22.

16 Mb Hardware Lots Yield

5 T | 1 T
3 Corner (Weak PG Corner (Strong PG)
8 \—(;) I |
c 4r . -
[ S 3}
= @
= @ g
3 3 o o
Q Q &
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[ % (o
8 1 s s |
£ S g
2 0 I A 4 y
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1 variable_c,, yield estimation range: best fit ]

L constant_c,, yield estimation range J
% Yield for Different Lots

Fig. 24. Hardware-to-model corroboration for 16-Mb yield macros. Several
22-nm lot measurements were performed at Vyg = 0.7, Vs = 0.8. Purely
soft defect yield was recorded; hard defect-related fails were excluded. The
predicted yield range using the variable_oy, approach best fits the measured
yield range.

approach. To emphasize, we record measurements close to
20% for weak PG and 90% for strong PG corners.

2) 14-nm FnFET Technology Measurements. Hardware-
based measurements were also obtained for the different
14-nm cells that were optimized using the proposed method-
ology flow. Fig. 25 shows matching trends between the
measured and simulated BL and WL capacitance values for
various fin optimizations with one-, two-, and three-fin nFETs
(beta = 1) similar to those studied in Table I. Fig. 26 also

FEOL+BEOL
~1.00
£ (
S
g =5
=0.75
8 I
Peggntt ¥l
Zos | 85 1] \
= T [ ‘
m
0.25 Simulated Values Measured Values
600 » % » W w @ wW » 9 O
22232 2R3 E BB
Cell Type
_1.00 FEOL+BEOL
€
S
£0.75 -9-
P
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© &
o 05 - @---d--- 1
= [ hd
5 |
s |
2025
Simulated Values Measured Values
@ x e e v e x g g
2 22 2 2 3 R @ 2 o
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Cell Type

Fig. 25. Hardware measurements of 14-nm normalized BL and WL
capacitances per cell versus simulated values. These cells are subject to further
process optimizations similar to Table 111 for different fin arrangements (hence
additional subscripts).
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Fig. 26. Good model-hardware corroboration for BL capacitance as
technology scales. Presented data correspond to cells with beta ratio
PD/PG = 2.

shows the model-to-hardware corroboration matching trends
for parasitic capacitance extraction across the three tech-
nologies 32/22/14 nm. The capacitance hardware extraction
measurements are performed on a large array ( 18k) of cells
wired in parallel such that there is only one BLL, BLR,
WL, GND, and VCS pad. A dc bias is applied to the VCS
pad and a small 50-mV 100-kHz ac signal is applied to the
terminal(s) of interest (i.e., BLL, or both BLL and BLR,
or WL) while grounding all others that need to be coupled to
(i.e., BLR for BL-BL cap, GND for BLL-GND, or BL-GND
or WL-GND). We rely on the ac impedance to extract the
conductance and capacitance.

Hardware yield is also measured. A very small number of
fails are recorded at Vgg = 0.7 V as illustrated in the box plots
of Fig. 27 based on fail counts (per 1 Mb) for the different
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Fig. 27. Measured number of fails for different 14-nm cell fin arrangements

at 0.7 V Vyq. Ves = Vyd-

Hardware Measurements
Cell 122 SNM

m.)

SNM (nor
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Fig. 28. Hardware measurements of SNM of the 14-nm FinFET 122 SRAM
cell indicate low Vpin.

TABLE V
HIGH-LEVEL SUMMARY OF OBSERVATIONS

Technology 14nm 22nm

Topology Nonplanar Planar
Observed for typical doping
. 1.0 1.15
Normalized Gyisp-mm

Vt mismatch sensitivity Dopine. Temp. Vdd D\o]di(ri;
(highest to lowest) ping, P, Tp &

emp

Observed Normalized Parasitic
Capacitance (Hardware) for cell 1.0 1.16
122

cell fin arrangements (PU-PG-PD). The trend indicates that,
compared with cell 122, cells 111 and 112 are write-limited,;
cell 122 clearly stands out compared with cell 112 with almost
three orders of magnitude reduced number of fails, which is
mainly attributed to the stronger PG. The 121 cell when com-
pared with the 122, 123, and 133 is found to be more unstable
due to lower beta ratio (PD/PG). The 123 and 133 cells enjoy
improved read/write performance from the extra PD fin at the
cost of more leakage and cell area. The trends corroborate well
with those predicted in Fig. 21. Again, optimal yield is reached
at beta ratio = 1, and the methodology is useful in predicting
hardware trends. Fig. 28 shows SNM for the 122 cell, which
ranges over (0.4-1 V), indicating low-operating Vin.

D. Summary of Observations

Table V summarizes the critical observations for test chip
measurements for the two technologies. PVT effects are found

to be critical in both the technologies. Overall, the nonplanar
14 nm demonstrates increased Oy, Sensitivity to doping
density and reduced sensitivity to Vgg compared with planar
22-nm technologies. Despite the reduction in Oy, i the
nonplanar technologies, the impact of process variation on
design yield is significant, and design yield optimizations
are critical in the presence of process variations and layout
parasitic capacitances.

V. CONCLUSION

A new statistical methodology incorporating hardware-
based variability and layout parasitics as a function of
process voltage and temperature into mixed-mode TCAD
simulations are developed to predict functionality, yield, and
improved Vpin. The impact of temperature is uniquely brought
out in the yield modeling, and hardware macros are effectively
used for predicting the impact of PVT on process variation.
Conventional analysis, which does not account for the vari-
ation in mismatch with temperature and voltage, provides a
pessimistic and unrealistic prediction of yield in critical yield
regions. Variable V; mismatch approach is shown to be critical
for capturing sensitivity of yield to the PVT effects in the dual
supply space. Doped FIinFET structures have a reduced but
detectable sensitivity to PVT compared with planar structures.
The TCAD-based statistical simulation methodology with the
proposed Vi mismatch and the capacitance extraction for
optimization has enabled fully functional 22- and 14-nm large
array structures. Using this methodology, optimal FinFET
structures were designed. The overall flow enables proper
technology—circuit codesign.
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