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Abstract— We propose an efficient physics-based mixed-
mode statistical simulation methodology for nanoscale devices
and circuits. Here, 3-D Technology Computer Aided Design
models pose a barrier for efficient simulation of variability
as they generally involve millions of nodes in their mesh
representations. The proposed methodology, which has been
implemented for FinFET/tri-gate static random access mem-
ory (SRAM) design, overcomes this barrier by leveraging
advanced physics-based 2-D (P2-D) devices with optimized
meshes that are derived from 3-D FinFET models with tuned
device parasitics. This enables physics-based simulation as
well as physics-based variability input parameters. To improve
accuracy, an embedded automated flow enables extraction of
all external nodal parasitics, directly from a 3-D FinFET
circuit layout representation. The circuits consisting of advanced
P2-D devices are then back annotated with the nodal parasitics
to enable fast and accurate SRAM dynamic margin mixed-mode
simulations. Results demonstrate up to 200x speedup compared
with traditional 3-D device simulations, and around five orders
of magnitude wall clock time improvement on account of fast
statistical methodologies, which are superior in comparison with
traditional Monte Carlo analysis. This makes it feasible to
supplant often inaccurate compact model-based simulations by
true mixed-mode device simulations in statistical engines. The
proposed physics-based methodology is also shown to corroborate
well with hardware measurements.

Index Terms— Capacitance, fast statistical sampling, FinFET,
physics-based models, static noise margin (SNM), static ran-
dom access memory (SRAM), Technology Computer Aided
Design (TCAD).

I. INTRODUCTION

HIP design with iterative fabrication cycles is often
very expensive and very slow. Fabrication steps
involve processes like lithography, doping, etching, chemical
mechanical polishing, and hence forth. Manufacturing
processes, however, are not deterministic, and have inherent
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Fig. 1. General TCAD flow for circuit analysis: complex flow with long
run-times. Flow is not directly applicable to DfM.

random and systematic variability built into them. Design-for-
manufacturing (DfM) methods can predict or project fabri-
cated results using software-based analysis tools. Particularly,
several statistical design methodologies have been developed
to address the memory design yield degradation problem.
To speed up the analysis, compared with traditional Monte
Carlo, fast statistical sampling methods often rely on variance
reduction methods [1]-[4]. The projected results are, however,
only as good as the underlying models. This poses a challenge
in both present and future technology generations where fast
and accurate circuit simulations are required to capture rapidly
changing device features and intrinsic device fluctuations. This
makes it extremely difficult for compact models (CMs) to
catch up with process/technology changes.

Technology Computer Aided Design (TCAD) tools can
be one of the key components of DfM. However, numer-
ical device simulations [5] are based on solving drift-
diffusion or hydrodynamic transport equations, which are
cumbersome to solve. Furthermore, device/circuit mixed-mode
simulations consume additional effort and more time, so
TCAD tools cannot be directly used in circuit analysis.
TCAD-embedded statistical analysis is intractable in the DfM
world due to unacceptably high computational time, complex-
ity of atomistic variability modeling, and weak TCAD for
manufacturability (TfM) infrastructure, as shown in Fig. 1.
Overall, TCAD simulations cannot be directly inserted into
current generation DfM flows.

In this paper, we propose a methodology for improved
circuit design and manufacturability by providing a method
for TfM of process-sensitive circuits. Based on physical and
process variability sources, a virtual representation of the
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fabricated system is obtained using physical TCAD parameters
that can account for process variations during production. The
core idea of the proposed flow is to build a robust and fast TfM
framework by interfacing TCAD and fast statistical sampling
techniques [1]-[4], and to convert device variability sources to
TCAD parameters for fast statistical analysis. The proposed
method is much more accurate and efficient to characterize
and predict yield, and can be generalized to a variety of
applications. Most importantly, the approach is pragmatic on
account of the following key features: 1) optimized physics-
based 2-D (P2-D) mesh representations of the 3-D devices;
2) advanced automated circuit parasitic extraction for generic
FinFET circuits; 3) efficient TCAD parametric representation
[e.g., gate work function (WF)] for device variability including
random dopant fluctuation (RDF); and 4) a fast statistical
sampling-based simulation engine. Once the hardware data
are available, accuracy can be improved through hardware
corroboration. Those features in turn enable accurate device
models, efficient TCAD simulations, and fast statistical
algorithms that constitute the pillars of a robust TfM
methodology.

II. PROPOSED METHODOLOGY

Fig. 3 shows an overview of the proposed methodology
flow for TfM of a process-sensitive circuit. It includes any
circuit whose function and quality can be affected by the
circuit fabrication process. Exemplary process-sensitive cir-
cuits include but are not limited to memory cell arrays,
such as static random access memory (SRAM) and dynamic
RAM cells. Namely, both the functionality and performance
of memory cells, can be affected by process variations, such
as RDFs, which result in threshold voltage (V) variations,
and patterning/lithographic process variations. As shown in
Fig. 3(a), variability sources can include gate length (L),
channel width (W), RDF, line edge roughness, oxide thickness
(Tox), parasitic and/or distributed capacitance and/or resis-
tance, supply voltage (Vgq), cell-supply voltage (Vcs), chip
temperature, design parameters, and aging effects like negative
bias temperature instability, positive BTI, and hot carriers
injection. In this paper, we focus on capturing RDF effects
in an effort to demonstrate how the TfM concept can be
implemented efficiently.

As shown in Fig. 3(b), a TCAD device structure can be
generated in lieu of many mesh structures depending on
the variability sources. Then, TCAD input parameter effects
can be physically evaluated based on model equations and
the underlying device structure. There is no need for device
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Fig. 3. (a) Proposed TfM methods. (b) Corresponding yield analysis flow
uses one TCAD structure in lieu of many meshes. Example is for an SRAM
cell.

mesh regeneration with every sample point. The parameters
hence can be directly used in statistical simulations. Each
simulation depicts a sample point evaluation, and a collection
of sample points is analyzed to provide statistical inference
of a design quality metric. This flow can be applied to the
analysis of memory cell performance/power/stability and other
yield metrics.

The combined interface brings forth many advantages.

1) The fast statistical analysis enables estimating low fail
probability with a reasonably low number of samples
involved. This makes it more practical to perform sta-
tistical analysis at the mixed-mode level, and allows
the usage of TCAD-based statistical design and yield
analysis.

2) The TCAD mixed-mode analysis enables more physical
and accurate analysis of the effects of the statistical
process parameter variation on the yield. Such effects
may not be well abstracted or captured with traditional
CMs, or existing table-based abstractions, which are
designed to match only certain regions of the device
characteristics. This includes the following.

a) Properly modeling for device geometrical effects
(e.g., nonrectangular device shapes).

b) Capturing complex interaction of different process
parameters whose effects may not be well modeled
in existing device models like stress, mobility
mismatch, and other device characteristics.

3) With the increase in variability, process variations often
stretch beyond the modeling limits, and traditional
CM-based approaches often rely on extrapolations to
account for such large variations. Whereas a TfM

Authorized licensed use limited to: American University of Beirut. Downloaded on April 17,2024 at 07:42:12 UTC from IEEE Xplore. Restrictions apply.



536 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 23, NO. 3, MARCH 2015

p(X' us)

u -noc u Ms

Fig. 4. p(x) is the natural distribution. U(x) is a uniform probability
density faction. p(x — ug) is p(x) shifted to new center us for importance
sampling [2].

approach captures the true and physical device charac-
teristics. This is critical for rare event estimation.

4) TfM approach can enable on the spot process/memory
design yield optimizations even if real hardware is not
available. For example, we can study the stability of the
SRAM cell if we decide to change some halo implants,
special types of doping, and hence forth.

A. Fast Statistical Sampling Method

Fast Monte Carlo methods overcome the slow convergence
problem compared with traditional Monte Carlo in relation to
low fail probability estimation. These methods are therefore
a preferred alternative when it comes to the yield analysis of
large and repetitive array structures.

Other alternatives like model or sensitivity-based
approaches [6] may also be considered but true statistical
sampling is more accurate as it evaluates the system at the
sample points and provides true representation for the failure
region. Model-to-hardware corroboration shows an excellent
matching between importance-sampling-based methods yield
estimation [1] and the true hardware yield. We therefore
adopt the methodology in [1] as the core statistical engine
for our TfM methodology. The methodology requires two
sampling stages and is best shown in Fig. 4 below.

Stage 1: Uniform sampling is employed to identify most
probable failure region and hence the center of
gravity of fails of a given design metric.
Statistical sampling is performed around the center
of gravity using shifted distributions. The shift
is the center of gravity derived in step 1. The
sample probabilities are unbiased to estimate the
fail probability.

Stage 2:

This is based on the fact that probability estimated with a
natural distribution p(x) is equal to the probability of samples
obtained from a biased distribution g(x) with adjusted weights

&}
g(x) |

By focusing on critical fail regions, the number of sam-
ple points for estimating the fail probability Py is reduced
dramatically. For standard Monte Carlo methods, the required
number of sample points, N is inversely proportional to the
probability of fail Py of the estimate. Hence, for a memory
design that fails at five standard deviations, several millions
of sample points are needed to estimate the corresponding
probability of fail (Py = 3e — 7) with confidence. Methods

Epnl0] = Eq(x) [9 : (1)
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like [2] require only a few thousand simulations to converge
for the same estimate.

B. Fast and Accurate Mixed-Mode Simulation Flow

Statistical simulations require accurate simulation engine.
At the heart of the proposed statistical engine lies, the mixed-
mode simulations engine [Fig. 3(b)] used to simulate the
design dynamic margins. To bring the proposed flow to
practicality, a primary goal is to optimize the mixed-mode
simulation runtime while maintaining TCAD accuracy. Fig. 5
summarizes the proposed methodology flow.

The key ingredients of transient simulation are accurate
device models and parasitics and our methodology relies on
the following relevant features.

1) Efficient TCAD Simulation: A 2-D cross-sectional
TCAD structure (P2-D) model generation flow is
designed to enable fast and accurate mesh structures
that capture the 3-D FinFET device characteristics and
parasitics.

2) 3-D TCAD Layout-Aware Capacitance Extraction: An
advanced automated FinFET parasitic extraction method
is adopted to extract the SRAM cell layout parasitics.
The parasitics are in turn embedded in the netlist for
purposes of more accurate mixed-mode dynamic margin
simulations.

Hence, compensation capacitors, ACgeom and ACck, are
appended to the circuit (comprising of P2-D devices) nodes to
account for internal device parasitics modeling mismatch as
well as circuit/layout-dependent parasitics

C=Cpr-p+ ACgecvm + ACekt (2)

where C is the total capacitance at a given node and Cp>-p is
the device capacitance implicit to P2-D device model. ACgeom
represents the 3-D to P2-D device-geometrical capacitance dif-
ference (Section III), and A C¢y represents the layout parasitics
(Section IV).

III. EFFICIENT TCAD DEVICE SIMULATION
A. P2-D Model

It is well known that 3-D simulations are computationally
intensive especially when the simulations involve dynamic
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Fig. 7. (a) TCAD-simulated 3-D and P2-D structures. TCAD-predicted dc
I-V curves for nMOS FinFET match in superthreshold and subthreshold
regions as illustrated in the normalized, (b) linear-scale, and (c) log-scale dc
I1-V curves.

analysis. Mesh refinement techniques can help improve the
runtime as shown in Fig. 6 but cannot eliminate most of the
overhead.

To improve the simulation efficiency while maintaining
accurate results, we propose to map the full 3-D device
geometry physically to a 2-D cross-sectional TCAD struc-
ture (e.g., P2-D) by employing all device characteristics
of the full device. The P2-D device structure is developed
to obtain device output that is representative of the full
3-D device structure. Fig. 7(a) compares a slice of the full
3-D FinFET structure through the fin center and the P2-D
structure. The structures and the doping profiles are similar.
Physics models in 3-D and 2-D simulations include drift-
diffusion, Fermi-Dirac statistics, quantum correction, gener-
alized mobility model, Shockley-Read-Hall, Auger, surface
recombination/generation models, and band-to-band tunneling.
The 2-D lumped source and drain (S/D) resistance is scaled
from 3-D by Wegr. Thus, as shown in Figs. 7 and 8 for the dc
comparison, device characteristics are the same, and 2-D-based
analysis is truly representative. 3-D and P2-D simulations were
performed using Fielday [7].
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Fig. 8. (a) TCAD-simulated 3-D and P2-D structures. TCAD-predicted dc
I-V curves for pMOS FinFET match in superthreshold and subthreshold
regions as illustrated in the normalized, (b) linear-scale, and (c) log-scale dc
I1-V curves.
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B. P2-D Model—Compensation Caps

Due to the structural difference in 3-D and 2-D, the
discrepancy of parasitic capacitance in 3-D and 2-D must
be modeled to achieve equal ac performance. Fig. 9 shows
Fielday-predicted [7] gate-to-source capacitance (Cgs) versus
Ves at Vg = Vg = Vaup = 0. The Cys difference between 2-D
and 3-D structures is also depicted in the same figure. Inter-
estingly, Cys difference is independent of gate bias. We use
the same mesh and dopant profile in P2-D device. Thus,
P2-D structure has the same bias dependence with 3-D
device. In such a case, we can add lump capacitances in the
gate-to-source and gate-to-drain for P2-D structure to com-
pensate for the geometrical parasitic penalty in 3-D devices
[8] and hence provide the same ac and transient simula-
tions. From the figure, we can use Cgs and Cgd adders
as 11.15 aF in NFET and 9.79 aF in PFET for P2-D
devices. By simply considering this capacitance difference,
we can use fast and efficient P2-D-based TCAD simulations.
Fig. 10(a) show a P2-D device with extrinsic geometrical
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compensation capacitors gate-to-source (Cgs_geom) and gate-
to-drain (Cgd_geom) Tepresenting the front end device capaci-
tance matching.

Using the resultant capacitance compensated devices, we
demonstrate the accuracy of the proposed P2-D model by
evaluating the delays of the simple two-stage fanout-of-1
inverter chain in Fig. 10(b). Aggressive rise/fall-times are used
to increase the sensitivity of the delay to the device parasitics.
Fig. 11 shows a set of four delays.

1) Delay 1: Voutl falling edge.
2) Delay 2: Vout2 rising edge.
3) Delay 3: Voutl rising edge.
4) Delay 4: Vout2 falling edge.

Simulations indicate an excellent matching (<2% error) for
the tuned P2-D-based inverter chain delays compared with
the 3-D-based inverter chain. Table I presents the normalized
delay. Fig. 12 shows perfect waveform matching of the output
node simulations of the compensated P2-D model to the
3-D model simulations. The figure also highlights the response
mismatch in the absence of compensation caps and hence
their criticality. Fig. 13 shows the equivalent P2-D-based
schematics of an SRAM cell including the compensation caps.
Hence, it represents P2-D structure-based SRAM cell with
calibrated compensation capacitance component (FE device
cap matching); e.g., ACgs_geom_PR is the source-to-gate tuning
capacitor adder for the right pull-up device PR.

Table II summarizes the average error for both the inverter
chain and SRAM cell static and dynamic responses. By static
simulation, we are referring to the steady-state simulations
with wordline initially zero then turned on for long time to cap-
ture steady-state node upset. The dynamic response represents
a read after write simulation. The recorded error on average
is less than 3%. Most importantly, the resultant configuration

TABLE I
NORMALIZED DELAY (TO THE MINIMUM RECORDED 3-D DELAY).
NOMINAL DEVICES WITH NO VARIABILITY

(delay normalized) Delayl | Delay2 Delay3 Delay4
2D, no Cgs, Cgd adders 110 0.64 120 0.66
2D, with Cgs, Cgd adders 1.46 1.02 1.65 1.06
3D 1.41 1.00 1.62 1.04
2D device, —

no Cgs,Cgd adder

2D device, —
w/Cgs,Cgd adder

3D device x

Vout, Vin (V)

time

Fig. 12.  Comparison of 3-D and 2-D with and without compensation caps
added. Nominal simulation. Time scale in picoseconds.

Schematics of P2-D-based SRAM structures.

Fig. 13.

TABLE 1T
3-D VERSUS P2-D SIMULATIONS. ACCURACY AND SPEED. STATIC
SIMULATIONS MEASURE THE NODE UPSET (NOISE DURING READ)
ERROR. DYNAMIC SIMULATIONS MEASURE 50% DELAY ERROR

Full 3D TCAD Efficient P2D Average Error
(normalized (normalized (P2D vs Full 3D)
runtime) runtime)
SRAM Static 244.60 1 2.5%
Simulation
SRAM dynamic
Sm‘lulatlon (e.g., 276.88 1 30,
write
performance)
Logic Gate o
(inverter Chain) 206.01 ! 2%

enables dynamic margin simulations with matched accuracy
and 200x speedup compared with full 3-D simulations.

C. Device Variability Modeling

For variability analysis, we leverage physical aspects of the
FinFET structure such as the VGS dependence on surface
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TABLE III
WEF SHIFTS APPLIED TO DEVICES IN FIG. 7

Device Workfunction Shifts Applied
N1 (Stage 1 pulldown device) +50mV
P1 (Stage 1 pullup device) -50mV
N2 (Stage 2 pulldown device) -50mV
P2 (Stage 2 pullup device) +50mV

TABLE IV
NORMALIZED DELAY (TO THE MINIMUM RECORDED 3-D DELAY) FOR
THE CIRCUIT OF FIG. 7. +/—50-mV WF SHIFTS APPLIED IN THE
WORST CASE DIRECTIONS ACCORDING TO TABLE III

(delay —normalized) Delayl| Delay2 Delay3 Delay4
2D, with Cgs, Cgd adders 1.84 1.02 2.07 1.02
3D 1.78 1.00 2.04 1.01

potentials, front/back-gate voltages, as shown in (3) [9]

Oct Ocb
Ves = + —— | (VEBt +1V) — +
Gs = st + [( FBf + 7 VFBb) (Cof o
o Db Ly Ob 3)
2C0f 2Ccvb
where r is a gate—gate coupling factor expressed as
Cb Cob ch ~ 3tcvxf (4)

T Cot(Co+ Cob) ~ Blow + 11
Vs and Vgps are the gate-to-source voltages, Vrpr and VEpp
are the front- and back-gate flat-band voltages, Wsr and Yy
are the front- and back-surface potentials, Q. and Q. are
the front- and back-surface inversion charge densities, Qp =
—qNatsi is the depletion charge density, Cof = eox/toxf and
Cob = éeox/toxp are the front- and back-gate oxide capac-
itances, and C, = egsi/tsi is the depletion capacitance. In
our FinFET structure, Vggr and Vpgp are the same, thus
AVeg = AVgs. Note that, AVgg can be the variation of
gate WF where the fixed gate-insulator charge is negligible.
For the symmetrical gate structures, Vggr = VEpp in (3)
and r = 1 in (4) [9], thus, the variation of WF is AVgs
in (3). Hence, AWF can capture the device threshold-voltage
fluctuation (AVt = AVgs). Usage of AWF to model device
variability eliminates the complexity that arises in traditional
approaches similar to Fig. 1 due to atomistic simulations and
device mesh regeneration.

Finally, we test the accuracy of the compensation cap cali-
bration of the P2-D-based design in the presence of variability.
We repeat the simulations for the circuit of Fig. 13 in the
presence of +/—50 mV WF shifts applied in the worst case
directions according to Table III. We present the results in
Table IV and record matching waveforms with less than 3%
relative error.

IV. AUTOMATED LAYOUT CAPACITANCE EXTRACTION

To determine dynamic margins of the FinFET SRAM
array, it is essential to capture bitcell parasitic capacitances

FinFET
SRAM layout Automated 3D
[ TCAD structure
generator
Process-
simulated FETs 3D-TCAD-device-
simulation-ready
a Device Process structure
y —— | database assumptions
T Transport analysis based
3D-TCAD
Process Process FEOL/(FEOL+BEOL)
simulato] «—— recipe capacitance extraction

Fig. 14. Capacitance extraction flow for FinFET SRAM.

accurately. The adopted parasitic extraction flow offers a
unique opportunity to enable enhanced accuracy by mod-
eling back-end-of-the-line (BEOL) effects and front-end-of-
the-line (FEOL) interaction effects. To capture layout-specific
contributions, the methodology relies on a modification of the
FinFET capacitance extraction technique tested for the first
time here on industrial designs and processes, and verified
through hardware at IBM for 32 nm [10]. Automated structure
generation is used for nonplanar devices. The contributions
of different layers to bitline and wordline caps are estimated
taking into consideration the impact of fin spacing or fin
pitch. Storage node capacitors are also revisited. The derived
capacitances are then embedded in the mixed-mode schematic
simulation flow that is used to predict the dynamic behavior for
different physical design considerations including low voltage
operation. Fig. 14 shows the proposed extraction methodology.

A. 3-D Layout-Specific Extraction for FinFET SRAM

FEOL/(FEOL + BEOL) extraction is a major problem for
nonplanar devices [11]. Special rules are needed to recognize
FinFETs. Specifically there is a need to identify real versus
dummy fins and construct a variety of epitaxial-silicon shapes
grown on S/D regions. Here is a summary of underlying
features/steps applied.

1) We first generate the device structures and then merge

them with the other structures where S/D are shared.
This involves completing the layouts incrementally, then
adding the epilayers appropriately.

2) Since segregated FEOL/BEOL capacitance extraction
approaches are questionable for FinFETs, we per-
form 3-D-TCAD capacitance extraction on 3 x 2
(FEOL + BEOL) FinFET SRAM array structures
(Fig. 13). Using a nominal sub-22-nm process recipe in
Sentaurus Process [12], a FinFET database consist-
ing of n/p FinFETs is built. Individual FinFETs are
automatically recognized from the input SRAM layout
as the intersection of fin, gate conductor, and active
regions, by an automated 3-D-TCAD structure generator,
which synthesizes the corresponding device-simulation-
ready structure with the aid of FEOL/BEOL process
assumptions.

3) We then perform transport-analysis-based extraction on
the structure to obtain the parasitic capacitances. We
refine the device meshes accordingly, as shown in
Fig. 15. To speedup extraction, metal meshes are con-
strained to the equipotenial surfaces of the metal layers.
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Fig. 15. Refined mesh for 3 x 2 cell structure.
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Fig. 16. Contributions to wordline capacitance (cell in Fig. 13).
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Fig. 17. Impact of fin space adder on wordline capacitance.

4) To separate the BEOL from FEOL structures, two setups
are built. The first includes front-end layers up to the
tungsten contacts layer, and the second includes all the
metal layers. The first provides the FEOL parasitics and
interactions, and the latter provides (FEOL + BEOL).
The difference results in the layout-specific (BEOL)
parasitics that are key components of wordline and bit-
line capacitance. Finally, FEOL interactions are uniquely
computed for all specified nodes.

An example breakdown of the contributions of the layout
parasitics to bitline and wordline capacitance, is shown in
Fig. 16 for wordline case, and can guide design layout
optimizations of the cell.

We study in Fig. 17 the impact of the fin pitches, pfn, =
Pfino + Apsn, on bitline and wordline capacitance by moving
all FEOL and BEOL shapes with the fin space adder (Apfp).

Fig. 18 shows the two implementations of the same design
where a 3.4%(1.5%) reduction in the bitline (wordline) capac-
itance is demonstrated. The 3 x 2 cross section with six metal
lines has larger BEOL effects. However, it has smaller total
capacitance due to an optimized front-end.

V. ANALYSIS

we study FinFET SRAM dynamic
using the proposed physical-based

In this section,
margin yield [13]

Fig. 18. Small and large bitline capacitance implementation of the same cell.
Cross section is for 3 x 2 cells.

mixed-mode design flow. We demonstrate the accuracy of
the P2-D model and perform static noise margin (SNM) [13]
model-to-hardware corroboration. Here, we first highlight the
discrepancy between CMs and the physics-based approach.

A. SPICE CMs Versus 3-D TCAD Devices

Experiments show that CM current—voltage (/-V) versus
Ves and Vys device characteristics match well at nominal
conditions with respect to 3-D TCAD simulations. However,
the C-V characteristics of SPICE CM versus 3-D TCAD
model deviate under certain operating conditions. We study
those characteristics for total device gate and drain capacitance
(Cgg, Caa) as function of gate and drain voltages, respectively
(Fig. 19 for Cgg, Cyq results were similar). For nominal device,
we notice deviation in the CM near low voltage operation. We
then vary the threshold voltage by varying the WF of TCAD
device in the mixed-mode simulation. We notice that this
trend extends to higher supply voltage regions as the threshold
voltage variation for the device increases from three to six
standard deviations. The deviation in capacitor values can be
more than 8% in certain regions. Overall, the lack of accurate
parasitics modeling makes it difficult for the traditional CM
simulation approach to predict proper functionality and enable
design optimizations. Note that, the differences highlighted
here are mainly due to device intrinsic parasitics only (no
layout effects).

B. SRAM Dynamic Margins: Simulation Setup and Yield

Dynamic margins of the design rely on the transient behav-
ior of the circuit [11]. Three factors affect the delay and noise
margins of the cell: /-V, Cgg, and Cqq. For SRAM cells, the
drain capacitance is particularly important since the storage
node shares the drains of three devices. In the writability as
well as read stability simulations (dynamic noise margins), Cqq
is very important; Cqq = Cax +Cab+Cqg is dominated by Cqg.
Fig. 20 shows the left storage node (VL) capacitance. It also
illustrates circuit waveforms during write operation. Our goal
is to properly match the parasitics according to (1) to capture
3-D internal parasitics as well as circuit and layout interaction
effects.

Fig. 21 shows the discrepancy in dynamic margins between
SPICE compact models and TCAD simulation flow. The
mismatch near low voltage operation exceeds 20% for nominal
devices. With added variability, the error can get larger. The
analysis is for write 0 on node VR, and write 1 on node VL.
Fig. 22 shows the 2-D/3-D TCAD matching waveforms for
Vaa =09 V.
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Eventually, lumped capacitors can be added to critical
nodes to model proper parasitic effects. Fig. 23 shows the
setup for dynamic read noise margin, stability, and analysis;
particularly, precharge devices are necessary for floating bitline
analysis. Layout effects (taking into consideration number of
cells/bitline, cells/wordline) are modeled in terms of lumped
wordline, bitline, and internal node parasitics. The setup
helps emulate floating bitlines conditions for the mixed-mode
simulations.
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Fig. 22. Performance comparison of 3-D versus P2-D TCAD shows perfect
match.
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Fig. 23. Mixed-mode simulation flow schematic for modeling dynamic read
noise margins.

The proposed TfM P2-D circuits are then used to study
the dynamic read and write margins for different bitline
loads and cell designs. Figs. 24 and 25 show the TfM
yield for dynamic stability and writability yields of state-
of-the-art dense sub-nm SRAM cell. The difference is quite
obvious when the TfM estimates are compared with traditional
CM-based yield estimates. Consistently, the CM-based
approach brings in unwanted pessimism. Note that, there are
many nonlinear mismatches that come into play when dealing
with variability due to the semiempirical nature of SPICE
simulations. For TfM, the physical parameter variation has
different implications on the device strength as opposed to
simple V¢ adder. Modifying WF will automatically amplify the
variation in other dependencies. Whereas in SPICE, the other
dependencies will not be amplified because the equations are
semiempirical, add to this the fact when variability goes out
of range, the error will be amplified. Finally, the runtime
improvement is significant, and a single yield estimate can be
run within a few hours to estimate six sigma with confidence
for the cell dynamic margin using TfM approach.

Finally, a key feature of the TFM methodology is the ability
to predict yield trends for new processes whose CMs have
not been developed. This is critical for technology/circuit
co-design optimization. Fig. 26 compares the stability and
writability yields of an SRAM design for two different process
corners. The process recipe/doping is used to modify the
WF in the direction of improved yield. P2-D predicts the
improvement accordingly. It is obvious that process 2 is
favorable.

C. P2-D SNM Hardware Corroboration

SNM hardware measurements of a 0.06-um?> FinFET
SRAM were obtained and the P2-D TCAD model is per-
fectly matched with the measured SNM curves. The resultant
model was effective at predicting all the hardware-based SNM
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Simulations possible only via TfM prior to CM generation.

measurements over a wide range of process corners, voltage,
and temperature operating conditions including low voltage
operation down to 0.4 V Vdd. Fig. 27 shows the case for
Vaga = 0.9 V as an example. The physics-based TCAD sim-
ulations truly rendered more accurate and predictable. Hence,
the method can be effectively applied to early prehardware
stages as well as updated-process/device in consecutive design
cycles.

® Hardware
= P2D TCAD

Fig. 27. Butterfly curves of 0.06-um? cell. SNM curves match graph for
the calibrated P2-D devices.

VI. CONCLUSION

We presented a pragmatic physics-based mixed-mode sta-
tistical simulation methodology for the first time. The run-
time, which was impractical for statistical dynamic margin
analysis before is made feasible via the newly developed
P2-D meshes with enhanced parasitic modeling. The P2-D
model speeds up dynamic margin simulations, and brings TfM
to practicality reducing the simulation runtime from several
months to hours for an eight-transistor design. At the circuit
level, cell capacitances, which are a must for accurate circuit
and layout interaction representation, are generated using
automated structure generation. We evaluated the methodology
using FinFET process technology as a vehicle and observed
orders of magnitude speed improvement for 3-D FinFET-based
SRAM cell design. In addition, we showed that SPICE CMs,
which are derived from the 3-D FinFET models, deviate under
statistical variation conditions.
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