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Abstract

Device and Circuit Techniques for Reducing Variation in Nanoscale SRAM

by

Andrew Evert Carlson

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Tsu-Jae King Liu, Chair

SRAM scaling, a major driver of microprocessor development, is threatened by increasing
variation in transistor parameters such as threshold voltage and gate length. With a
target-based model for device I-V characteristics, the effects of these variations on SRAM
performance can be well understood and predicted. A robust, iterative algorithm for
estimating SRAM cell yield is developed. The analysis is extended to time-dependent

reliability problems, and a statistical methodology for robust cell design is presented.

For future technology nodes, SRAM scaling will require device and circuit innovations
to suppress variation. Multi-gate devices and extended spacer lithography processes can be
used to reduce random variability at its source. Feedback circuits can be used to reduce
systematic SRAM variation after fabrication. Implementation of any one of these techniques
is expected to result in a significant yield improvement of several sigma. In combination,

these techniques are expected to enable robust SRAM scaling to the end of the roadmap.

Professor Tsu-Jae King Liu
Dissertation Committee Chair
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Figure 1.7. Recent advances in high performance CMOS have narrowed the gap
between reported NMOS and PMOS drive currents (I4s4¢), measured at Vpp = 1.0V
and I,¢r = 100nA/pum. [18, 19, 20, 21, 22, 14] For SRAM cells with minimum-width
pull-up and pass-gate devices, this scaling trend results in a decrease in write-ability.

width pull-up and pass-gate devices are retained, the gamma ratio of the cell is reduced.
The pass-gate must be made larger to maintain the original gamma ratio, but this requires
a proportional increase to the pull-down device to maintain the same beta ratio. It thus

becomes more difficult to scale cell area at the historical rate.

Variation

The problems caused by transistor scaling are exacerbated by the emergence of process
variations. Variations in transistor parameters such as threshold voltage, gate length, or
channel width affect the transistor’s drive strength. In an SRAM cell, this may affect the
SNM, write-ability, or access times. Symmetric circuits like the 6-T SRAM cell are especially
vulnerable to mismatches in the strengths of paired transistors. As transistor dimensions

scale down, the impact of process variations increases, and the cell yield drops.

The issue is compounded by the increasing SRAM array size. Cache sizes of several
tens of million identical cells are common. To achieve high yield for the entire array, the
nominal cell design must now have a very large margin for variation of at least five or six

standard deviations. As cache sizes increase, the required margin will continue to grow.



Thus with continued SRAM scaling, cell yield will decrease even as arrays require higher

yielding cells. This makes variation the greatest challenge to SRAM scaling.

Leakage current

In allowing greater subthreshold and gate leakage currents, transistor scaling can curb
further SRAM scaling and degrade cell stability. Subthreshold leakage through the pass-
gate transistors of many inactive cells can compete with the current through a single active
cell to impair read access times. A constraint on the array column height, the number of
cells on each bitline, may be needed to meet access time constraints [23]. Leakage currents
through the power supply for several million cells can consume a significant portion of the
power budget of a chip [24]. Gate leakage currents within the SRAM cell have been shown
to degrade SNM and may also affect write-ability [25, 26]. With continued scaling, the
capacitance on the internal nodes of a cell decreases. Thus the amount of charge needed to

disturb a cell decreases, while the magnitude of leakage current increases.

Soft error rates

The reduction in capacitance is also significant for soft error events, in which the state
of an SRAM cell is upset by the introduction of a large impulse of noise to the internal
nodes. Soft error rates describe the frequency with which external events such as alpha
particle collisions can cause a read disturb. As SRAM scales down, the incidence of soft

error rates increases and poses a significant reliability challenge [27, 28].

In summary, there are several major challenges for continued SRAM scaling, and they
are all growing worse. Scaled devices obsolete SRAM models and require new cell designs
for each technology node. They are more sensitive to process variations, have increased
leakage currents, and are more susceptible to external noise. Each of these issues is an area

of current research. This work focuses on the most problematic of these, variation.
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Figure 1.8. The variance of the threshold voltage of a MOSFET increases in inverse
proportion to channel area due to random dopant fluctuation. The points in this
plot are generated by Monte Carlo simulation, but the effect has been observed
experimentally in several technologies [29].

1.3 Studies of Variation

1.3.1 Dopants and patterning

One of the most significant sources of process variations for current VLSI transistors
(Lg > 20nm) is random dopant fluctuation [29]. To achieve a channel dopant concentration
of 1019 atoms/cm3 in a scaled MOSFET with dimensions less than 50nm, fewer than 100
dopant atoms are required. The displacement or absence of only a few dopants can result in
threshold voltage variations. Fig. 1.8 illustrates the increase in the standard deviation of Vi
as a function of channel area (W x L) [29]. Threshold voltage variation due to random dopant
fluctuation increases proportionally with 1/v/W L [30]. With further scaling, discrete effects
from displaced source and drain dopants may add to the variation. Recently, experimental
studies have shown random dopant fluctuation is responsible for the majority of long channel

Vr variation; however, it does not explain all the variation in NMOS Vp [31].

A second source of variation, which is becoming increasingly significant with continued
scaling, is patterning. The edge of a printed line exhibits roughness on the scale of 5 nm,

primarily due to polymerization effects in the photoresist [32]. This line edge roughness
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Figure 1.9. The variance of lithography-defined patterns becomes more significant
with continued scaling, due to phenomena such as line edge roughness (LER) (figure
adapted from [32]) and proximity effects [33, 34]. The effects are manifest in the
gate lengths and channel widths of a 0.79um? SRAM cell after gate patterning [35].

(LER) becomes significant for dimensions smaller than 50 nm, such as gate length or channel
width (Fig. 1.9). Although the variance in line width decreases as the nominal width scales
down, proportionally its magnitude increases. This is especially significant for undoped
multi-gate devices (e.g. FInFETs) in which V7 is set by the thickness of the active region.
In addition to LER, a critical dimension can vary due to image effects from proximity or
corner rounding. Printed patterns with sharp corners exhibit a rounding of the feature at
spatial frequencies beyond the resolution of the lithography system, affecting the width of
the feature near the corner. SRAM gate length has been shown to vary as a function of the

layout of the gate and nearby features [33, 34].

Additional sources of variation can be present in strain application or contact resistance;

however, these sources are not yet significant for SRAM.

1.3.2 Contemporary work

Variation in SRAM is currently an active area of research, with several yearly reports
on measured yield or SNM specifically [36, 37, 38, 39, 21, 22, 40]. Among all types of
variations, Venkatraman et al. reported that uncorrelated random variations dominate,

based on measurements of 90nm node devices [41]. Yamaoka et al. reported that the
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standard deviation of these variations can depend on systematic variations at the array or
wafer level [42]. In some designs, these variations can affect the write-ability of the cell more
than SNM [43]. Statistical or “variation-aware” design methodologies are now indispensible

44, 42, 45].

Such methods require fast and accurate models for critical SRAM metrics.
Unfortunately, the models with closed-form equations for SNM are no longer accurate
for short-channel devices that operate near threshold. Recent models that do achieve
a closed-form or semi-analytical expression for SNM make large approximations at the
expense of accuracy [46, 47, 48]. They are fast, but not accurate. Other modeling efforts
have derived new SRAM metrics [49, 50] or taken a probabilistic approach [51, 52], but
lack the tractability or the fundamental basis of SNM. New metrics also take time to
be embraced. Although several write-ability metrics have been proposed [49, 43, 53], a

consensus has not yet emerged.

A common practice for SRAM modeling is circuit simulation, with a program such as
SPICE, using advanced device models and Monte Carlo methods to estimate yield. This
approach is accurate, but not fast. Accurate device models must be developed, which
can be difficult and time-consuming in a developing technology. For transient simulations,
the parasitic resistances and capacitances of a layout must also be modeled, which can
require multiple iterations of process characterization. Monte Carlo simulations require
many iterations as well. Nevertheless, this approach can yield useful evaluations of the

sensitivities and variability of an SRAM design [54].

For process or device technologies where accurate circuit models are not yet available,
the mixed-mode capability of a device-simulator such as TAURUS [55] is generally
used. Although these simulations require even more computing time, they enable useful
observations on the scaling behavior of SRAM. Such simulations have shown that multi-
gate devices will be attractive for SRAM due to improved control of short channel effects
and reduced variability [4, 56, 57, 58]. Furthermore, devices with undoped channels are

expected to greatly reduce variability by mitigating random dopant fluctuation [59, 60].
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Such simulations can influence the development of new devices to reduce variation. Dixit
et al. have begun investigating the variability of fabricated FinFET SRAM using a spacer
lithography patterning technique to reduce LER [61]. Okayama et al. introduced a fully
silicided gate to reduce Vp variation from dopant penetration [62]. Reducing variation at

the device level enables a higher-yielding SRAM cell.

In addition to these efforts, new circuits have been proposed to compensate for increasing
variability. By modifying the body bias of blocks of several SRAM cells, yield metrics such
as fail counts and minimum operating voltage (V;,in) can be improved [63, 64]. Wordline
biasing can also be used to tradeoff read stability and write-ability [65]. Read stability can
be improved by limiting the amount of charge flowing into a cell [66, 67]. The primary

tradeoff of these techniques is an array-level increase in area.

1.3.3 This work

This work aims to facilitate continued SRAM scaling in three ways: by furthering
the understanding of variation and its sources in an SRAM cell and by developing a new
modeling approach to accelerate statistical design methods, by investigating new devices
and processes to reduce the sources of variation, and by proposing new SRAM circuits to

compensate for increasing variability.

In chapter 2, a new modeling approach is presented that is both fast and accurate for
read and write SRAM metrics. Unlike previous closed-form or semi-analytical models, this
approach uses several device-specific I-V targets for improved accuracy. Approximations are
made to the non-critical parts of the I-V curves, eliminating the need for time-consuming
device simulation or model development. This modeling approach is used to investigate cell
sensitivities. A statistical design methodology using these sensitivities is proposed as a fast
alternative to Monte Carlo iteration. The model is used to provide insights into mechanisms

of SRAM failure over time.

In chapter 3, methods to reduce process variation from random dopant fluctuation and
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lithography are proposed. Device architectures that do not rely exclusively on dopants to
set Vi, such as undoped FinFETSs, are proposed to enhance estimated SRAM yield. SRAM
cells with straight active features are shown to have reduced variation due to lithography,
and an extended spacer lithography process is developed to enable high-density integration
with low variability. Spacer-defined circuit design is demonstrated for a 0.0512um? SRAM

cell, which could be scaled smaller than any previously-reported SRAM.

In chapter 4, circuit techniques to cope with process variation are presented. A circuit to
sense and correct systematic and large-area variations is demonstrated to optimize the read
/ write tradeoff over a wide range of operating conditions. A technique to estimate process
variability from SRAM metrics and probabilities is proposed, enabling SRAM measurements
as a form of in situ characterization to accelerate process development. FinFET-based
SRAM designs with independent gating are introduced and analyzed to enhance read

stability and write-ability, allowing six sigma yield for supply voltages as low as 0.4V.

Individually or in combination, it is hoped that these techniques may advance SRAM
development through the next several technology nodes. The modeling approach of chapter
2 is already starting to be adopted in industry. Some kind of transition to new devices,
processes, or circuits is widely expected for SRAM specifically, and it is the goal of this

work to help facilitate such a transition.
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Chapter 2

Understanding Variation in SRAM

2.1 Introduction

Effective reduction of variation in SRAM metrics requires a thorough understanding
of its origins. Although measured SRAM variations have been linked generally to process
variations, it is not initially obvious exactly how such variations cause failures. Do all
variations matter equally, on all devices? Are correlated variations significant, or do
mismatch variations dominate? These kinds of questions require accurate modeling of
SRAM metrics down to the device parameters. Understanding the mechanisms of how
parameter variation affects these metrics can inform cell and array design and improve

SRAM performance and yield.

SRAM variability has become so significant of a concern that it now influences device
and technology design. Novel processes have been presented to reduce variation caused
by line edge roughness [1] and dopant penetration [2]. Gate length scaling in SRAM has
slowed to reduce variability further. To gauge the effectiveness of design options at this
level, a model is desired that can estimate SRAM metrics without the need for process
development and characterization. To estimate potential yield, it must be able to simulate
quickly across a wide range of perturbations. Although the mixed-mode capabilities of

a device simulator could provide excellent accuracy across such a range, these simulators

21





