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Abstract

Advanced MOSFET Designs and Implications for SRAM Scaling

by

Changhwan Shin

Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Tsu-Jae King Liu, Chair

Continued planar bulk MOSFET scaling is becoming increasingly difficult due to
increased random variation in transistor performance with decreasing gate length, and
thereby scaling of SRAM using minimum-size transistors is further challenging. This
dissertation will discuss various advanced MOSFET designs and their benefits for
extending density and voltage scaling of static memory (SRAM) arrays. Using three-
dimensional (3-D) process and design simulations, transistor designs are optimized. Then,
using an analytical compact model calibrated to the simulated transistor current-vs.-voltage
characteristics, the performance and yield of six-transistor (6-T) SRAM cells are estimated.
For a given cell area, fully depleted silicon-on-insulator (FD-SOI) MOSFET technology is
projected to provide for significantly improved yield across a wide range of operating
voltages, as compared with conventional planar bulk CMOS technology. Quasi-Planar (QP)
bulk silicon MOSFETs are a lower-cost alternative and also can provide for improved
SRAM vyield. A more printable "notchless” QP bulk SRAM cell layout is proposed to
reduce lithographic variations, and is projected to achieve six-sigma yield (required for
terabit-scale SRAM arrays) with a minimum operating voltage below 1 Volt.

Professor Tsu-Jae King Liu, Chair
Dissertation Committee Chair
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Chapter 1

Introduction

Improvement in integrated circuit (1C) performance and cost has been achieved largely
by transistor scaling (i.e., minimum feature size reduction by a factor of 0.7 in every new
technology node, or every 2 years) according to Moore’s Law [1, 2]. The resultant
exponential growth in device count per chip has been led by the miniaturization of the
static-random-access-memory (SRAM) bit-cell. Increasing process-induced variations in
transistor performance with miniaturization down to the 22 nm technology node and
beyond is a major technical challenge for continued advancement of planar-bulk/partially-
depleted silicon-on-insulator (PD-SOI) complementary metal-oxide-semiconductor
(CMOS) technology [3, 4]. In particular, continued SRAM cell-area scaling for increased
storage density, reduction in operating voltage (Vpp) for lower stand-by power
consumption, and enhanced yield necessary to realize larger-capacity SRAM arrays (i.e.,
embedded level-2 or level-3 cache memory for microprocessor) become increasingly
difficult to achieve. This thesis explores the benefits of advanced transistor structures and
bit-cell design co-optimization for continued SRAM scaling.

1.1 Static Random Access Memory (SRAM)
1.1.1 SRAM Basics

The SRAM cell incorporates a static latch, comprising two cross-coupled inverters, so
that it does not require periodic refreshing to retain the stored information, provided that
there is adequate power supply voltage for the cell (Vpp cenr)-
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Figure 1.1. Circuit schematic for a six-transistor (6-T) SRAM cell, the most commonly
used SRAM bit-cell architecture.

Fig. 1.1 shows the most commonly used SRAM bit-cell architecture, that is the six-
transistor (6-T) SRAM cell. It consists of two cross-coupled inverters (PMOS pull-up
transistors PU_ and PUg and NMOS pull-down transistors PD, and PDg) and two access
transistors (NMOS pass-gate transistors PG and PGg). When the horizontally-running
word-line (WL) is enabled (i.e., a row is selected in an array), the access transistors are
turned on, and connect the storage nodes to the vertically-running bit-lines (BL and BL). In
other words, they allow access to the cell for read and write operations, acting as bi-
directional transmission gates.

The 6-T SRAM cell operates as follows: (1) For a read operation, the bit-lines are
usually pre-charged to a high level (Vpp) and then the word-line is selected (pulsed to a
high level). On the side of the cell storing a logical ‘0’ (i.e., a low voltage), the bit-line is
discharged via the pass-gate transistor and pull-down transistor, so that a differential
voltage develops between the bit-lines. This differential voltage should be large enough for
a sense amplifier to detect the state of the cell. The differential voltage should not be too
large, however; otherwise the cross-coupled inverters could flip their state. (The read
operation should be non-destructive.) The cell beta ratio, which is the ratio of the strength
(drive current) of the pull-down transistor to that of the pass-gate transistor, should be
sufficiently large to ensure that such a read disturbance does not occur. (2) For a write
operation, the bit-lines are driven to complementary voltage levels via a write driver and
then the word-line is selected. On the side of the cell for which the bit-line voltage is
logical ‘0’ (i.e., a low voltage), the internal storage node is discharged through the pass-gate
transistor. The cross-coupled inverters raise the voltage on the opposite storage node and
latch the cell. The discharging strength of the pass-gate transistor must overcome the
restoring strength of the pull-up transistor. The cell gamma ratio, which is the ratio of the
strength of the pass-gate transistor to that of the pull-up transistor, should be sufficiently
large to ensure that write failure does not occur.
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Figure 1.2. (a) Definition of the static noise margin (SNM) from the read voltage
transfer characteristics (VTC), or “butterfly curves” for a 6-T SRAM cell. The inset
shows the biasing conditions for read operation. (b) Definition of the write-ability
current from the write “N-curve.” The inset shows the biasing conditions for write
operation. Note that the storage node Q__is at logical ‘0’ voltage level.

Since Seevinck’s seminal work [5] in 1987, the most common metric for SRAM read
stability is the read static noise margin (SNM), illustrated in Fig. 1.2(a). SNM is the
maximum tolerable DC noise voltage at a storage node that does not cause a read
disturbance, and it is the length of the side of the largest square that can fit into the “eyes”
of the butterfly curves, i.e., the read voltage transfer characteristics (VTC), for the SRAM
cell. The other metric for read stability utilizes the read N-curve [6, 7], which is measured
by sweeping the voltage at the storage node Q. (or Qg) Vvia the bit-line, with the word-line
and two bit-lines biased at Vpp, and monitoring the current sourced into the storage node.

The write N-curve illustrated_in Fig. 1.2(b) is obtained by sweeping the voltage at the
storage node Qg (Q.), with BL (BL) and WL biased at Vpp and BL (BL) biased at GND,
and monitoring the current sourced into the storage node. The write-ability current [8, 9],
lw, is defined as the minimum current past the inverter PU_-PD,_trip point, and is a measure
of the difference between PGg and PUg currents.

1.1.2 Alternative SRAM Cell Architectures

As explained in the previous section, the transistors within a 6-T SRAM cell must be
sized properly (since drive current is proportional to transistor width) for the cell to meet
both read and write margin specifications to guarantee proper operation. There is a
fundamental tradeoff, therefore, between cell yield and cell layout area (i.e., cost). This
tradeoff is worsened by the need to include design margin for process-induced variations in
transistor threshold voltage (V) since drive current is a function of Vpp — V.
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Figure 1.3. Alternative SRAM bit-cell architectures: (a) 4-T SRAM cell, (b) 7-T SRAM
cell, (c) 8-T SRAM cell, and (d) 10-T SRAM cell.

Various alternative SRAM bit-cell architectures have been proposed to reduce cell area
or to decouple the requirements for read stability and write-ability. The 4-T SRAM cell
(Fig. 1.3(a)) consists of two PMOS pass-gate transistors and two NMOS pull-down
transistors, resulting in relatively smaller cell area than the 6-T SRAM design [10-15]. It



maintains a logical ‘1’ state at one of the internal storage nodes via PMOS transistor off-
state leakage current. This results not only in higher static power consumption but also in
larger susceptibility to Vy variation (since transistor off-state leakage current varies
exponentially with V1), so that the 4-T SRAM cell architecture is not promising for sub-22
nm SRAM technologies. The 7-T SRAM cell (Fig. 1.3(b)) [16] utilizes dedicated word-
lines and bit-lines for read vs. write operations to avoid the possibility of a read disturbance
even if the read SNM is lower than 0, so that minimum-width transistors can be used for
minimal cell area. Takeda et al. [17] demonstrated 23% area-savings for a layout-
optimized 7-T SRAM array (vs. a 6-T SRAM array), for the same operating speed.
However, it has complexity in layout. The 8-T SRAM cell (Fig. 1.3(c)) [18-21] also
utilizes dedicated word-lines and bit-lines for read vs. write operations, but uses
complementary bit-lines for write operation as does a 6-T SRAM cell. Write disturbance is
still a general issue for these alternative cell architectures. The 10-T SRAM cell (Fig.
1.3(d)) [22] decouples the storage nodes from the bit-lines to improve read stability, but
requires the use of peripheral write-assist circuitry. These alternative SRAM cell
architectures each have undesirable tradeoffs in cell area or performance as compared to the
6-T SRAM cell. This thesis therefore focuses on technological approaches to improve the
scalability of the 6-T SRAM cell.

1.1.3 Sources of V1 Variation

V7 variation is caused by two types of sources: systematic and random. Systematic
sources include lithography-induced variations in channel length and width, which are
deterministic and predictable. Random sources include as gate line-edge-roughness (LER),
random-dopant-fluctuation (RDF), and gate work-function variation (WFV), which are
non-deterministic and are projected to be the dominant sources of Vr variation for
transistors with channel length below 30 nm, as shown in Fig. 1.4 [23].
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Figure 1.4. Standard deviation of threshold voltage variation vs. channel length, for
square planar bulk MOSFETs. Constant gate line edge roughness (4 nm) is assumed
[23].



Figure 1.5. Randomly distributed dopant atoms in an n-channel MOSFET with channel
length of 30 nm and channel width of 50 nm [24]. (Green-colored atoms are donors and
red-colored atoms are acceptors.)

1.1.3.1 Random Dopant Fluctuations (RDF)

In the early 1970s, Keyes explored the effects of random fluctuation in the number of
impurity atoms [25], as one of the issues for continued transistor scaling. Experiments
confirmed his theory, for a wide range of fabricated devices [26]. Analytical models [3]
and three-dimensional (3D) fine-grid statistical device simulations [27, 28] were
subsequently used to understand and predict RDF-induced V+ variation in deep sub-micron
devices. It is well known that RDF-induced Vr is inversely proportional to (WxL)*?,
where W and L are the transistor channel width and length, respectively. Recently, in a
100,000-sample 3D simulation study [29], the complete V+ distribution caused by RDF was
constructed through the discrete convolution of a Poisson distribution with the mean (N) of
the number of dopants in channel region, and a Gaussian distribution of V1 for a fixed N.
As the channel doping and/or halo doping in conventional Planar-bulk/PD-SOlI MOSFETSs
is increased with scaling to suppress short-channel effects, RDF-induced variation will
worsen. The use of a lightly doped (fully depleted) SOI MOSFET structure with a thin
(~10 nm-thick) buried oxide (BOX) and a heavily doped substrate has been reported to be
effective for suppressing this variation [30].



Figure 1.6. Illustration of a nano-scale MOSFET showing gate line-edge-roughness
across the width of the transistor, with randomly placed dopants in the source/drain and
channel regions [31].

1.1.3.2 Gate Length Fluctuations

Polymer erosion at the edges of a photoresist line during the development process has
been shown to create a rough profile [32, 33]. As a result, a lithographically patterned gate
electrode exhibits line edge roughness (LER) across the width of the transistor, as shown in
Fig. 1.6. Gate LER is not only dependent on the photoresist material and coat and develop
process conditions, but also on the gate material microstructure and etch process conditions.
As shown in Fig. 1.4, LER can become the dominant source of random Vr variation for
gate lengths below 20 nm, if it does not scale down with the transistor minimum dimension.
Spacer gate lithography [34, 35] can suppress LER-induced variation in transistor
performance, and is effective even if LER does not scale because the LER for the “outer
edges” of the spacers will be strongly correlated with that of the “inner edges”.

In addition to LER, proximity effects can affect the width of a developed photoresist
feature. Diffraction effects limit the resolution of modern optical projection lithography
systems: higher-order diffraction components are lost due primarily to the finite size of the
focusing lens, resulting in a loss of fidelity in the printed image manifest as corner rounding.
The use of a lens with higher NA (Numerical Aperture) results in a higher fidelity image.



Figure 1.7. Illlustration of a hypothetical metal gate film comprising grains of three
different orientations and hence three different work-function values (®; ~ ®,), each
orientation having a certain occurrence probability (P, ~ P3) [36].

1.1.3.3 Gate Work-Function Variation (WFV)

Beginning at the 45 nm generation of CMOS technology, advanced gate stack materials
I.e., high-permittivity gate dielectric and metal gate (HK/MG), have been used to reduce the
effective gate-oxide thickness and thereby improve the electrostatic integrity of nano-scale
transistors. As illustrated in Fig. 1.7, a metal film typically comprises microcrystalline
grains of various orientations, each with an associate work function (WF). The random
distribution of grains within a metal gate film results in a probabilistic distribution of WF
values. WFV can become a significant source of random V7 variation in future transistors
with nano-scale gate length. Dadgour [36, 37] highlighted and experimentally verified this
source of random Vr fluctuation in HK/MG transistors and proposed a statistical
framework to investigate device- and circuit-level implications.

1.1.4 Approaches to Mitigating the Impact of V1 Variation for SRAM

Random V-t variation presents a serious challenge for scaling SRAM cell area and
operating voltage to the 22 nm technology node and beyond. Circuit-design approaches to
address this challenge include read-assist and write-assist techniques which enhance SRAM
read and write margins, respectively. Examples of these include read/write-assist column
circuitry, word-line bias, pulsed bit lines, lower column supply voltages during write, and
negative voltage on bit-line [38, 39]. These techniques inevitably result in lower array area
efficiency. A complementary approach is to improve the robustness of the transistor design



to process-induced Vr variation. In the following section, various advanced transistor
designs are introduced.

1.2  Advanced Transistor Designs for the 22 nm Node and
Beyond

New technologies have been introduced to enable continued scaling of the planar bulk
MOSFET structure beyond the 130 nm technology node. These include HK/MG gate
stacks [40, 41] and channel stress technology (e.g.,, strained-silicon substrate [42],
embedded-Si1;xGex (Si1xCx) for p-channel (n-channel) MOSFETs [43], and raised
source/drain [44]). Since the planar bulk MOSFET requires a heavily doped channel region
and/or halo doping to suppress DIBL (Drain Induced Barrier Lowering) and the short-
channel effect (V1 reduction with decreasing gate length), it inevitably suffers RDF effects.
To avoid the use of heavy channel doping, thin body (fully depleted) and multi-gate
transistor structures have been investigated in recent years.

Figure 1.8. Transmission electron micrograph image of a partially depleted silicon-on-
insulator (SOI) n-channel MOSFET with HK/MG stack. The channel length is 33 nm
[45].

1.2.1 Planar Silicon-on-Insulator (SOI) MOSFETSs
1.2.1.1 Partially-depleted SOI (PD-SOI) MOSFET

Partially depleted silicon-on-insulator (PD-SOI) transistors (Fig. 1.8) [45, 46] are used
for high-performance applications because they have significantly reduced junction
capacitances (the buried oxide (BOX) layer is typically >100 nm thick) and hence increased
circuit operating speed compared to bulk silicon MOSFETs. However, PD-SOlI MOSFETS
suffer from the “floating-body” effect [47]: if the body region is not tied to a bias voltage,
then majority carriers generated by impact ionization (when the transistor is in the on state)



accumulate in the body region and forward-bias the source junction, effectively lowering
V1. This results in an increase in on-state current that is dependent on the transistor
operating history [48, 49]. In addition, like the planar bulk MOSFET, a PD-SOI MOSFET
still requires a heavily doped channel region and/or halo doping to reduce DIBL and Vt
roll-off, and thus inevitably suffers from RDF effects which limit its scalability.

1.2.1.2 Fully-depleted SOI (FD-SOI) MOSFET

Increasing variability in transistor and circuit performance for planar bulk and/or PD-
SOl CMOS technology requires more complex chip design, and hence results in non-
optimal product design (Fig. 1.9(a)) [50]. Rather than doping the channel heavily to
suppress off-state leakage, it can be made to be very thin to eliminate sub-surface leakage
paths and reduce DIBL [51]. In the latter case, the channel/body region is so thin (with a
thickness that is less than one fourth of the transistor channel length) that it is fully depleted
of mobile charge carriers when the transistor is in the off state. Such a fully depleted
MOSFET structure is most easily implemented with an extremely-thin SOI substrate [52].
The floating-body effect is negligible in an FD-SOI MOSFET because there is no quasi-
neutral body region which serves as a potential well to hold majority carriers [53]. Also,
RDF-induced V- variation can be dramatically lower in a FD-SOI MOSFET since light
channel/body doping can be used [54]. FD-SOI technology compares well against planar
bulk technology across key figures of merit (Fig. 1.9(b)). The same chip design flow can
be used for FD-SOI technology as for planar bulk technology, which is advantageous for
reduced design cost and time-to-market [54].
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Figure 1.9. (a) There are product design compromises for planar bulk and/or PD-SOI
CMOS technology. (b) FD-SOI technology is superior across all figures of merit [50].

FD-SOI technology faces a number of challenges for widespread adoption. First is the
need for uniformly thin Si films. For gate lengths (Lg) below 15 nm, the Si thickness (Ts;)
should be less than 4 nm [52] in order to control short channel effect (i.e., Tsi should be less
than a quarter of physical gate length). In this thickness range, quantum confinement
effects (which cause Vr to increase geometrically with decreasing Ts) make Vr very
sensitive to variations in Tg [55]. Second is parasitic resistance associated with ultra-thin
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source/drain regions. By thickening the source/drain regions via selective epitaxial growth,
this resistance can be reduced, but at the cost of increased gate-to-source/drain capacitance
[56]. Metallic source/drain regions can be used [57], but then a very low Schottky barrier
technology would be needed. Third is the need for thin-BOX substrates to allow for V+
tuning via sub-BOX doping and/or dynamic V't control via back-biasing [58], which come
at the cost of increased source/drain junction capacitance. Recent progress in the
manufacture of SOI substrates with uniformly ultra-thin Si (Tsi ~ 10 nm) and thin BOX
(Teox ~ 25 nm or less) has enabled successful demonstrations of nano-scale FD-SOI
devices [59]. Fig. 1.10 shows measured Ts; variation across a wafer and across many wafer
batches. The SOI Consortium is now promoting FD-SOI technology as a solution that can
meet requirements for mobile applications with regard to power consumption, performance,
manufacturability, scalability, and cost efficiency (Fig. 1.11).
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Figure 1.10. Experimental data (courtesy of Soitec) for SOI layer thickness (Ts)

variation across a wafer (left) and from wafer to wafer (right). The peak-to-peak
variation is less than 1 nm [59].
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1.2.2 Multiple-Gate MOSFETSs
1.2.2.1 Double-Gate FInNFET and SOI Tri-Gate MOSFETSs

The fundamental concept behind a multiple-gate MOSFET (in which the gates are all
tied together) is to increase gate control (vs. drain control) of the channel potential,
particularly the source-to-channel potential barrier. The double-gate MOSFET has two
gates located on opposing sides of the Si channel/body region, to control the channel
potential. It is most easily implemented as a vertical structure, with a single gate electrode
running across (straddling the two opposing sides of) a tall and narrow Si channel/body
“fin.”  This “FInFET” structure has been widely investigated [60-64], and can be
implemented either on an SOI substrate [65] or a bulk-Si substrate [66] (Fig. 1.12).

To adequately suppress short-channel effects, the width of the Si fin in a FInFET should
be uniformly less than one half of the channel length. For good layout area efficiency, the
height of the Si fin should be tall [67] (>3x its width). The formation of tall and uniformly
narrow Si fins presents significant manufacturing challenges, not only for lithography and
etch processes but also for doping processes. High-tilt-angle ion implantation or plasma
doping or solid-source diffusion are necessary to dope the source/drain regions. For bulk-
Si FinFETS, the need for steep retrograde “channel-stop” doping at the bases of the tall fin
channel/body regions presents a significant processing challenge. Vr control is another
manufacturing challenge for FINFET technology. For low-power (high V1) applications, a
single gate material with work function corresponding to a Fermi level near the middle of
the Si energy bandgap can be used. To achieve lower values of Vr, tuning of the gate work
function, or the use of different gate materials, is required [68]. (Alternatively, precise
reduction in electrical channel length can be used [69].) Dynamic V1 control requires
physical separation and independent biasing of the front and back gates, which comes at the
cost of added process complexity and layout area [70]. A design challenge for FINFET
technology is the fact that transistor strength is adjusted not by changing the Si width but
by changing the number of fins [60]. Thus, adaptations in automated design tools and cell
libraries will be necessary for FINFET technology to be used for general purpose logic
applications. For these reasons, the adoption of FINFET technology has been delayed. It is
anticipated that FInFETs will be first used only in SRAM arrays where low leakage is
imperative.

To mitigate the need for ultra-narrow Si fins, gating of additional channel surfaces as in
the omega-gate [71, 72] and tri-gate SOl MOSFET [73] structures have been proposed (Fig.
1.13). These structures still face the same challenges of V1 control and design flow
adaptation as the FInFET, however.
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Figure 1.13. Transmission electron microscopy images of (a) Omega-gate FET with a
60 nm-wide channel/body and TiN/HfO2 gate stack [72], (b) Tri-Gate SOl MOSFET
[73].

1.2.2.2 Gate-All-Around (GAA) MOSFET

The best possible gate control is achieved by gating all of the channel surfaces, as in a
Gate-All-Around (GAA) MOSFET. Thus, the most scalable transistor design is a nanowire
MOSFET. As shown in Fig. 1.14, Suk et al. [74, 75] fabricated a GAA twin silicon
nanowire MOSFET (TSNWFET) with 5-nm-radius, 30-nm-long channels on a bulk silicon
wafer. N- and p-channel drive currents are 2.37 mA/um and 1.30 mA/um for off-state
currents of 6.2 nA/um and 6.7 pA/um at Vpp = 1 V, respectively. (A mid-gap gate work
function is needed to achieve symmetric NMOS and PMOS V7 values.) Excellent gate
control is evidenced by low sub-threshold swing (<70 mV/dec) and DIBL < 25 mV/V. The
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major disadvantages of the GAA MOSFET are that it is difficult to manufacture with high
precision, and that the current flow per nanowire is relatively low. Therefore, GAA
MOSFETSs are unlikely to be adopted for large-scale manufacturing in the near future.
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Figure 1.14. (a) Cross-sectional transmission electron micrograph of twin silicon
nanowire MOSFET, (b) measured transfer characteristics of n+ poly gate TSNWFETSs
[75].

1.3 Research Objectives and Thesis Overview

In Chapter 2 the benefits of thin-BOX FD-SOI technology for 6-T SRAM scaling are
investigated. Firstly, three-dimensional atomistic process and device simulations for thin-
BOX FD-SOI and planar bulk MOSFET designs for low-operating-power (LOP)
applications at the 22 nm node are presented. Then the benefits of transistor performance
improvement and V+ variation reduction offered by FD-SOI technology are assessed via
iso-area and iso-yield analysis. Finally, the minimum operating voltage (Vmin) for 6c yield
is projected for FD-SOI and planar bulk SRAM cells.

To avoid the need for costly silicon-on-insulator substrates or complex fabrication
processes, the quasi-planar (QP) bulk MOSFET design for CMOS scaling to the end of the
roadmap was recently proposed [76]. The following four chapters (Chapters 3 to 6)
theoretically and experimentally investigate the QP bulk device structure, e.g.,, how best to
suppress Vr variation, to maximize performance, to minimize SRAM Vnin, and to enhance
SRAM vyield.

In chapter 3, RDF-induced V+ variation for the quasi-planar bulk MOSFET vs. the
planar bulk MOSFET at the 22 nm node (25 nm gate length) is studied using atomistic
three-dimensional device simulation. The impact of body/channel or source/drain doping
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profile on Vr variation is presented. Lastly, a new method of Vt tuning in the quasi-planar
bulk MOSFET is proposed to mitigate the tradeoff between V+ variation and short-channel
effect suppression.

In chapter 4, full 3-D 6T-SRAM cell simulations are used to assess the benefits of the
quasi-planar bulk MOSFET design for 22 nm SRAM technology. A segmented channel
design is proposed to enhance SRAM vyield and improve immunity to single-event upsets.

In chapter 5, a simple method (i.e., a timed dilute-HF etch for recessing the shallow
trench isolation just prior to gate-stack formation) of manufacturing quasi-planar bulk
MOSFET structures is experimentally demonstrated in a 28 nm CMOS technology. The
benefits of the quasi-planar bulk structure for improving device performance and reducing
variation in 6T-SRAM read and write margins are presented. Due to its increased benefits
with decreasing channel width, quasi-planar bulk MOSFET technology is a promising
solution for future CMOS technology generations (22 nm and beyond).

In chapter 6, 3D device simulation with considerations of three main random variation
factors (i.e., line-edge-roughness, random dopant fluctuation, and work-function variation)
is used to quantitatively show the benefits of the quasi-planar bulk MOSFET (improved
performance and reduced Vr variation) as compared against a planar bulk MOSFET. A
compact analytical model is used to quantitatively project the benefits of QP bulk CMOS
technology, specifically enhancement of write-ability and write time for comparable read
stability, as well as SRAM vyield improvement and Vpmi, reduction. Additionally, a
notchless quasi-planar bulk SRAM cell design is proposed for improved printability.

In chapter 7, the contributions of this dissertation are summarized and suggestions for
future research are made.
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Chapter 2

Performance and Area Scaling Benefits of
FD-SOI Technology for 6-T SRAM Cells
at the 22nm node

2.1 Introduction

Increasing variation in transistor performance with gate-length (Lcate) scaling is a
major challenge for continued bulk CMOS technology advancement [1]. The primary
causes for random variations in transistor threshold voltage (Vrty) are gate line-edge
roughness (LER) and random dopant fluctuations (RDF) [2]. A lightly doped (fully
depleted, FD) silicon-on-insulator (SOI) MOSFET structure with a very thin (~10 nm-
thick) buried oxide (BOX) layer and a heavily doped substrate (“ground plane”) has been
shown to be effective for reducing the impact of parameter variations and RDF, due to its
excellent electrostatic integrity and the elimination of channel doping [3]. Recently,
functional SRAM cells were demonstrated using such FD-SOI devices, for the 32 nm
technology node and beyond [4]. Also, thin-BOX FD-SOI MOSFET technology has been
projected to provide for improved SRAM vyield as compared to SOI FinFET technology at
the 22 nm technology node [5]. In this chapter, which follows [6], the potential advantages
of thin-BOX FD-SOI technology vs. bulk CMOS technology with regard to six-transistor
(6-T) SRAM cell performance and yield are assessed in detail, for the 22 nm technology
node.

2.2 Thin-BOX FD-SOI Technology
2.2.1 MOSFET Design Optimization

The thin-BOX FD-SOI CMOSFET designs were optimized via three-dimensional (3-D)
process and device simulations with advanced physical models including the density-
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gradient and drift-diffusion transport models [7] and the phenomenological van Dort
quantum correction model to account for energy quantization in the channel region.
Physical and operating parameters (gate length, gate oxide thickness, supply voltage, etc.)
were taken from the International Technology Roadmap for Semiconductors for low
operating power (LOP) technology at the 22 nm node [8]. The width of the gate-sidewall
spacers (Wspacer) IS constrained by the gate-to-contact spacing design rule for the 6-T
SRAM cell, and was selected to be 15nm based on [10] and in consideration of the design
optimization guidelines in [9]. Fig. 2.1(a) shows a cross-sectional view of the simulated n-
channel MOSFET structure. An implantation-free process is used in order to avoid dopant-
atom straggle and defects in the thin body region, to minimize RDF-induced variations, as
follows [10]: faceted raised-source/drain regions are formed by a low-temperature, zero-
silicon-loss epitaxial growth process with in-situ doping (10®cm™) to reduce series
resistance with minimal increase in gate-sidewall capacitance; then the lightly doped
source/drain extension regions are formed by diffusion of dopant atoms from the raised-
source/drain regions. The electrical channel length (L, defined as the distance between
the lateral positions where the source and drain doping concentrations fall to 2x10"cm™
[11]) is tuned by adjusting the duration of the dopant-diffusion anneal step, to achieve the
maximum drive current for a gate voltage swing and drain bias equal to the supply voltage
Vpp (0.9V). The gate work function values were then selected to adjust the nominal Vry
values in order to meet the off-state leakage current (lorr) specification, 3nA/um. The
optimized device parameters for the FD-SOI devices are summarized in Table 2.1.

e 1020cm-3
a
( ) W SPACER _‘I
M 1020cm 3
Faceted Faceted
in-situ-doped _GATE in-situ-doped
Raised-source Raised-drain
. n+

=

?
Sub (p -doped 10 8cm-3)

Figure 2.1. (a) Cross-sectional view of the simulated thin-BOX fully-depleted (FD) SOI
MOSFET structure. The gate electrode is a thin metal layer with a specified work
function.
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Figure 2.1. (b) Experimental data (courtesy of SOITEC) for SOI layer thickness (Ts)

variation across a wafer (left) and from wafer to wafer (right).

variation is less than 1 nm.

The peak-to-peak

FD-SOI Planar Bulk
Parameter N-type P-type N-type P-type
Lare 25nm 25nm 25nm 25nm
Weoncer 15nm 15nm 15nm 15nm
Tox 1nm 1nm 1nm 1nm
Taox 10nm 10nm NA NA
T 6nm 6nm NA NA
X, ext NA NA 10nm 10nm
X,,s/p NA NA 22nm 22nm
Py 4.45eV 4.85eV 4.05eV 5.20eV
Ts/o 22.6nm 22.6nm NA NA
W, 72nm 72nm 72nm 72nm

Table 2.1. Optimized thin-BOX FD-SOI and Planar bulk (uniform channel doping ~

10*cm®) MOSFET design parameters for Vpp=0.9V.
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For comparison, planar bulk CMOSFETSs meeting the same logr specification also were
designed (Table 2.1). Fig. 2.2 compares the transfer characteristics (Ips vs. Vgs) for the
optimized n-channel FD-SOI and planar bulk MOSFET structures. The FD-SOI device
exhibits steeper sub-threshold slope due to negligible depletion capacitance, and higher
drive current due to higher carrier mobility. A summary comparison of device performance
parameters is given in Table 2.2. Both the FD-SOI and planar bulk MOSFET structures
meet the general specification for drain-induced barrier lowering (DIBL) to be no greater
than 100mV/V. DIBL for the planar bulk devices is comparable to that of the FD-SOI
device because of the very shallow source/drain extension depths.
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Figure 2.2. Transfer characteristics: (a) Planar bulk MOSFET, (b) FD-SOI MOSFET.
The analytical 1-V model is fit (to within 5%) to the simulated characteristics, using the
current values at 6 points: (Vgs, Vps) = {(1.0, 1.0), (1.0, 0.5), (1.0, 0.1), (0.5, 1.0), (0.5,

0.1), (0.0, 1.0)}.

FD-SOI Planar Bulk
Vpp= 0.9V
N-type P-type N-type P-type
lon [MA/UmM] 704 417 483 301
loge [NA/UM] 3 3 3 3
SS [mV/dec] 75 83 81 89
Viun [mV] 164 -186 182 -207
Visar [MV] 118 -124 134 -142
DIBL [mV/V] 54.1 72.9 56.5 76.5
Legs [nm] 35.6 30.7 46.1 40.5

Table 2.2. Comparison of device performance parameters for Vpp =0.9 V.

26

1800
{600 £
>
~
<
1400 S
[7)]
_D

{200



An analytical 1-V model for the short-channel MOSFET (Eg. (1) in the Appendix) was
fit to the simulated current-vs.-voltage characteristics, and then used to compute SRAM
metrics such as read static noise margin (SNM) [12, 14], write current (l) [13, 14] and
read ‘0’ current, following the methodology described in [22]. Five simulated I-V targets
corresponding to the operating biases most critical for modeling SRAM metrics, i.e.,
(Ves,Vos) = (1.0V, 0.1V), (1.0V, 1.0V), (0.5V, 1.0V), (1.0V, 0.5V), and (0.0V, 1.0V), in
addition to linear (Vps = 0.1V) and saturation (Vps = 1.0V) threshold voltage values, were
used to fit the analytical 1-V model, for each case of + or — 10% variation in channel length
(L), channel width (W), gate oxide thickness (Tox) or Vtu. Linear interpolation or
extrapolation was then used to obtain the analytical I1-V curves for arbitrary variations in L,
W, Tox and Vg, which were then used to compute the SRAM metrics. L, W and Ty are
assumed to have Gaussian distribution (with 3-sigma corresponding to +10%) while the
standard deviation in Vry due to random variations was determined as described in the next
section.

2.2.2 Impact of Random Variations

The impacts of gate LER and RDF were evaluated via 3-D device and process
simulations with atomistic doping profiles [7]. A scanning electron microscopy (SEM)
image of photoresist lines processed for the 22 nm node was sampled 100 times to provide
the realistic gate electrode profiles for 3-D device simulations. Thirty Kinetic Monte Carlo
(KMC) simulations -- which account for reactions between defects and impurities as
predicted by molecular dynamics -- were performed for each of these gate electrode profile
cases. The source/drain extensions in the planar bulk structure are formed by dopant ion
implantation; the resultant defects result in larger lgss Variation for the planar bulk structure.
In contrast, the source/drain extensions in the FD-SOI structure are formed by dopant
diffusion; because implant damage is avoided, less lqs, variation (and smaller o(Vth)) is
seen for the FD-SOI structure. The device simulation results are shown in Fig. 2.3. The
impact of gate work function variations (WFV) can be significant for nanometer-scale
MOSFETs. Based on [15], 6(VH) due to WFV is estimated to be 12.4 mV for the pull-
down transistors in the 22 nm-node SRAM cell. Under the assumption that WFV is
statistically independent of gate LER and RDF [16], the total V1 variation is calculated as
follows:

(Vi) | otat ranciom = \/O-(VTH ) lier +0(MVn1)” lroe 0 0Vm)* luey 1)

Due to reduced Vy roll-off and light channel doping, the FD-SOI structure provides for
smaller Vy variation than the planar bulk structure: o(Vth)|sor = 26 mV vs. o(V1u)|suLk =
50 mV. It also shows less lowering of the average value of Vty due to less atomistic
doping effects.
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Figure 2.3. Simulated transfer characteristics of the pull-down transistor for 500 cases
of gate-LER and atomistic doping: (a) Planar bulk MOSFET, (b) FD-SOI MOSFET.
Vpp = 0.9 V. The simulated transfer characteristics for continuum doping are also
shown (with thicker lines) for reference.

2.3 6-T SRAM Cell Performance Comparison
2.3.1 Nominal Cell Design

Based on recent publications [17-21], the dimensions for 22 nm-node 6-T SRAM cells
were selected for this study. The cell layout parameters are summarized in Table 2.3.
Figs. 2.4a and 2.4b show the butterfly plots and write-N curves, respectively, obtained
using the analytical 1-V model. Although the FD-SOI cell has slightly lower static noise
margin (SNM) due to its lower switching voltage, it has higher write-ability (~70% higher
lw) and Read-‘0’ current (~60% higher lag). Thus, the FD-SOI cell offers a better trade-off
between read stability and write-ability, as compared to the planar bulk cell.
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Design rules Symbol | Size [nm]
PG CH length Lo 25
PD CH length Lep 25
Hgg:\t CONT size X 30
Gate-to-CONT Y 20
Total 190
POLY-to-POLY A 30
POLY-to-DIF ext B 20
PD Width Wpp 55
Cell N/P isolation C 50
Width PU width W,y 32
DIF-DIF (min) D 50
PG width Wpg 35
Total 394
A SRAM cell area 0.07486 pm?

Table 2.3. FD-SOI 6-T SRAM cell dimensions. A half-bit cell image is shown on the

left side.

SNM,,=186mV
SNM,,, =212mV

0.4
v, )
(a)

00 02

—4A—BULK

l,sor = 18.9HA

—u— FD-SOI| 1

Figure 2.4. Comparisons of (a) SNM and (b) write current (l,), for Vpp = 0.9 V. The
write-ability of the FD-SOI SRAM cell is larger by 71%, but the SNM is lower by 10%.
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2.3.2 Dependency of SRAM Performance Metrics on Cell Ratio, Pull-Up
Ratio, and Vpp

For a fixed cell area, there is room to adjust the width of the pass-gate transistors (Wpg)
in order to optimize the trade-off between the various SRAM performance metrics (i.e.,
SNM, lw, lread). This is because the SNM increases with increasing cell (B) ratio (=
Wpp/Whg), which decreases with increasing Whpg; |y increases with decreasing pull-up (o)
ratio (= Wpu/W5pg), which decreases with increasing Weg; and leq increases directly with
Whpg. Figs. 2.5a, 2.5b, and 2.5¢ show the dependencies of SNM, Iy, and Icaq on cell ratio,
pull-up ratio, and Whpg, respectively. The improved tradeoff between read stability and
write-ability offered by the FD-SOI cell can be evaluated graphically using these figures.
For example, the FD-SOI can achieve comparable SNM (~212 mV) as the planar bulk cell
If Wpg Is decreased to 27.2 nm (so that cell ratio = Wpp/Wpg = 55nm/27.2nm = 2.02, and
pull-up ratio = Wpy/Wpg = 32nm/27.2nm = 1.18), in which case I, (~12.4 pA) is still 15%
higher than that for the planar bulk cell (~ 10.8 pA) and leag (~15.5 pA) is still 34% higher
than that for the planar bulk cell (11 6 HA).

300 40 T T
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2754 V- 354 _ =—FD-SOI|
— - BULK A/- m Weg=d0nm |, ik
250 f/'/ ] 30- . ]
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Figure 2.5. Comparison of cell performancFéGmetrics for FD-SOI vs. Planar bulk 6-T
SRAM cells: (a) SNM, (b) I,,, and (c) l..aq. (The curves are each obtained by adjusting
the value of Whpg).
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Fig. 2.6 compares the dependencies of SNM, I, and lreag ON Vpp for this case (in which
Wi is reduced to 27.2 nm for the FD-SOI cell). The FD-SOI benefit of improved write-
ability (lw) and speed (lieaq) for comparable read stability (SNM) is retained as Vpp is

reduced.
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Figure 2.6. Impact of Vpp scaling on 6-T SRAM cell performance metrics: (a) SNM,
(b) Iy, and (C) lreaq-

2.4 Yield-Aware SRAM Cell Design

In the previous section, the FD-SOI cell was shown to offer improved trade-off between

the nomi

nal values of SNM and I, for fixed cell area. In this section, the corresponding

improvement in cell yield is evaluated using the concept of cell sigma, defined as the
minimum amount of variation for read/write failure [22]. Assuming that the metric (SNM
or ly) has a Gaussian distribution, this is simply the mean divided by the standard deviation.
If a metric “f” is subject to small, independent parameter variations “X;” in a range such
that “f” can be approximated as a linear function of “X;” then the distribution of the metric
is Gaussian, according to the Central Limit Theorem. The cell sigma is given by
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It should be noted that SNM and I, each exhibit a linear response to small variations in X;.
Although their sensitivities can become non-linear for large variations (beyond several ¢X;),
the most probable combination of variations in L, W, Tox and V14 does not exceed ~4oc
variation in a single parameter. Thus, this method of estimating SRAM yield is reasonably
accurate [22].

As explained above, random variations due to gate LER and RDF, as well as global
(Gaussian) variations due to process-induced variations (x10%) in gate length, channel
width, gate oxide thickness, and body thickness (Fig. 2.1(b)) are considered.

cell sigma = (2

2.4.1 1so-Area Comparison

In the future, six-sigma (6c) yield or larger will be required for large SRAM arrays to
be functional. Fig. 2.7 shows the trade-off between 1, yield and SNM vyield for FD-SOI
and planar bulk cells, for Vpp = 0.9V. (W5pg is varied along the curves.) In order for a cell
design to meet the 60 yield requirement, both SNM and I, must be able to tolerate at least 6
sigma variation. The FD-SOI cell can satisfy the 6c yield requirement, and achieves
maximum cell sigma with Wpe = 40 nm. Approximately 10 nm variation in Wpg can be
tolerated, at this design point. In contrast, the planar bulk cell cannot satisfy the 6c yield
requirement. The optimal planar bulk cell design corresponds to Wpg = 35 nm, and has
~1.26 worse SNM vyield and ~2.2¢ worse |, yield than the FD-SOI cell.
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Figure 2.7. Yield of I, vs. Yield of SNM. The optimal design points for planar bulk
and FD-SOI cells are indicated (corresponding to Wpg = 35 nm for the optimal planar
bulk cell, and Wpg = 40 nm for the optimal FD-SOI cell).
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2.4.2 1s0-yield Comparison

In order for the planar bulk cell to achieve >6c yield, comparable to that of the
optimized FD-SOI cell (with Wpg = 40 nm), the pull-down and pull-up transistor widths
must be increased to Wpp = 95 nm and Wpy = 50 nm, respectively, so that the cell area is
increased by ~ 30% (from ~0.075 um? to ~0.1 pm?). In other words, the area savings
offered by the FD-SOI cell is ~ 25%. The resultant I, yield vs. SNM yield curve is plotted
in Fig. 2.8, along with the curves from Fig. 2.7. The spot-lighted design point corresponds
to Wpg = 65 nm.
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Figure 2.8. By up-sizing the planar bulk cell, yield that is comparable to that of the FD-
SOI cell can be achieved. However, the trade-off between Yield of I, and Yield of
SNM is more severe for the planar bulk cell due to lower drive current and larger
random V1 variation.

2.4.3 Minimum Operating Voltage (Vnin) for read and write operation

By plotting I, yield vs. SNM vyield for various values of Vpp, Vmin Can be estimated.
Figs. 2.9a and 2.9b show the impact of Vpp reduction on yield, for the planar bulk and FD-
SOI cells, respectively. At Vpp ~ 0.6V the FD-SOI cell can no longer meet the 6c
criterion, i.e., Vmin ~ 0.6V. At Vpp ~ 0.8V the increased-area planar bulk cell can no longer
meet the 6o criterion, i.e., Vimin ~ 0.8V. The FD-SOI cell achieves lower Vyin because it
provides for higher transistor drive current and reduced variability. Table 2.4 summarizes
the performance metrics of the FD-SOI and enlarged planar bulk SRAM cells at Vi, and
nominal Vpp.
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Figure 2.9. Dependence of yield on Vpp: (a) up-sized planar bulk cell (b) FD-SOI cell.
At Vpp ~ 0.8V, the planar bulk cell cannot satisfy the 6o requirement, in contrast to the
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FD-SOI cell. Vi, is significantly lower, ~ 0.6 V, for the FD-SOI cell.

FD-SOI SRAM cell

Enlarged Planar bulk

SRAM cell
Supply voltage | V., (= 0.6V) | Vpp (=0.9V) | Vi (= 0.8V) | Vpp (=0.9V)
Cell area [um?] 0.075 0.075 0.097 0.097
SNM [mV] 123 178 182 200
I, [LA] 8.2 22.4 17.6 21.8
lread [UA] 7.0 20.6 16.3 20.9
moimumyeta| _ ® | ® | & | e

Table 2.4. Summary of SRAM cell performance metrics, for FD-SOI and enlarged

planar bulk SRAM cells.

2.5 Summary

Thin-BOX FD-SOI and planar bulk CMOSFET designs were optimized via 3-D
process and device simulations, for LOP CMOS technology at the 22 nm node. For the
same lorr, the FD-SOI device achieves higher drive current and reduced random Vqty

variation.

Using an analytical model fit to the simulated I-V characteristics for the

optimized device designs, 6-T SRAM cell performance metrics (SNM, |y, and lyeaq) Were
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estimated. For fixed cell area, FD-SOI technology was found to provide for improved
SNM vyield (by 1.26), and I, yield (by 2.2c). For fixed yield, the FD-SOI cell provides an
area savings of ~ 25%. The minimum operating voltage for 6c yield (Vmin) is ~ 0.6V for
the FD-SOI cell whereas it is >0.8V for the planar bulk cell. Thus, thin-BOX FD-SOI
technology can facilitate the scaling of 6-T SRAM cell area and operating voltage.
However, one practical drawback of FD-SOI technology is the higher cost of silicon-on-
insulator (SOI) substrates. Therefore, in the subsequent chapters, a more cost-effective
alternative transistor architecture will be discussed in detail.
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2.A  Appendix

The analytical MOSFET I-V model used to estimate SRAM performance metrics in this
work is:

LY Ves _
s =A G S 2 e Vi >V QA >0
14-& ™
E,L
mv.,
VDS (Ves _VTH _TDS) Vs \VARRY,
:MczoxI VARRY, O (L AV )+ (@€ if Vg >V, &V <% Eq.Q)
1+ GS ™
E,L
Vos Vs iy
=1, (1-e™)e s if Vg <V,

where C,y is the gate oxide capacitance per area, L is the gate length, W is the device width,
Isup i the current level corresponding to Vry, S is the sub-threshold swing, and Vry is the
threshold voltage which is dependent on drain bias (Vty=Vro — DIBLXVps). w and s are
the carrier mobility values in the linear and saturation regimes of operation, respectively.
Vo is defined as 1/(1- ps/2w). Esa is the saturation electric field, which determines the
amount of velocity saturation. m is a fitting parameter. As experimentally verified in [22],
this model accurately captures planar bulk MOSFET short-channel effects and operation in
the sub-threshold, linear, and saturation regimes. So long as the analytical I-V model can
be well fit to the simulated (or measured) I-V data for FD-SOI devices, it can accurately
represent their behavior as well.
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Chapter 3

Study of Random Dopant Fluctuation
(RDF) Effects for the Quasi-Planar Bulk
MOSFET

3.1 Introduction

Threshold voltage (V1u) variation due to random dopant fluctuations (RDF) is already
an issue for modern CMOS technologies [1], and will increase dramatically as MOSFET
gate lengths are scaled below 30 nm [2]. To suppress Vty variation due to RDF, light
channel surface doping achieved via a retrograde or delta-shaped body doping profile [3] or
a thin-body (fully depleted) transistor structure [4, 5] should be used. Improved
electrostatic integrity, e.g.,, via a reduction in equivalent gate oxide thickness (EOT) [6] or
the use of a multiple-gate structure [7, 8], is beneficial for reducing the sensitivity of V14 to
channel length and hence for reducing RDF-induced Vry variation as well. In this chapter,
a modified atomistic simulation methodology [9] is used together with a commercial device
simulator [10] to investigate the effects of randomly placed dopants in planar vs. quasi-
planar bulk MOSFETs with 20 nm gate length (Lg) and 20 nm layout width (W). The
effects of body RDF vs. source/drain RDF are elucidated. Vru-adjustment approaches for
the quasi-planar bulk MOSFET structure are compared with regard to robustness to RDF.
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Figure 3.1. (a) 3D bird-eye view of the quasi-planar bulk MOSFET structure. The gate

stack is not shown, in order to allow the channel region to be seen. (b) Cross-sectional
view along the A-A’ line.

3.2 Device Simulation Approach
3.2.1 Nominal Bulk MOSFET Designs

Based on the International Technology Roadmap for Semiconductors (ITRS)
specifications, the nominal planar bulk MOSFET design is optimized using three-
dimensional (3D) device simulations with continuum doping profiles, by selecting the
electrical channel length (L, defined as the distance between the points where the
source/drain doping profiles fall to 2 x 10* cm™), retrograde body doping peak depth (Ts),
and source/drain-extension (SDE) junction depth (X;) to achieve maximum drive current
for an effective oxide thickness (EOT) of 9 A, gate work function (®y) of 4.08 eV (n+
poly-Si), and an off-state leakage current specification of 5 nA/um at 1 V supply voltage
(Vbp). The vertical retrograde body and lateral SDE doping gradients are 4 nm/dec and 2
nm/dec, respectively. The parameters for the optimized design are Legs = 20 nm, Ty = 14
nm, and X; = 14 nm.

Fig. 3.1 illustrates the nominal quasi-planar bulk MOSFET design. The physical height
(Hsi) of the gated channel above the isolation-oxide surface is equal to T to achieve the
best performance [11], so that the physical channel width is 48 nm (W + 2H). Note that
the electrical effective channel width (W) is actually smaller (by ~8 nm) than this,
because the retrograde body doping profile is not perfectly abrupt. @y is set to 4.35 eV for
the quasi-planar device design to achieve the same linear V1 (0.34 V at Vps = 0.1V).

3.2.2 Methodology for Atomistic Device Simulation

The methodology described in [9] was used to generate atomistic body- and SDE-
doping profiles for 3D device simulation as follows. First, a pseudo-lattice structure in
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which each grid point represents a silicon atom is generated to represent the body and SDE
regions. In other words, regions to be atomistically simulated are converted to cubic grids
with the silicon lattice spacing. Then, the nominal doping profile information is used to
calculate the probability of finding a dopant atom at each lattice site (Prpr). For each
atomistic doping profile, a random probability following a uniform distribution (Prang) is
generated for each lattice site, and a dopant atom is placed at every lattice site for which
Pror > Prang.  The effective dopant concentration at each simulation mesh point is then
calculated as follows. Rather than using a point charge definition of an ionized dopant
atom, which would result in unrealistic singularities in potential and charge density, we
followed the methodology of Sano et al. [12, 13] to model the “influence” of an ionized
dopant atom, which decays as 1/r, where r is the radial distance from the center of the atom.
Also, we used the long-range potential of a conduction electron in the silicon lattice to
derive a corresponding charge density:

gk{sin(k,r) — (k,r) cos(k,)}
27 (k.1)?

where k. is the inverse screen length or the inverse of the Debye length. For each randomly
placed dopant atom, the distances to its eight nearest simulation mesh points are computed
and the effective doping density contributed by the ionized dopant atom at these points is
calculated using the long-range potential charge density [13]. This appropriately weights
the influence of each ionized dopant atom at each simulation mesh point. Finally, an
ASCII file containing the total doping density at each simulation mesh point is generated
and exported to a commercial device simulator [10] for I-V simulation. An example of a
quasi-planar bulk MOSFET structure with atomistic doping profiles is shown in Fig. 3.2.
The sequence of random dopant placement and |-V simulation with advanced physical
models including the density gradient model and drift-diffusion transport model [10] was
iterated 200 times for each device design, in order to obtain meaningful V1 statistics.

p(r) = 1)

Red; Acceptor atoms
Blue: Donor atoms

P-sub

(b)
Figure 3.2. (a) Example of a quasi-planar bulk MOSFET with atomistic doping profiles.

(b) Isometric view of the same quasi-planar bulk MOSFET, showing the randomly
placed dopant atoms.
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Figure 3.3. Simulated Ip-Vgs curves for bulk MOSFETs with atomistic body and
source/drain doping profiles (200 cases each): (a) planar device design, and (b) quasi-
planar device design. The thick square-dotted solid curves show the simulated Ip-Vgs
curves obtained for continuum doping profiles. Note that the I values are for devices

with 20nm layout width.

It took approximately 30 minutes for each Ip-Vgs curve

simulation on an AMD64 machine with 8Gbit memory.
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3.3. Results and Discussion
3.3.1 Planar vs. Quasi-Planar Bulk MOSFET Designs

Simulated Ip-Vgs curves for planar and quasi-planar MOSFETSs with atomistic doping
profiles are shown in Fig. 3.3 [14]. For reference, the curves obtained for the same devices
with continuum doping profiles are also plotted. It can be seen that the variation in off-
state current is reduced by one order of magnitude for the quasi-planar device. The
standard deviation of Vry variation (o(V1w)) for the quasi-planar device is ~70% that for
the planar device, because the quasi-planar device has ~1.6x larger W (based on the ratio
of Ipin values) and only slightly greater depletion charge due to its 3D channel geometry.
This can be also explained by the following equation for o(Vty) [15], which is derived
below:

Qs
W, —
2Cox W . \/Wstripe Leff QB /q

stripe

o(V,) =

)

where Coy is the areal gate capacitance, Wiipe is the layout width of a stripe, and Qg is the
depletion charge per unit layout area.

Qg

ox,total
flat-band voltage, 2¢g is the surface potential at the threshold condition, Qg is the total
depletion charge, and Cuxww IS the total gate capacitance. Noting that

0Qz /0N, =Qz /(2N,) since Qg c /N, , it is derived from the above equation that
C5QB =Q; ON, :QBL, where N, is the nominal doping

ox,total 2N aCox,totaI 2nacox,total
concentration, and n, is the number of dopant atoms, in the depletion region. It is assumed
that the actual number of dopant atoms follows a normal distribution, so thata(na):\/I.

Vry is given by the well-known equation V;,, =V +2¢; + , where Vg is the

é\/TH =

Considering that Q_B is the depletion charge per unit layout area and Co is the areal gate
capacitance, o(Vry) for the quasi-planar bulk MOSFET is derived as follows.

o(Vr) = Qg O'(na) =Qg \/E = %
2nacox,total 2nacox,total Zcox,total \/I
QBWstripe Leff Q_B

= —— = W —
ZCoxWeff Leff \/Wstripe Leff QB /q 2Cox W eff A ’;};}stripe Leff QB /q

stripe

Note that West =Weyipe for the planar bulk MOSFET.
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Figure 3.4. Comparison of body RDF vs. source/drain RDF effects on linear V1 (Vps =
0.1 V): (&) Vry lowering, (b) Vy variation. Note that V1 variation is reduced by
~30%, and that V1 variation due to body RDF is relatively suppressed, for the quasi-
planar FET.

3.3.2 Body RDF vs. Source/Drain RDF

To elucidate the impacts of body-RDF vs. source/drain-RDF, additional device
simulations were performed with only atomistic body doping or only atomistic SDE doping
(200 iterations for each case). From Fig. 3.4, it can be seen that both Vry lowering and
V1 Vvariation are dominated by body-RDF, because the position and number of dopant
atoms in the body region are more important for determining V4. Therefore, precise
control of the body doping profile is critical for reducing V14 variation in bulk MOSFETS.

3.3.3 Assessment of V1 Adjustment Approaches

For the quasi-planar bulk MOSFET, V14 can be adjusted by changing the body doping
profile in two ways: by tuning its integrated dose, i.e., its peak concentration (Npeax), Or its
peak depth (Tg). In order to compare the impacts of RDF for each Vry-adjustment method,
additional atomistic device simulations were performed for the quasi-planar bulk MOSFET
structure with the body doping profile tuned to adjust Vry either down to 0.15V or up to
0.4V (500 iterations for each Vry, for each method). For the conventional method of dose
adjustment, o(Vry) increases with V4 (Fig. 3.5a). In stark contrast, for the alternative
method of T adjustment, (V14) does not increase significantly with V1 (Fig. 3.5b). This
is expected based on Eq. 2, since the amount of depletion charge in the channel is increased
significantly when Npeax IS increased in order to increase Vru. Note that Wess decreases
slightly with increasing Npeak, While Les increases. Calculated values of o(Vr4) using Eq. 2
(with values for Qg obtained by integrating the continuum retrograde body doping profile,
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values for Wes estimated from Ip in, and values for Less taken as the distance between the
points where the source/drain doping profiles fall to 2 x 10'° cm™) were found to match the
values of (V) obtained via atomistic simulation, to within 5%, for the range of Npeax
values in Fig. 3.5a. o(Vy) was found empirically (from the atomistic simulations) to be
proportional to Qg’* (rather than Qg®° as in Eq. 2), consistent with findings in a previous
study [3]. When instead Ts; is decreased in order to increase Vy, the increase in Qg (and
hence the increase in o(V1y)) is reduced.

For the conventional method, a tradeoff in short-channel control (increased drain-
induced barrier lowering) is seen as Npea IS reduced to lower Vry (Fig. 3.5a). For the
alternative method, this tradeoff is less severe as T is increased to lower Vy (Fig. 3.5b).
Thus, V14 adjustment via tuning of the retrograde body doping depth is advantageous for
mitigating tradeoffs in V14 variation and short-channel effect control. It should be noted
that, for ease of process integration, a single value of Hg (achieved by uniform selective
etching to recess the isolation oxide, or by uniform selective epitaxial growth to elevate the
channel) can be used for both low-V14 and high-Vry quasi-planar bulk MOSFETSs. That is,
the physical height of the channel can be the same for all quasi-planar devices, while the
depth of the retrograde body doping is tuned (e.g.,, by adjusting the ion implantation
energy) to adjust Vry to minimize the trade-off in V14 variation. Since this would result in
Hs > T for the high-V1y devices, they would have proportionately larger intrinsic delay
(due to larger gate-to-body capacitance); this should not present a serious issue, however,
since high-V1y devices are not utilized in critical naths.
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Figure. 3.5. Impact of nominal V14 adjustment on Vy variation. (a) Conventional Vy-
adjustment method, with Hg; and T each fixed at 14 nm. (b) Alternative V-
adjustment method, with Ny fixed at 2 x 10" cm™®. The average value of drain-
induced barrier lower (<DIBL>) is indicated for each design point. <DIBL> is tightly
controlled within 100mV/V if the T adjustment method is used.
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3.4 Summary

A study of random dopant fluctuation (RDF) effects on the quasi-planar bulk MOSFET
vs. the planar bulk MOSFET is performed via atomistic three-dimensional device
simulation, for devices with 20 nm gate length. The quasi-planar bulk MOSFET structure
is more robust to RDF than a planar bulk MOSFET structure with identical nominal body
and source/drain doping profiles and layout width. The effects of body RDF (vs.
source/drain RDF) are dominant; hence, precise control of the body doping profile is
critical for minimizing Vry variation in a bulk MOSFET technology. The quasi-planar
bulk MOSFET offers a new method of Vry adjustment, via tuning of the retrograde body
doping depth, to mitigate tradeoffs in V4 variation and short-channel effect control.
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Chapter 4

Full three-dimensional Simulation of 6-T
SRAM Cells for the 22nm node

4.1 Introduction

A challenge for continued SRAM cell area scaling is threshold voltage (V1) mismatch
due to variability in transistor performance [1], which eventually degrades the minimum
operating voltage of the SRAM array [2]. To suppress Vty variation due to random dopant
fluctuations (RDF) and process-induced variations in device parameters, light channel
surface doping via a retrograde or delta-shaped body doping profile [3] or a fully-depleted
ultra-thin-body/multi-gate architecture [4, 5] should be used. To avoid the need for
expensive SOI substrates or more complex fabrication processes [6, 7], the segmented bulk
MOSFET (SegFET) design was proposed to reduce Vry variation [8, 9]. In this chapter,
the benefits of SegFET technology for 6T-SRAM are assessed via full 3-dimensional (3D)
cell simulation, in contrast to conventional mixed-mode (device-circuit) simulation, with
regard to read stability, write-ability, cell yield, and susceptibility to single-event-upset
(SEV).
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Figure 4.1. (a) Cross-sectional views of a two-striped SegFET (used for the pull-down

devices in the SegFET SRAM cell) along one stripe and across the channel, (b) Front-
end-of-line fabrication process steps for a SegFET.
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4.2  Segmented Bulk MOSFET Structure and Fabrication
Process

The SegFET structure and front-end-of-line fabrication process steps are illustrated in
Fig. 4.1. The channel is divided into stripes of equal width (Wsrripe), With very shallow
trench isolation (VSTI) regions in-between the stripes. The VSTI depth should be deeper
than the source/drain extension junction depth (X;) in order to fully suppress source-to-
drain leakage current underneath the VSTI, but can be much shallower than the STI used to
isolate transistors so that the channel stripes do not have a large aspect ratio. Within each
stripe, the doping profiles are identical to those in a conventional planar bulk MOSFET
(Fig. 4.1a). A quasi-planar structure is formed by recessing the VSTI by a small amount
(Hstripe) prior to gate stack formation; together with a retrograde channel doping profile
(peaked at a depth Tg), it provides for superior electrostatic integrity. The SegFET
fabrication process (Fig. 4.1b) is identical to a conventional bulk MOSFET fabrication
process, except that a corrugated substrate is used as the starting material. Since the
features on the corrugated substrate are geometrically very regular, small-pitch and high-
resolution patterning techniques such as multiple patterning or spacer lithography [11] can
be readily used to achieve stripes of uniform width with very fine pitch. For improved
layout area efficiency, the stripe spacing (Wspacing) can be less than Wsrgripe.

4.3 6-T SRAM Cell Designs

Fig. 4.2 shows the scaling trend for 6T-SRAM cell area. Based on recent publications
[12-16], the dimensions for 22nm-node cells (Table 4.1) were selected for this study.
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Figure 4.2. 6T-SRAM cell area scaling trend. The area of the proposed 22 nm node cell
designs studied in this work is indicated.
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Factor symbol | Size
PG Length La 0.025
PD Length Ld 0.025
Height |CONT X 0.030
PO-CONT Y 0.020
Total 0.190
PC-PO A 0.030
PO-DIF ext B 0.020
PD Width Wd 0.055
Width  [N/P Isolation C 0.050
PU Width Wi 0.032
DIF-DIF (rnin) D 0.050
0.394

Total

A/2

A

Wy
A

3

=

n,BLB

Table 4.1. SegFET 6T-SRAM cell dimensions for the 22nm node. The half-bit cell
layout and 6T SRAM circuit schematic are shown to indicate the parameters designated
in the table.

The pull-up (o) ratio and cell (B) ratio of the SegFET SRAM cell design, with
2XWestripe = 40nm, Hstripe = 10nm, and Wspacing = 15nm for the pull-down devices, are

comparable to those of the other SRAM cell designs.

The gate-sidewall spacer width

(~10nm), with an upper limit imposed by the gate-to-contact pitch, and the source/drain
extension junction depth (~10nm) are each optimized to achieve good static noise margin
(SNM) [17] and write-ability current (l) [18]. To achieve the same V1u,in as for the planar
devices, the gate work-function is set to 4.3eV for the SegFETs. The SNM and |, values
for each cell design were obtained from full 3D simulations (Fig. 4.3) using advanced
physical models including the density-gradient model and drift-diffusion transport model.
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Figure 4.3. 3D 6-T SRAM cells simulation results: (a) butterfly plots and (b) write-N-
curves for Planar, Quasi-Planar, and SegFET technologies. Each butterfly curve took
~6 hrs to simulate using an AMD64 machine (8 cores).
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Fig. 4.4 shows the 3D 6T-SRAM cell structures used in this study. The STI oxide is
not shown in (a)-(c) to allow the channel regions to be seen. The STI oxide and VSTI
oxide in-between multiple stripes of the pull-down SegFETs are shown in (d).

(@) Planar bulk SRAM (b) Quasi-Planar bulk SRAM o0

(c) SegFET SRAM without Oxide pp, (d) SegFET SRAM with STI and VSTI Oxide

PU VSTI

Figure 4.4. 3D 6T-SRAM cell structures with fine meshing (<lnm) in the channel
regions.

As shown in Fig. 4.5, the SegFET cell has the highest SNM across the entire range of
Vpp Vvalues, and it is sufficient (20.2xVpp). The SNM at Vpp = 1.1V is smaller for the

quasi-planar cell as compared to the planar cell due to a weaker body effect in the pass-gate
devices [10].
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Figure 4.5. (a) SNM and (b) I, vs. Vpp. The SegFET cell has higher SNM across the
range of Vpp. The quasi-planar cell has better SNM at lower Vpp (<0.9V), as compared
to the planar cell.

4.4 Global and Local Variation Analysis

Due to its superior electrostatic integrity, the SegFET is more robust to global and local
variations. Figs. 4.6a and 4.6b compare short-channel effects and narrow-width effects,
respectively, for the SegFET vs. planar MOSFET structures. Variation due to RDF was
evaluated via atomistic simulations [9]: o(Vth) ~ 25mV and 28mV for n-channel and p-
channel SegFET/quasi-planar devices, respectively; o(Vty) ~ 45mV and 49mV for the n-
channel and p-channel planar devices, respectively.

A sensitivity analysis was performed to assess the benefit of SegFET technology for
improving SRAM cell yield using the concept of cell sigma, defined as the minimum
amount of variation for read/write failure [10]. As shown in Fig. 4.6¢, the SNM cell sigma
for the SegFET cell is ~8, which is a 3-sigma improvement over the planar cell. The
minimum Vpp that meets the six-sigma yield requirement for both SNM and 1, is ~0.75V
for the SegFET cell. In stark contrast, the six-sigma yield requirement cannot be met by the
planar cell for any value of Vpp; it achieves only 5.5 SNM cell sigma at Vpp = 0.9V.
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4.5 Simulation of Single-Event-Upset

SRAM cell soft-error tolerance was evaluated using an inverter model in [19]. The
high (“1”) storage node is the region of the cell that is most sensitive to a particle strike,
because the drain junction of the corresponding pull-down device is reverse-biased so that
the probability of collecting generated electron-hole-pairs (EHPS) in the drain depletion
region is relatively high. In this work, soft-error tolerance is studied via transient
simulation of complete 3D 6T-SRAM structures. First, the cell is written and then the data
is held. Then, a heavy ion beam (Fig. 4.7) is made to vertically impinge on the high (“1”)
storage node at time t = timpact, fOr each of the different SRAM cell designs. Due to the
funneling effect [20], a parasitic thyristor turns on to short the drain node to the source node.
This is evident in Figs. 4.8a and 4.8b, which show the high storage node (V1) voltage
being pulled down as a result of the particle strike, so that the low storage node (Vy2)
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voltage is increased due to the SRAM cell’s positive feedback. The simulation results
indicate that the SegFET cell can withstand a particle strike with ~1.5x larger linear energy
transfer (LET) value (~0.35pC/um vs. ~0.24pC/um for the planar cell) without data
disturbance. This is because the SegFET cell has a stronger pull-up device (with ~40%
higher on current), slightly higher (by <10%) source/drain junction capacitance, and
smaller body effect [8]. Based on the “rule of thumb” that the maximum LET (in MeV-
cm?/mg) of an ion beam is roughly equal to its atomic number Z, the SegFET cell is robust
against much heavier particles (Zmax ~ 35). Note that if the beam incidence angle is
decreased to 45°, the threshold LET value is reduced by 5-10%.

Figure 4.7. Heavy ion beam modeling. The Gaussian trace is characterized by the
parameters I, and w(t). It is assumed that the trace is symmetric with respect to the

track axis.
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Figure 4.8. Transient simulations of heavy-ion-beam strike on the high storage node in
(a) SegFET 6T-SRAM cell, and (b) planar 6T-SRAM cell. I = 1um, w(t) = 5nm,
incidence angle = 90°.
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4.6 Summary

Full 3D 6T-SRAM cell simulations are used to assess the benefits of advanced
MOSFET structures at the 22nm node. Segmented MOSFET (SegFET) technology is
projected to achieve enhanced read stability and write-ability, improved SRAM cell yield,
and improved immunity to soft errors.
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Chapter 5

Quasi-Planar Bulk CMOS Technology for
Improved SRAM Scalability

5.1 Introduction

Following Moore’s Law, transistor density has roughly doubled with each new CMOS
technology generation largely due to the steady miniaturization of the transistor. Variation
in transistor threshold voltage (Vty) due to random dopant fluctuations and line-edge-
roughness [1] and gate work-function variation [2] become more significant as the
transistor gate length (L) is reduced below 30nm, so that continued transistor scaling poses
a growing challenge, particularly for static random-access memory (SRAM) arrays which
typically employ the smallest transistors and have the most stringent yield requirement [3].
V14 mismatch makes it difficult to lower the SRAM operating voltage [4], so that
increasing power density has become a critical issue. Therefore, an improved transistor
design that provides for reduced short-channel effects (i.e., improved gate control over the
channel potential) and hence reduced Vry sensitivity to process-induced variations is
needed to facilitate voltage scaling. Examples include the fully depleted silicon-on-
insulator (FD-SOI) MOSFET with thin buried-oxide (thin-BOX) [5] and multiple-gate
transistor structures (e.g.,, FINFET, MuGFET, Tri-Gate FET) [6]; but these require either
expensive SOI substrates and/or more complex fabrication processes that pose significant
barriers to their widespread adoption. Recently, a low-cost quasi-planar bulk CMOS
technology was proposed and demonstrated to provide for improved performance and
reduced variability [7, 8]. In contrast with FINFET/MuGFET/Tri-Gate FET structures
which employ a narrow body region to suppress short-channel effects, the quasi-planar bulk
MOSFET structure uses the conventional retrograde channel doping of the planar bulk
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MOSFET structure to suppress leakage current, in addition to a quasi-planar gate electrode
and gate fringing electric fields, to achieve improved gate control.

This chapter presents more details of the study of quasi-planar bulk CMQOS technology
for improved SRAM scalability [8]. In Section 5.2, the device fabrication process is
described. In Section 5.3, the benefits of the quasi-planar MOSFET design for improving
transistor performance and reducing variability to improve SRAM yield are presented.
Section 5.4 presents the conclusions from this study.

5.2 Device Fabrication

(100) epi-Si wafers were used as the starting substrates for fabricating MOSFETSs with
<110> channel orientation in an early 28nm-generation bulk CMQOS logic technology. The
sequence of front-end-of-line fabrication process steps is outlined in Fig. 5.1. After
conventional shallow-trench-isolation (STI) processing, N/P well and Vry-adjust ion
implantation steps were performed, followed by high-temperature rapid thermal annealing
(RTA). Subsequently, dilute hydrofluoric acid (DHF) was used to remove residual
sacrificial oxide, as well as to recess the STI oxide by a small amount (15nm) prior to gate
stack formation to achieve quasi-planar MOSFETs. A shorter DHF dip was used for the
control (planar MOSFET) devices. The gate stack was formed by plasma nitridation of a
thermal oxide layer of 1.45nm physical thickness followed by deposition of an undoped
polycrystalline silicon layer of 70nm thickness. To define the gate electrodes with tight
control of physical gate length (as small as 30nm) for logic transistors and 0.149um? 6-T
SRAM bhit cells, a double-patterning/double-etch (2P2E) process employing 193nm
immersion lithography and advanced hard-mask etching techniques was used. After gate
stack patterning, pocket ion implantation was performed. An experimental split was
included to explore lighter pocket doping, in which the implant dose was lowered by
10%%cm™. Gate-sidewall spacers were formed prior to source/drain ion implantation. To
activate the implanted dopants, a rapid thermal process (RTP) followed by laser spike
annealing (LSA) was used to enhance the electrical conductivity in the source/drain
regions. Afterwards, a nickel silicidation (NiSi) process was applied. Subsequently, dual
contact etch stop layers (CESL) of SiNx -- highly compressive stress liner for PMOS
devices, and highly tensile stress liner for NMOS devices -- for performance enhancement
were formed by plasma-enhanced chemical vapor deposition (PECVD). After interlayer
dielectric (ILD) oxide deposition, contact hole definition, tungsten plug formation and
chemical mechanical planarization (CMP), a standard copper metal interconnection process
was followed.

A standard test-chip mask set was used to fabricate individual logic transistors and 6T-
SRAM arrays, ~2500 cells per device-under-test (DUT). Fig. 5.2 shows plan-view
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scanning electron microscopy and cross-sectional transmission electron microscopy images
of a fabricated SRAM cell.

STI Formation
Well & V4, Implantation
“STI Oxide Recess”

G,,/Poly-Si Deposition

Gate (2P2E) Patterning
LDD & Pocket Implantation
Spacer & S/D Formation
Activation Process

Salicidation

Figure 5.1. Sequence of front-end-of-line CMOS fabrication process steps used to
fabricate logic devices and SRAM arrays in this work.
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Figure 5.2. (a) 0.149um® SRAM cell plan-view CDSEM image after gate patterning.
(b) XTEM taken along a poly-Si gate electrode in an SRAM array, for 15nm nominal
STI-oxide recess depth.
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5.3 Results and Discussion

5.3.1 Quasi-Planar vs. Planar MOSFETSs

5.3.1.1 Improved Performance

Due to improved gate control and increased effective channel width, quasi-planar
MOSFETSs (in which the ST1 oxide is recessed by 15nm) have higher on-state drive current
(lon) for comparable off-state leakage current (logg), as shown in Fig. 5.3. Lower pocket
doping results in lower Vry as well as higher average effective mobility, and hence even
higher lon. Because the benefit of sidewall gating increases as the layout width decreases,
the pass-gate (PG) devices show greater improvement (2.4%) in loy than the pull-down
(PD) devices (2.1x improvement). The performance enhancement (4.5x) is greatest for the
PMOS devices not only because they have the narrowest layout width and but also because
hole mobility is higher for the (110) sidewall channel surfaces, whereas electron mobility is
lower [9].

40 40
35 J 0140um” SRAM 0 =464pA s | 0.149pm’ SRAM
(Max, 0.75, Median,0.25, Min) (Max, 0.75, Median,0.25, Min)
T 0T 0= 6.64uA < a0 [j
=225 1 - 2251
- -—
@© © -
» 20 T o= 3.43uA _ » 20
o ©
15 1 15
o o | [L]
10 1 - 10 +
(b)
5 9 5 4
(a) o =3.68pA 0 =598pA 0 =4.26pA
0 0
Control RECESS=15nm RECESS=15nm Control RECESS=15nm RECESS=15nm
(PKT Light) (PKT Light)
Wafer 0 Wafer
5 1
)
<:E. o =1.89uA -
.04 7T
o
1%}
ko]
— -15 +
2 0 =2.87pA 0 =2.74pA
207 0.149pm? SRAM
(C) (Max, 0.75, Median,0.25, Min)
-25

Control RECESS=15nm RECESS=15nm
(PKT Light)

Wafer

Figure 5.3. Comparison of ON/OFF current statistics for planar (Control) vs. quasi-
planar (RECESS=15nm) bulk MOSFETs in SRAM cells. (a) pass-gate NMOS oy, (b)
pull-down NMOS oy, (c) pull-up PMOS Igy.
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5.3.1.2 Suppressed V14 Variation
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V1y statistics are shown in Fig. 5.4 for the PG/PD/PU devices. Improved gate control
results in steeper subthreshold swing and hence lower V1 for the quasi-planar MOSFETS.
In this early 28nm CMOS process, the standard pocket implant dose is relatively high for
the n-channel devices. As a result, variation in Vry is slightly larger for the quasi-planar
PG and PD devices, due to more significant impact of random dopant fluctuations (RDF)
for the gated sidewalls. This undesirable effect is eliminated by using a lighter pocket
implant dose, as shown in Figs. 5.4a and 5.4b, which further lowers Vry without
significantly increasing logr (ref. Figs. 5.3d and 5.3e). The standard pocket implant dose is
lower for the p-channel devices, so that the impact of RDF for the gated sidewalls is not an
issue. Thus, PMOS V+y variation is reduced when the STI oxide is recessed, due to the



superior electrostatic integrity of the quasi-planar structure (Fig. 5.4c). If an even lighter
pocket implant dose is used, then Vty variation is slightly larger due to degraded short-
channel effect. In short, V14 variation in quasi-planar devices can be lower than in planar
devices if the channel/pocket doping level is optimized.
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Figure 5.4. Comparison of saturation V statistics for planar (Control) vs. quasi-planar
(RECESS=15nm) bulk MOSFETSs in SRAM cells: (a) pass-gate NMOS, (b) pull-down
NMOS, (c) pull-up PMOS.

Pelgrom plots [10] showing how V14 variation increases with decreasing channel area,

for logic devices, are shown in Fig. 5.5. Pelgrom’s coefficient (Ayr) is reduced by 8% and
7% for the NMOS and PMOS quasi-planar devices with lower pocket doping, respectively.
This improvement is consistent with the SRAM device results shown in Fig. 5.4.
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Figure 5.5. Pelgrom plots for (a) NMOS and (b) PMOS logic devices with drawn width
ranging from 120nm to 1um and drawn gate length ranging from 36nm to 0.2um.

5.3.1.3 Improved Short-Channel Effect

Fig. 5.6 shows the short-channel effect for logic devices with 250nm drawn width. It
can be seen that VT roll-off is reduced for the quasi-planar structures, even though the
channel is much wider (by >16x) than the STI oxide recess depth. Reasonable short-
channel control is maintained by the quasi-planar structure even with lighter pocket doping.
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Figure 5.6. Saturation threshold voltage with decreasing gate length, for logic devices
with 0.25pum drawn width. (a) NMOS (b) PMOS.
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5.3.1.4 Increased Narrow Width Effect

The reverse narrow width effect, i.e., Vy reduction with decreasing channel width (W),
stems from increased gate control for narrower channel width due to fringing electric fields
between the gate electrode and channel sidewalls. This effect is intensified in quasi-planar
devices, as shown in Fig. 5.7. It should be noted that, overall, V14 variation is lower for
quasi-planar devices -- even with reduced pocket doping -- than for the planar devices, due
to improved short channel control.

To maximize the benefits of quasi-planar CMOS technology, wider transistors should
be segmented into stripes of uniform width less than or equal to ~2Lg [11]. A double-
patterning approach [12] similar to that used for gate patterning in state-of-the-art CMOS
processes can be used to form channel segments of highly uniform width without the need
for forming high-aspect-ratio isolation trenches.

0.6 -0.1
NMOS Lg=0.036pm (a) PMOS Lg=0.036um (b)
055 | 0.15 |
& CONTROL
0.5 7 027 RECESS=15nm
S 0.45 S -0.25 ® RECESS=15nm (PKT Light)
T 0.4 T 037
5 g 037e
S 035 S 035 | S e o
- & CONTROL R
0371 RECESS=15nm 0.4 7T «
0.25 @ RECESS=15nm (PKT Light) -0.45 1 ¢
0.2 } } } } -0.5 1 1 1 1 |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Width (um) Width (um)

Figure 5.7. Measured reverse narrow width effect for devices with 36nm gate length:
(@) NMOS (b) PMOS. Median V1 is lower when the STI oxide is recessed, due to
improved gate control over the channel potential.

5.3.1.5 Compact Transistor Model

One of the advantages of quasi-planar CMOS technology over FD-SOI and
FINFET/MuGFET/Tri-Gate FET technologies is that it is compatible with standard bulk
MOSFET compact models used for circuit design. In this work, the BSIM4.6 compact
model was calibrated to the electrical characteristics of quasi-planar bulk MOSFETS, with
fitting parameters including electrical and physical gate-oxide thickness, gate length offset,
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and the number of fingers in the device. Fig. 5.8 shows that the compact model can be
well-fitted to quasi-planar bulk MOSFET characteristics, including the body effect. This
illustrates another advantage of quasi-planar CMOS technology, which is that it allows for
adaptive body biasing, i.e., dynamic optimization of the trade-off between performance
(delay) and power consumption (energy).
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Figure 5.8. Comparison of measured output characteristics for planar (Control) vs.
quasi-planar (RECESS=15nm) bulk MOSFETSs in SRAM cells, for [Vgs| = 1.0V. The
effect of forward body biasing is also shown. (a) pass-gate NMOS, (b) pull-down
NMOS, (c) pull-up PMOS. The symbols are measured data; the lines show the fitted
compact model.
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5.3.2 Benefits of Quasi-Planar Bulk CMOS Technology for 6T-SRAM

5.3.2.1 Cell Yield Enhancement

In this early 28nm CMOS technology, SRAM vyield (gauged by 3-sigma/mean values
for DC read and write noise margins, SNM and WRM, respectively) was slightly
diminished by recessing the STI oxide, because of the aforementioned increase in NMOS
V1y variation (ref. Figs. 5.4a and 5.4b). If lighter pocket doping is used, however,
variability is reduced so that yield is superior for the quasi-planar CMOS technology, as
shown in Fig. 5.9. The nominal SNM is degraded by recessing the STI oxide because the
cell beta ratio is degraded (even though the drive strength of the PU device is improved),
which is why the increase in 3sigma/median is larger than for sigma (Fig. 5.9a). The fact
that nominal WRM is improved by recessing the STI oxide accounts for the observation
that 3sigma/median does not increase by very much, even though sigma increases
significantly due to increased PG Vry variation (Fig. 5.9b).
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Figure 5.9. Sigma and 3-sigma/median values for (a) read margin (SNM) and (b) write
margin (WRM). Vgq = 1.0V.

5.3.2.2 Supply-Voltage Reduction

Supply-voltage (Vqq) reduction is desirable to reduce power density and to facilitate
increased transistor density. Generally, however, relative variability increases as the gate
overdrive (Vg¢-VTH) decreases, so that yield is degraded. Fig. 5.10 shows that the
degradation in SNM yield with V44 reduction (from 1.0V to 0.8V) is dramatically reduced
for quasi-planar bulk CMOS technology with reduced pocket doping, while the degradation
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in WRM vyield with Vg4 reduction is not significantly worse for quasi-planar bulk CMOS
technology. With separately optimized pocket implant doses for the NMOS and PMOS
devices, reduced degradation in both SNM yield and WRM yield with V44 scaling can be
achieved.
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Figure 5.10. Degradation in 3-sigma/median for (a) SNM and (b) WRM as Vg is
reduced from 1.0V to 0.8V.

5.4 Summary

With optimized pocket doping, quasi-planar MOSFETSs achieved by slightly recessing
the STI oxide prior to gate-stack formation in an otherwise conventional CMOS fabrication
process can provide for improved performance and reduced variability, and hence can
facilitate the scaling of SRAM operating voltage. The benefits of the quasi-planar bulk
MOSFET design increase with decreasing channel width, so that quasi-planar CMOS
technology is a compelling solution for future generations (22nm and beyond).

As already discussed in the Chapter 2, fully-depleted silicon-on-insulator (FD-SOI)
technology with thin buried-oxide (thin-BOX) provides for improved read-stability yield
(by 1.20), and write-ability yield (by 2.2c) for fixed SRAM cell area, as compared against
planar bulk technology. For fixed yield, the FD-SOI SRAM cell provides a cell-area
savings of ~ 25%. This benefit of area savings is offset by the incremental cost of an SOI
substrate. In addition, established strain engineering techniques such as the use of
embedded source/drain stressors cannot be used with FD-SOI technology, due to inherently
ultra-shallow source/drain regions. In contrast, the quasi-planar bulk technology described
herein offers a more cost-effective alternative, one that preserves the advantages of a
conventional planar bulk technology (compatibility of strain engineering techniques to
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enhance mobility, dynamic threshold voltage control, an established compact device model,
and low substrate cost) while offering the advantages of a multi-gate technology (improved
performance and scalability). The benefits of quasi-planar bulk MOSFET technology will
only increase with transistor scaling, since decreasing channel width results in improved
electrostatic integrity, so that it is a compelling solution for CMOS scaling to the end of the
technology roadmap (sub-10nm gate lengths).
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Chapter 6

Performance and Yield Benefits of Quasi-
Planar Bulk CMOS Technology for 6-T
SRAM at the 22 nm Node

6.1 Introduction

Efforts to reduce six-transistor (6-T) SRAM cell area [1-5] by a factor of two with each
new technology generation are the de facto driving force for cutting-edge CMOS
technology development. Continued SRAM cell area scaling is essential to sustaining
Moore’s Law. However, it is challenged by both increased process-induced variability with
transistor scaling and the need to integrate more cells on a die at each successive
technology node. Specifically, a growing issue is transistor threshold voltage (V)
mismatch due to systematic and random variations [6, 7], which sets a lower limit for the
operating voltage of the SRAM array [8]. Variations in Vry caused by random dopant
fluctuations (RDF) and gate line-edge-roughness (LER) will become dominant as the gate
length (Lg) is scaled down below 30 nm [9].

Various circuit- and transistor-design approaches have been proposed to address the
issue of increasing Vry variation. These include the use of read-assist and write-assist
techniques to enhance SRAM read and write margins, for example read/write-assist column
circuitry, word-line bias, pulsed bit lines, and lower column supply voltages during write
[10, 11] — which results in lower array efficiency (i.e., larger array layout area). Transistor-
design approaches include the use of a super-steep retrograde or delta-shaped body doping
profile [12], or the adoption of a transistor structure that provides for improved electrostatic
integrity, such as fully depleted ultra-thin-body or multi-gate structures [13-15], to reduce
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V1y sensitivity to variations. To avoid the need for costly silicon-on-insulator substrates or
complex fabrication processes [16, 17], the quasi-planar bulk MOSFET design (Fig. 6.1)
was recently proposed [18]. A simple approach for manufacturing this structure using a
conventional CMOS process flow was recently demonstrated to provide for improved yield
in an early 28 nm-generation SRAM technology [19, 20]: a timed dilute-HF etch is used to
slightly recess the shallow trench isolation (STI) oxide just prior to gate-stack formation,
resulting in gate electrodes that each wrap around the top portion of their respective
MOSFET channel region. In this chapter, the potential benefits of quasi-planar bulk
CMOS technology vs. planar bulk CMOS technology with regard to six-transistor (6-T)
SRAM cell performance and yield are assessed, for the 22 nm technology node.

Substrate

Sidewall
spacer

Source XJ,E,{E' I XJ-SIE Drain
TSik\..

Retrograde Channel
(4nm/dec)

Bulk Substrate
(b)

Figure 6.1. (a) Bird-eye view of a quasi-planar bulk MOSFET (gate electrode not
shown to allow channel region to be seen), and its cross-sectional views (b) along and
(c) across the channel.
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6.2 Quasi-Planar Bulk Technology

6.2.1 Optimized MOSFET Performance

Quasi-Planar bulk CMOSFET designs were optimized for gate length Lg = 25 nm and
transistor width Wstripe = 30 nm, using three-dimensional (3-D) device simulations, to
achieve the highest on-state drive current (lon) for an off-state leakage current (loge) no
greater than 3 nA/um, effective oxide thickness (EOT) Tox = 9 A and Vpp = 1V: electrical
channel length (defined as the distance between the points where the source/drain extension
(SDE) doping profiles fall to 2 x 10" cm™) Legs = 27 nm for NMOS, 28 nm for PMOS;
source/drain extension (SDE) junction depth X;ext = 10 nm; deep source/drain junction
depth X;s/p = 28 nm; shallow-trench-isolation (STI) oxide recess depth (Hsj) = 10 nm; near-
band-edge gate work functions ®y = 4.2 eV for NMOS, 5.1 eV for PMOS. The retrograde
channel doping profile is assumed to have a gradient of 4 nm/dec and peak doping
concentration (Npeak) = 10" cm™ at a depth Ty below the top channel surface; the SDE
doping profile is assumed to have a steep lateral gradient of 2 nm/dec. Steep retrograde
doping profiles have been achieved in practice via selective epitaxial growth of the lightly
doped (or undoped) channel region [21-26] or by utilizing diffusion-barrier layers [27].
The same design parameter values are assumed for the planar bulk MOSFET design, except
that @y = 4.08 eV for NMOS and 5.2 eV for PMOS to yield similar nominal values of
saturation threshold voltage as their quasi-planar counterparts.

Fig. 6.2 shows the transfer characteristics (Ips vs. Vgs) for the optimized quasi-planar
bulk and planar bulk MOSFET structures, with Ts; = 10 nm. The quasi-planar bulk devices
exhibit steeper sub-threshold slopes due to better capacitive coupling between the gate and
the channel region. A summary comparison of device performance parameters is given in
Table 6.1. These simulation results are consistent with recently-reported experimental
results [20] for devices which have worse electrostatic integrity (e.g.,, DIBL > 100 mV/dec),
that have shown that quasi-planar bulk MOSFETSs achieve higher lon at comparable logr --
and have lower Vry variation -- as compared to conventional planar bulk MOSFETS, so
that they provide for improved SRAM vyield. In this chapter, the planar bulk MOSFET
design is optimized with very shallow SDE junction depths [28] to achieve very good
electrostatic integrity — DIBL < 50 mV/V — to present the best-case scenario against which
to compare the quasi-planar bulk MOSFET design.

An analytical 1-V model for the short-channel MOSFET [15] was fit to the simulated
current-vs.-voltage characteristics. This model can be used to estimate SRAM performance
metrics such as read static noise margin (SNM) [29, 31], static write margin expressed
through the write-ability current (l) [30, 31], and read current. It is used in this work to
estimate SRAM cell yield following the methodology described in [32].
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Figure 6.2. Simulated transfer characteristics for (a) planar bulk and (b) quasi-planar

bulk MOSFETs. To facilitate a direct comparison, the curves from (a) are overlaid in
(b). The current is normalized to Wstripe + 2% Hs;.

Quasi-planar bulk Planar bulk
Vpp= 1.0V
N-type P-type N-type P-type
lon [RA/pm] 884 476 786 386
lore [NA/pm] 1.3 0.30 2.2 0.44
SS [mV/dec] 69 71 85 88
IVawunl V] 0.16 0.21 0.17 0.25
[V sarl [V] 0.13 0.18 0.13 0.21
DIBL [mV/V] 33 37 44 46
Legs [nm] 27 28 27 28

Table 6.1. Summary of transistor performance parameters. The ON/OFF currents are
normalized to Wgrripe + 2XH;.
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6.2.2 Impact of Random and Systematic Variations

The impact of random variations on transistor performance was studied via 3-D device
simulations using realistic gate-electrode profiles and atomistic doping. Gate LER was
simulated by sampling line-edge profiles from a scanning electron microscopy (SEM)
image of photoresist lines printed for the 22 nm node. This represents the worst-case
scenario, since the LER of a patterned gate electrode generally is less severe than that of the
resist line used to define it. Also, the SDE junction lateral profiles are assumed to have the
same LER as the gate electrode, so that Les Will have the same roughness profile as Lg. In
this manner, gate-LER-induced variations in Vry (i.e., 6(V1H)|gate-Ler) Were found to be =
31 mV for the planar bulk MOSFET and 16 mV for the quasi-planar bulk MOSFET with
WSTR|pE/LG:3Onm/25nm.

Since the quasi-planar bulk MOSFET structure is an evolutionary form of the
conventional planar bulk MOSFET structure [18] -- in contrast to the vertical
FINFET/MuGFET structure -- it can be reasonably expected that gate-LER-induced
variation for a quasi-planar bulk MOSFET would be very similar to that for a conventional
planar bulk MOSFET. To verify this, LER-induced V14 variation for the various device
architectures was compared: it was found that for the high-aspect-ratio FInNFET/MuGFET,
LER-induced Vry variation increases with decreasing correlation length due to increased
misalignment between the front and back gates [33]; in contrast, for the low-aspect-ratio
quasi-planar MOSFET and conventional planar MOSFET, LER-induced Vty variation
decreases with decreasing correlation length due to an averaging effect.

The methodology proposed by Sano [34], wherein only the long-range Coulomb
potential for an ionized dopant atom is considered to avoid unrealistic singularities in
potential profile, was used to simulate the effect of RDF for each of the gate-electrode
profile cases. Details are described in [35], and only the results are summarized here:
o(Vth)|lror = 54 mV for the planar bulk MOSFET and 30 mV for the quasi-planar bulk
MOSFET with WSTR|pE/LG:3Onm/25nm.

Fig. 6.3a shows the distributions of saturation V- (i.e., the value of Vs corresponding
to 100 nA/um for Vps = 1 V) obtained from the simulated Ips-Vgs curves (200 cases) for
each device structure. The standard deviation of Vry variation (c(Vry)) for the quasi-
planar device is smaller than that for the planar device. This is due to improved
suppression of short-channel effects (SCE) in the quasi-planar device, and the fact that it
has ~1.6x larger effective channel width W, (based on linear Ips values) but only slightly
greater depletion charge [35].

Fig. 6.3b compares the Vty mismatch, gauged by the Pelgrom coefficient (Avr) [36],
for the simulated devices in this work against that of experimental devices reported in the
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literature. It can be seen that Ayt for the planar bulk device design in this work follows the
trend for planar bulk technologies. Ayt of the quasi-planar bulk device design is improved,
to be slightly worse than Ayt for reported ultra-thin-body MOSFET technologies.

The impacts of systematic variations (£10%) in Lg, EOT, and Wstripg, are shown in
Figs. 6.3c, 6.3d, and 6.3e, respectively. The short channel effect is better suppressed in the
quasi-planar bulk MOSFET, due to improved gate control. This benefit is equivalent to >6
A reduction in To. Also, variations in Tox have less impact for the quasi-planar bulk
MOSFET. The quasi-planar bulk MOSFET shows a stronger reverse-narrow-width effect,
but it is still less than 10 mV for 10% variation in Wstripe.
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Figure 6.3. Simulated saturation threshold voltage (Vtusat) for planar bulk vs. quasi-
planar bulk MOSFETS: (a) Distribution of V1 sat caused by gate-LER and RDF (for
WSTR|pE/LG=30nm/25nm), from which G(VTH,SATlplanar BUlk) =61.6 mV and G(VTH,SATlQP
sulk) = 33.1 mV, (b) Comparison of Pelgrom coefficients for simulated vs. experimental
reported devices. (C) Vrysat VS. Lg, (d) Vrusat VS. Tox,
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Figure 6.3. Simulated saturation threshold voltage (Vtusat) for planar bulk vs. quasi-
planar bulk MOSFETSs: (e) Vrusar VS. Wstripe. Note that the quasi-planar bulk
MOSFET shows less sensitivity to variations in gate length (Lg) and gate-oxide
thickness (Tox), and that the depth of the retrograde channel doping profile (T) can be
used to tune the threshold voltage without impacting short-channel control. The quasi-
planar bulk MOSFET shows more sensitivity to variations in transistor width, if Wstripe
is small (30 nm).

6.3 Notchless 6-T SRAM Cell Designs

Layout parameters for 22 nm 6-T SRAM cells (Fig. 6.4) were selected based on recent
publications [1-5] and are summarized in Table 6.2. Nominal SNM and Iy values were
obtained via 3-D simulations of full cell structures using advanced physical models
including the density-gradient/drift-diffusion transport model and the phenomenological
van Dort quantum correction model to account for energy quantization in the channel
regions.

In a conventional SRAM cell layout (Fig. 6.4a), the width of the NMOS pull-down
(PD) device is larger than the width of the NMOS pass-gate (PG) device, to achieve a cell
beta ratio greater than 1 for sufficient nominal SNM. As a result, the NMOS active area
pattern is notched. Due to limitations of optical lithography the corners of the active area
will be rounded in practice, so that (vertical) misalignment between the gate layer and the
active layer results in asymmetric variations in NMOS device width (i.e., mismatch)
between the left and right sides of the cell, which can significantly degrade SNM [39].

An advantage of the quasi-planar bulk MOSFET design is that it allows for V14 to be
adjusted by tuning the depth (Ts;) -- rather than the dose (Npeax) -- Of the retrograde channel
doping profile, without increasing either short-channel effects or V1 variation [35]. (Note
that fringing electric fields through the isolation oxide allow good gate control to be
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maintained even if Tg; is slightly larger than Hsi.) This remarkable feature can be exploited
to tune the SRAM cell beta ratio by adjusting transistor V1 values rather than transistor
widths, so that a notchless active area pattern (Fig. 6.4b) can be used. A notchless cell
design can provide for area savings as well as reduced variation in NMOS device width
resulting from lithographic misalignment, due to improved printability of the active area
pattern.

To achieve sufficient SNM with a notchless quasi-planar SRAM cell design, the NMOS
pull-down and PMOS pull-up (PU) devices should have lower Vy values than the NMOS
pass-gate device. This is achieved with a deeper retrograde channel doping profile (ref.
Figs. 6.3c-6.3e) which could be achieved in practice by using a higher ion-implantation
energy. Note that Hg; is constrained to be the same for all of the devices in a quasi-planar
SRAM cell for ease of manufacture, i.e., the isolation oxide is uniformly recessed (e.g.,, by
using a timed etch in dilute hydrofluoric acid solution, or by elevating the channel with a
selective epitaxial growth process) prior to gate-stack formationl. Further note that the
transistor widths (Wpy, Wpp, and Wpg) are constrained to be equal in a notchless cell
design, so as to be compatible with a regularly corrugated starting substrate [40] for
improved active-area width control.

(b)

Figure 6.4. Half-bit cell layouts for (a) notched and (b) notchless SRAM cell designs.

78



Design rules Symbol Size [nm]
PG CH length Lo 25
PD CH length Lep 25
cell CONT size X 30
Height
Gate-to-CONT Y 20
Total 190
POLY-to-POLY A 30
POLY-to-DIF ext B 20
PD Width W,y 55/30/43
PG width Wog 30/30/43
Vgi‘é't'h PU width W,, | 30/30/43
N/P isolation C 50
DIF-DIF (min) D 50
H,; for quasi-planar Hy 10
Total 390/ 340/ 392
A SRAM cell area 0.0741/0.0646 / 0.0745 pm?

Table 6.2. 22nm-node 6-T SRAM cell layout parameters for planar bulk and quasi-
planar bulk CMOS technologies.

As can be seen from Fig. 6.5, the small notchless quasi-planar SRAM cell achieves
comparable SNM and superior write-ability as compared against a conventional notched
planar SRAM cell. Significantly larger read current is offered by the quasi-planar SRAM
cell designs across a wide range of Vpp (Fig. 6.6a). Although gate capacitance is also
higher for the quasi-planar SRAM cell designs (Fig. 6.6b), simulations of the storage-node
transient voltage during a write operation (Fig. 6.6¢) show that the write time is still shorter
for the quasi-planar SRAM cell designs.
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Figure 6.5. 3-D 6-T SRAM cell simulation results for the planar bulk, quasi-planar bulk,
and notchless quasi-planar bulk SRAM cells: (a) Butterfly curves, (b) write-N-curves.
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Figure 6.6. (a) SRAM cell read current, (b) PD device gate capacitance, (¢) Pseudo-
transient simulation of the storage-node voltage during a write operation.

Table 6.3 summarizes the projected cell performance metrics and cell area values for the
planar and quasi-planar SRAM cells. Since V1y is lower for the PD and PU devices in the
small notchless quasi-planar cell, it has higher standby power consumption (Pstandby) than
the planar (notched) cell. Pstandny Can be lowered by increasing Vry for all of the transistors
in the notchless quasi-planar cell, but then the transistors must be widened to maintain a
comparable level of performance and vyield, i.e., there would be no area savings in
comparison with the notched cell design. The devices in an optimized notchless quasi-
planar cell design have shallower retrograde channel doping depths of 10/6/10 nm for
PD/PG/PU and widths of 43 nm.
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Technology SNM [mV] | I, [nA] |Cell area [um?]| Py, qp, PEF bit [NW]

Planar Bulk 180.5 16.4 0.0741 0.218
Quasi-planar Bulk 183.5 24.1 0.0741 0.186
Small Notchless Quasi-planar Bulk 175.6 20.5 0.0646 0.351

(Wergipe = 30nm, T, for PD/PG/PU = 14/10/14nm, H; = 10nm)

Notchless Quasi-planar Bulk 182.7 223 0.0745 0.107
(Wgrppe = 43nm, T, for PD/PG/PU = 10/6/10nm, H; = 10nm) ’ ’ : )

Table 6.3. Comparison of projected performance metrics and cell areas for planar bulk
and quasi-planar bulk SRAM cells at Vpp = 0.9V.

6.4 SRAM Yield Estimation

In the previous section, the quasi-planar bulk SRAM cell designs were shown to have
improved static performance (i.e., better read stability and write-ability current) and better
transient performance (i.e., shorter write time). In this section, the corresponding
improvement in cell yield is evaluated using the concept of cell sigma, defined as the
minimum amount of variation for read/write failure [32]. 1f a SRAM cell read/write metric
has a Gaussian distribution, its cell sigma is simply its mean value divided by its standard
deviation. Random variations due to gate-LER, RDF, and WFV, as well as global
variations due to process-induced variations (Gaussian with 3 sigma corresponding to
+10%) in gate length, stripe width, gate oxide thickness, and channel stripe height (Hs;) are
considered together in estimating the cell sigma. Although o(Vty.Lin) is generally smaller
than o(Vrhsat), the worst-case scenario o(Vtuiin) = o(Vrthsat) IS assumed herein.  Six-
sigma (60) yield is required for large SRAM arrays to be functional, i.e., no more than one
bit cell can fail out of 505 million bit cells to achieve sufficiently high chip yields.

6.4.1 Iso-Area and Iso-Yield Comparisons between Planar and Quasi-
Planar Bulk Cell Designs

As shown in Fig. 6.7, the SNM cell sigma for the quasi-planar cell is ~6.3 at Vpp =
0.9V, which is a 1.3-sigma improvement over the planar cell. This yield enhancement can
be attributed primarily to lower Vry variation for the quasi-planar MOSFET structure. The
minimum Vpp that meets the six-sigma yield requirement for both SNM and I is ~ 0.65V
for the quasi-planar cell. In stark contrast, the six-sigma yield requirement cannot be met
by the planar cell for any value of Vpp; it achieves only ~5 SNM cell sigma at Vpp = 0.9V.

In order for the planar cell to have read and write yields comparable to those of the
quasi-planar cell, the widths of the PD, PG and PU transistors must be increased to 110 nm,
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65 nm and 65 nm, respectively. The planar cell area must therefore be enlarged to ~ 0.1
um? by ~ 46%. In other words, the area savings offered by the quasi-planar cell design is ~
32%.
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Figure 6.7. SRAM cell sigma comparisons for (a) SNM and (b) ly.

6.4.2 Notchless Quasi-Planar Bulk SRAM Cell Yield

As can be seen from Fig. 6.8, the notchless quasi-planar cell can meet the 6-sigma yield
requirements for Vpp down to ~0.8V, with comparable cell area and faster write time as
compared to the conventional planar cell (ref. Fig. 6.6¢). The small notchless quasi-planar
cell (with ~13% smaller area) is projected to meet the 6-sigma cell yield requirement for
Vpp down to ~0.9V.
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Figure 6.8. SRAM cell sigma comparisons for (a) SNM and (b) ly.
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6.5 Summary

As compared against a planar bulk MOSFET, the quasi-planar bulk MOSFET provides
for larger drive current and reduced Vty variation, due to improved gate control. As a
result, quasi-planar bulk SRAM cells are projected to have enhanced write-ability current
and faster write time for comparable read stability, as well as >1 sigma improvement in cell
yield. A notchless quasi-planar bulk SRAM cell design is proposed for improved
lithographic printability and either smaller area or lower standby power, and is projected to
achieve 6-sigma cell yields at operating voltages down to ~0.8V.

Although the height (Hsi) of the quasi-planar bulk MOSFET can be made taller to
increase its layout area efficiency, this would require a concomitant reduction in silicon
width for adequate suppression of short-channel effects. In general, low-aspect-ratio (short
and wide) features are preferred for ease of manufacture and design flexibility (i.e., to allow
for finer increments in designed Wesr). On the other hand, if Hsi were very short, the benefit
of the quasi-planar bulk structure would be diminished. For example, if Hs is only 5 nm,
the minimum operating voltage (for 6-sigma cell yield) for the notched quasi-planar SRAM
cell is ~0.9V. Thus, the value of Hsj = 10 nm chosen in this work represents a good trade-
off between manufacturability and performance/scalability.
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Chapter 7

Conclusion

Since 1958 when Jack Killby invented the integrated circuit (IC), improvements in IC
performance and cost reduction have been successfully enabled by the steady
miniaturization of the transistor (i.e., minimum pitch is reduced by a factor of 0.7 in every
new technology generation). However, increasing variation in transistor performance with
miniaturization is a major challenge for continued planar-bulk/PD-SOI CMOS technology
advancement [1, 2] to 22nm node and beyond, particularly, for SRAM scaling. Increased
transistor mismatch results in lower SRAM bit-cell yield, and hence threatens to limit cell-
area scaling and/or operating voltage (Vpp) reduction. Advanced transistor structures
which suppress short-channel effects more effectively than conventional bulk/PD-SOI
MOSFET structures, without the need for heavy channel doping, will be needed to
overcome the challenge and therefore enhance SRAM vyield for sub-22 nm CMOS
technology nodes. Hence, the formidable challenge, i.e., variability, presents an
opportunity for the introduction of variation-robust transistor architectures at the 22nm
node. For this reason, this dissertation investigates the benefits of various alternate
transistor designs.

7.1 Contributions of This Work

The first part of this dissertation investigated the fully-depleted silicon-on-insulator
(FD-SOI) MOSFET structure with very thin-BOX (buried Oxide) of 10nm, from the
perspective of the performance and area scaling benefits for 6-T SRAM cells at 22nm node
[3, 4]. Via three-dimensional (3-D) process and device simulations, thin-BOX FD-SOI and
planar bulk CMOSFET designs for low-operating-power (LOP) CMOS technology at the
22nm node were optimized. For the same standby-power consumption (i.e., at comparable
lore), the FD-SOI device achieves ~ 40% higher performance and ~50% lower threshold-
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voltage (V) variation, as compared against the planar bulk device. Based on the
optimized design of each device structure, 6-T SRAM cell performance metrics such as
static-noise-margin (SNM), write-ability current (l,), and read current (leaq) are
guantitatively estimated and compared, using an analytical model fit to the simulated
transfer characteristics for the optimized device designs. For the fixed cell area (i.e.,
O.075um2), FD-SOI technology was found to provide for improved SNM vyield (by 1.206),
and |,y yield (by 2.26). For the fixed yield of six cell-sigma in the planar bulk SRAM cell
(i.e., 1 failure out of 505 million), the FD-SOI cell provides an area savings of ~ 25%.
Lastly but not least, the minimum operating voltage for 6c yield (Vmin) is ~ 0.6V for the
FD-SOI cell whereas it is >0.8V for the planar bulk cell. Thus, thin-BOX FD-SOI
technology can facilitate the scaling of 6-T SRAM cell area and operating voltage. A
challenge, which the industry is currently facing to reap the full benefits of FD-SOI
technology, is the higher cost of silicon-on-insulator (SOI) substrates.

The rest of this dissertation theoretically/experimentally investigated the benefits of the
quasi-planar bulk MOSFET structure for extending dimensional and voltage scaling of
CMOS devices, particularly to guide the semiconductor industry in its efforts to simply and
cost-effectively increase the storage density and yield (cost) of static-memory (SRAM)
arrays. The quasi-planar bulk MOSFET is proposed and researched to preserve the
advantages of a conventional planar bulk MOSFET (e.g.,, already-developed stress
engineering techniques, dynamic threshold voltage control, established compact model, and
particularly very low substrate cost), along with the advantages of a multi-gate MOSFET
(e.g.,, enhanced short-channel control, improved performance and scalability).

A simple approach for manufacturing quasi-planar bulk MOSFET structures is
experimentally demonstrated and shown to be effective not only for improving device
performance but also for reducing variation in 6T-SRAM read and write margins, in an
early 28nm CMOS technology [5, 6, 7]: a timed dilute-HF (hydrofluoric) etch is used to
slightly recess the shallow trench isolation (STI) oxide just prior to gate-stack formation,
resulting in gate electrodes that each wrap around the top portion of their respective
MOSFET channel region. With optimization of the pocket implant doses (i.e., lowering the
dose by 10"cm™), voltage scaling down to 0.8V is also facilitated. Since its benefits
increase with decreasing channel width, the benefits of the quasi-planar bulk MOSFET
technology should be increasingly significant for future CMOS technology generations
(22nm and beyond). Note that the control of the oxide recess depth can be improved by
selectively increasing the wet etch rate down to a precise depth, by Ar ion implantation [8].

As compared against a planar bulk MOSFET, the quasi-planar bulk MOSFET provides
for larger drive current and reduced Vry variation, due to improved gate control [9]. As a
result, quasi-planar bulk SRAM cells are projected to have enhanced write-ability current
and faster write time for comparable read stability, as well as >1 sigma improvement in cell
yield. Additionally, a notchless quasi-planar bulk SRAM cell design [7, 9] is proposed for
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improved lithographic printability and either smaller area or lower standby power, and is
projected to achieve 6-sigma cell yields at operating voltages down to ~0.8V.

Random dopant fluctuation (RDF) effects on the quasi-planar bulk MOSFET vs. the
planar bulk MOSFET is studied using atomistic three-dimensional device simulation, for
devices with 20 nm gate length [10]. Due primarily to better gate-to-channel control, the
quasi-planar bulk MOSFET structure is more robust to RDF than a planar bulk MOSFET
structure with identical nominal body and source/drain doping profiles and layout width. In
addition, it is revealed that precise control of the body/channel doping profile is critical for
minimizing Vty variation in a bulk MOSFET technology. Lastly, the quasi-planar bulk
MOSFET offers a new method of variation-robust Vyy adjustment, via tuning of the
retrograde body/channel doping depth: it can mitigate the tradeoff between Vry variation
and short-channel effect control, for planar bulk MOSFETSs.

Full 3-D 6T-SRAM cell simulations are used to assess the benefits of the quasi-planar
bulk MOSFET structure at the 22nm node. The quasi-planar bulk technology (particularly,
the Segmented-FET-based SRAM using the quasi-planar bulk technology [11]) is projected
to achieve enhanced read stability and write-ability, improved SRAM cell yield, and
improved immunity to single-event-upset.

Today, planar FD-SOI technology offers an excellent value proposition for low power
products. As discussed in the Chapter 2, a planar FD-SOI technology is projected to reduce
V14 variation by ~ 50% (resulting in higher SRAM vyield and lower V,n) and improved
lon/lorr (facilitating lower Vpp for digital logic) as compared against a conventional planar
bulk technology. Recently, a team of SOI Industry Consortium members designed an
ARM Cortex™-MO core [12] and demonstrated that planar FD-SOI technology enables
designers to reduce Vpp to ~ 0.7V to reduce the overall power consumption while meeting
performance requirements. A practical issue for FD-SOI technology is the higher cost of
silicon-on-insulator (SOI) substrates, particularly those with thin BOX (~10nm) and thin Si
(~ 10nm) layers. To provide a lower-cost alternative to improving yield and lower power
consumption, the quasi-planar bulk MOSFET has been proposed and investigated in
Chapters 3 to 6. It is shown to preserve the advantages of a conventional planar bulk
technology (compatibility with strain engineering techniques for enhanced mobility,
dynamic threshold voltage control, an established compact device model, and low substrate
cost) while offering the advantages of a multi-gate technology (improved performance and
scalability). The benefits of quasi-planar bulk MOSFET technology will only increase with
transistor scaling, since decreasing channel width results in improved electrostatic integrity,
so that it is a compelling solution for CMOS scaling to the end of the technology roadmap
(sub-10nm gate lengths). Note that Table 7.1 summarizes some main advantages and
disadvantages of each technology.
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. I Short-channel-effect (SCE) . Process
Devices Variability or electrostatic Integrity SRAM (area, V,,;,, yield) Cost maturity
x Large random variation x < 6 cell-sigma
- doped channel x Limited scaling with 6- v'Bulk
v
Planar Bulk for multi Vs, ; more RDF x Weak SCE T SRAM (8- SRAM substrate Matured
x Scaling threatened by RDF required for L1 cache)
v "
> 6 cell-sigma x Expensive
v Good SCE ¥ Vigin ™ 0.60V thin-BOXSOI |
FD-SOI v'Small random variation - higher gate-to-channel v'6-T SRAM for L1~3 substrate Additional
with thin-BOX - undoped channel capacitive coupling v'30% cell-area saving v lon- ;‘ o itiona
- Thin BOX (vs. Thick BOX) v Good for LOP implantation- / process
x Bad for HP (lower lyy) free
Y G?Od SCE ¥ >6 cell-sigma v Compatible
v'Small random variation - tri-gating effect vV._. ~0.65V to matured
i- - - retrograde dopin min v
Quasi-Planar undoped channel . 8 p 'g V6T SRAM for L1~L3 Bulk Planar Bulk
Bulk - Retrograde channel doping | x Worse narrow width . substrate v .
(process-complexity) effect v'10% cell-area saving Ease; otr
- compensated by the other v'Good for LOP and HP manutacture

Table 7.1. Comparison of three different device architectures: Planar bulk technology,
thin-BOX FD-SOI technology, and quasi-planar Bulk technology.

7.2 Suggested Future Work

In order to suppress V4 mismatch and lower Vpp, an advanced transistor design that
provides for reduced short-channel effects (i.e., improved gate control over the channel
potential) and hence reduced Vry sensitivity to process-induced variations is needed to
facilitate voltage scaling. In addition, circuit-design approaches for alleviating Vtn
mismatch include the use of read-assist and write-assist techniques to enhance SRAM read
and write margins, for example read/write-assist column circuitry, word-line bias, pulsed
bit lines, and lower column supply voltages during write — which results in lower array
efficiency (i.e., larger array layout area). A layout-design approach for high
manufacturability (i.e., reducing lithography complexity) and for adaptive biasing should
be explored. The proposed SRAM bit-cell layout below is able to reduce lithography
resolution enhancement requirements by utilizing (i) a bar-type contact to connect transistor
drain regions and gate-electrode in the bit-cell, (ii) separate active region for each transistor
device (i.e., no notch/jog in the active pattern). In addition, the proposed cell layout allows
for external voltage-skew to be easily applied, for the purpose of both understanding
read/write failure and adaptive biasing. The proposed bit-cell layout (Fig. 7.1(a)) can have
various benefits as described below.
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Figure 7.1. (a) Proposed new layout of the 6-T SRAM bit-cell. (b) Circuit schematic of
the 6-T SRAM bit-cell showing how voltage skews can be implemented.

A. Improved Manufacturability

In contrast to the conventional 6-T SRAM cell layout (Fig. 7.2) which has a jog/notch
in the active pattern between pull-down and pass-gate transistor, and multi-patterned metal
layers for connecting a storage node to the opposite input node, the proposed cell layout
utilizes only rectangular features. Uni-directionality of patterns within each layer of the
proposed layout (i.e., active/metal 1 patterns running vertically, poly/contact/metal 2
patterns running laterally) makes it easier to print the patterns with high fidelity, so that less
process-induced variations in channel length/width can be achieved. The bar-type contact
reduces the total number of contacts within the cell (i.e., 4 contacts vs. 6 contacts in the
conventional 6-T SRAM cell), and thereby avoids issues caused by L-shaped contact.
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Figure 7.2. Conventional layout of a 6-T SRAM bit-cell.

B. Independent Biasing of Transistors

As shown in the proposed cell layout (Fig. 7.1(a)), only two metal layers (i.e., metal 1
running vertically and metal 2 running laterally) are required for read/write operations, if a
bar-type contact is available in a given technology. With a separate active region for each
transistor, it is possible to individually tune each one’s gate overdrive, so that voltage-skew
(as shown in Fig. 7.1(b)) can be introduced. This is useful for explaining SRAM read/write
failure and allows for adaptive biasing to self-heal the cell. The number of externally-
accessible nodes in the conventional SRAM cell layout is very limited unless every node is
padded-out. Not only does this result in larger cell size, but also the padded-out cell will
likely have different failure characteristics. It is also easy to independently adjust
alpha/beta/gamma ratios of the cell, using external voltage-skews. Lastly, if the p-wells for
pass-gate and pull-down devices are intrinsically separated by sufficiently deep shallow-
trench-isolation (STI), independent biasing of the transistors can be easily implemented for
adjusting the cell beta ratio and alpha ratio.

C. Compatibility with Advanced Device Architectures

The proposed cell layout can be implemented with advanced CMOS devices including
fully-depleted silicon-on-insulator (FD-SOI), FinFET, Tri-Gate MOSFETSs, and quasi-
planar MOSFETs. In addition, this cell can be easily implemented with corrugated-
substrate technology [13], due to its regular active pattern.
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