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Abstract
Design for Performance and Reliability in Advanced CMOS Structures
by
Fei Ding

Doctor of Philosophy in Engineering - Electrical Engineering and Computer

Sciences
University of California, Berkeley

Professor Tsu-Jae King Liu, Chair

In the past few decades, the central theme of the electronics industry is to
increase the transistor density by reducing the transistor area, as required by the
Moore's Law. The paradigm shift from the planar CMOS technology to the
FinFET technology sustains this area scaling trend into sub-20nm era. The
enhancement in the transistor electrostatics in the FinFET enables further
scaling of the gate length and hence the contacted poly pitch (CPP). Meanwhile,
the quest for area scaling also comes from the width (or fin pitch) and height
dimensions. By reducing the fin pitch and increasing the fin height, the current
density of the FinFET can be improved. Consequently, circuit designers can use
fewer fins to meet the same current requirement and save area simultaneously, a
scheme commonly referred to as "fin-depopulation." However, the aforementioned
approaches start to show diminishing returns and meet excessive fabrication
challenges. To further improve the current density and reduce the area, novel
channel materials with high mobility (e.g., SiGe) and/or new structures with
even better electrostatics (e.g., Inserted-oxide FinFET (iFinFET), Gate-All-
Around FET, Nanosheet FET) are projected to be used in the future.

In the first part of the talk, the performance of a p-channel FinFET
comprising a heterogeneous silicon (Si) and silicon-germanium (Sip9Gep1) channel
region is evaluated using 3-D TCAD simulations. It is shown that the hetero-
channel design provides for larger current density while maintaining comparable
electrostatic integrity as the conventional Si FinFET design due to the valence
band (VB) offset between SiGe and Si.

Secondly, a scheme for controllably adjusting transistor drive strength in
iFinFET technology is proposed, to enable cell ratio tuning for a minimally sized

1



six-transistor SRAM (6-T Static Random Access Memory) cell. It is
demonstrated, via 3-D TCAD simulation, that this scheme can reduce the
minimum cell operating voltage (V_{min}) and facilitate further cell area
scaling.

Lastly, as the transistor area continues to shrink, self-heating effects of these
small-geometry transistors have been of great concern as it limits the electrical
performance and degrades the reliability of transistors. It is important to
understand how self-heating may be for these new transistor structures as
compared to FinFETs. The performance of advanced transistor structures (i.e.,
FinFET, Gate-All-Around FET, and Nanosheet FET) is simulated and compared
under the constraints of the self-heating. An optimization guideline for nanosheet
FETs is also proposed based on the study of various design parameters on the
self-heating effects.
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Chapter 1

Introduction

1.1 IC Chip Area Scaling — The Central Theme

1.1.1 Moore’s Law and Dennard’s Scaling Law

In 1965, Gordon Moore observed that the number of transistors on the most
advanced integrated circuit “chip” roughly doubled every year; this trend
eventually became known as Moore’s law [1]. In practice, this is almost
equivalent to steady doubling of transistor density because the area of a chip
cannot be increased much due to manufacturing cost considerations [2].
Therefore, Moore’s law implicitly requires the transistor area to be roughly
halved with each new generation (“node”) of manufacturing process technology.
In 1974, Robert Dennard and his colleagues proposed the constant-field scaling
rule, which serves as a set of guidelines for scaling metal oxide semiconductor
field-effect transistors (MOSFETS) [3]. In this rule, also known as the Dennard’s
scaling law, various transistor design parameters are scaled according to a factor
(o) so that the peak electric field within the transistor is kept relatively constant
across technology generations.

Constant Field Scaling

Physical dimensions: Lgate, W, Tox, Wire /o
pitch

Body doping concentration o
Voltage 1/a
Circuit density 1/
Capacitance per circuit 1/a
Circuit speed o
Circuit power 1/
Power density 1
Power-delay product 1/

Table 1.1-1. Dennard scaling law for transistors. Adapted from [4].
1



As shown in Table 1.1-1, following the constant field scaling approach, circuit
performance is increased at a rate of o as we scale the transistor area by 1/a?.

However, the industry stopped following the Dennard’s scaling law around
2005 because of practical limits and non-ideal effects that become significant as
the transistor lateral dimensions are scaled down. For example, Dennard’s scaling
law requires the body doping concentration to be increased by the scaling factor,
a. But as the doping concentration increases, impurity-induced carrier scattering
increases and degrades carrier mobility and hence transistor on-state current. In
addition, the scaling of physical gate length also started to meet fabrication
challenges. More importantly, gate length scaling is limited by short-channel
effects (SCE) in conventional planar MOSFET structures. Poor SCE also limit
reductions in the supply voltage. To mitigate SCE at sub-30nm gate lengths,

FinFETSs were introduced.

1.1.2 Challenges for Area Scaling in the FinFET Era and
Beyond (Post-Dennard Scaling)

The FinFET has been the transistor design of choice in the semiconductor
industry since Intel’s 22nm technology node [5] and other foundry’s 16/14nm
technology node [6] thanks to its superior electrostatic integrity as compared to
the planar MOSFET. However, FinFETSs are much more difficult to fabricate,
which results in increasing wafer cost.

$ / Transistor

mm? / Transistor $ / mm?
(normalized) (normalized) (normalized)
Q@ L4 2 o
© © [ L ]
31 3] i
@ @ (7]
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Figure 1.1-1. Fabrication cost increases at a fast pace in small technology nodes.

Adapted from [7].



Figure 1.1-1 illustrates the trend of increasing cost per area due to more
complicated fabrication process. From a business standpoint, in order to justify
the need for a smaller technology node, the transistor area must be aggressively
scaled (shown on the left) so that the effective cost per transistor is reduced.
However, scaling the transistor area in FinFET-era becomes even more

challenging.

Scaling the area in the length direction requires reduction of the contacted
(gate electrode) poly-Si pitch (CPP). Generally speaking, the CPP is defined via
photo lithography. In order to reduce CPP, more complicated patterning
processes are required, as shown in Figure 1.1-2.
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Figure 1.1-2. Limits (cliffs) of different patterning techniques. Adapted from |[8§].
Note that Metal 2 Pitch (MMP) is directly related to Fin Pitch via gear ratio.
Gear ratio is usually 4:3 (=MMP:FP).

More specifically, CPP has 3 components (Figure 1.1-3). Lg is the physical
gate length, Lgp is the length of sidewall spacer, and Lgp is the length of
source/drain. As shown in Figure 1.1-4, physical gate scaling has almost stalled in
recent generations. On the other hand, reducing gate-sidewall spacer length (Lgp)
can lead to increase in the gate-to-drain capacitance and may result in transistor
reliability issues. In addition, reducing the source/drain length (Lsp) can reduce
the effectiveness of source/drain stressor, which degrades transistor on-state
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current and hence circuit performance. There are also process complications when

Lgp is reduced.

Contacted Poly Pitch (CPP)
CPP=Ls+2Lsp+2Lsp

Figure 1.1-3. Definition of CPP. Adapted from [9] with modifications.
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Figure 1.1-4. Physical gate length scaling. Adapted from [10]. Data points are
taken from various presentations from Intel Corp..

Scaling in the width direction requires reducing the fin pitch (FP). FP
consists of two parts (Figure 1.1-5). Wrpy is the fin width and Wgry is the width
of STI region. Fin width is already sub-10nm and there is not too much room for
further reduction. An extremely thin (narrow) fin could lead to performance
degradation due to non-idealities like excessive surface carrier-scattering effects.
On the other hand, reducing Wsrr could potentially meet fabrication challenges



due to the need for conformal deposition of oxide to fill trenches with higher

A

FP=Wpy+Wsr,

aspect ratio.

Fin Pitch (FP)

Figure 1.1-5. Definition of FP. Adapted from [9] with modifications.

Table 1.1-2 summarizes the important process parameter values for 3
generations of FinFETs from Intel Corp. [5, 11, 12, 13].

22nm [5] 14nm [11] 10nm [12, 13]
CPP (nm) 90 70 (0.78X) 54 (0.77X)
FP (nm) 60 42 (0.7X) 34 (0.81X)
Wy (nm) -8 -8 -7
Hriy (nm) 34 42 (1.24X) 46-53 (1.10X-1.25X)

Table 1.1-2. Summary of process parameters in 3 generations of FinFETs from
Intel Corp. The number in parentheses is the scaling factor compared to the last
generation. For 10nm technology node, a 46nm Hpiy was stated in [12] and a
53nm Hpy was found in [13].

1.1.3 Fin-Depopulation for Further Area Scaling

Recognizing the aforementioned challenges of conventional area scaling, the
industry has moved to the third dimension (i.e., out of the plane of the silicon
wafer surface). In FinFETs, the height of the fin is (almost) directly proportional
to the transistor’s conductive strength. By increasing the fin height, the current
density per layout area can be increased. To meet the same current specification
as set by the circuit designers, a smaller number of taller fins is sufficient. As a
result, the total layout width can be reduced without significantly adding process

complexity. This approach is commonly referred to as “fin depopulation,” as
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shown in Figure 1.1-6. But the fin height cannot be increased without limitation
due to added process complexity and increased parasitic resistance between the
metal contacts at the top of the fins in the source/drain regions to the bottom of
the fin. To continue to improve the current density, new transistor structures or
novel high-mobility channel material are necessary.

Increasing
Current
Density

4-fin FinFET 3-fin FinFET

Figure 1.1-6. Fin depopulation. Adapted from [9] with modifications.

1.2 Transistor Design Techniques to Facilitate

Further Area Scaling

1.2.1 Advanced Transistor Structures

ddAi,

Planar FET FinFET GAAFET MBCFET™

(Nanowire) (Nanosheet)

Figure 1.2-1. Advanced transistor structures. Adapted from [14].

Due to excessive short channel effects, conventional bulk Si planar FETSs
cannot sustain further gate length scaling. Therefore, advanced transistor
structures are required. These transistor structures can suppress the short
channel effects through better gate control over the channel (Figure 1.2-1).



FinFETs (more specifically, bulk silicon FinFETSs) were first introduced in
mass production at Intel’s 22nm technology node [5]. The rest of the industry
then followed. FinFETSs are multi-gate transistors in which the gate electrodes
cover three sides (left, right, and top) of the fin channel region. This results in
better gate control than in planar FETSs. In addition, since FinFETs are a variant
of thin-body transistors, they feature narrow fins to provide for physical
confinement of carriers in the channel region. A smaller fin width is generally
preferred for better electrostatic integrity. But FinFET performance might be
degraded if the fin is too narrow due to the loss of inversion carrier density and
excessive surface roughness scattering [15]. On the other hand, the effective
channel width of a FinFET is directly proportional to the outer perimeter of the
exposed fin. In high aspect ratio FinFETSs, the gate on the top side contributes
less so that they are essentially double-gate MOSFET structures.

As mentioned in Section 1.1.3, to facilitate further scaling to sub-5nm
technology nodes, novel transistor structures (e.g., Gate-All-Around FET
(GAAFET) and Nanosheet FET (NSFET)) are generally expected to be adopted.
These advanced structures are expected to achieve even better electrostatic
integrity than FinFET.

GAAFETSs have gates covering all 4 sides of the nanowire/channel region,
which provide for superior electrostatic integrity. Due to the small geometry of
the nanowires, in order to meet the drive current requirement, multiple (> 3)
nanowires must be used. In practice, GAAFETSs generally require a large spacing
between adjacent nanowires to accommodate the gate stack. Therefore, the
aspect ratio of the entire channel stack is much higher than that of the fin in
FinFETs, posing potential fabrication challenges. In addition, due to more
exposure between the gate and source/drain regions, the parasitic gate-to-drain
capacitance [16] is much larger compared to FinFETs.

To address the issues of GAAFETSs, NSFETSs (also called Multi-Bridge
Channel FETs (MBCFETSs)) have been proposed. In NSFETS, the gate still
covers all 4 sides of the nanosheet/channel. However, since the NSFETs are
usually wide, the left and right gates do not contribute much; hence, the
electrostatic integrity of NSFETSs is between that of FinFETs and GAAFETs.
NSFETSs can achieve better layout efficiency than FinFETs by eliminating the
STT regions between adjacent fins. More importantly, the channel (sheet) width
of the NSFETs can be lithographically defined, as opposed to the spacer-defined



width in the case of FinFETs and GAAFETSs. This gives more flexibility to
circuit designers for adjusting transistor drive strength.

Other evolutionary FinFET structures also have been proposed. For example,
the inserted-oxide FInFET (iFinFET) [16] can achieve better electrostatic
integrity than the FinFET without adding too much parasitic capacitance. The
details of iFinFETs are discussed in chapter 3.

1.2.2 High Mobility Channel Materials

The advanced structures described in Section 1.2.1 help with transistor area
scaling by mitigating the short channel effects for small gate lengths. In this
section, another possibility is discussed: achieving higher current density using
high mobility channel materials to enable scaling in the width direction through
fin depopulation.

Materials Electron Mobility Hole Mobility
(cm?/Vs) (cm?/Vs)

Si 1400 470

Ge 3900 1900

GaAs 8500 400

InAs 40000 500

Ing.53Gag.a7As 12000 300

Table 1.2-1. Summary of electron and hole mobility in conventional high mobility
channel materials (bulk).

For n-channel transistors, most III-V alloys such as GaAs, InAs, and InGaAs
can achieve very high electron mobility (Table 1.2-1). However, from a process
integration perspective, these III-V channels are hardly practical at this point.
Due to the large lattice mismatch between the Si and most III-V materials, a
thick epitaxial stress relax buffer (SRB) is generally required to gradually reduce
the mismatch [17]. Recent advancement in the aspect ratio trapping (ART)
technique [18] could facilitate the integration of these exotic materials into a
standard CMOS manufacturing process.

The desire for high hole mobility materials is much stronger due to the fact
that the embedded SiGe source/drain stressor becomes less effective as we scale
8



down the volume of these stressors with transistor miniaturization. SiGe alloys
and Ge are usually considered the most promising candidates due to their
compatibility with a Si-based CMOS manufacturing process. Ge fins can be
fabricated on the Si substrate using ART [19], but the Ge fin sidewalls might still
suffer from surface passivation problems. On the other hand, low Ge molefraction
SiGe becomes attractive as a channel material in p-channel FinFETs due to
smaller lattice mismatch with the Si substrate. Even though alloy scattering
effects in SiGe cannot be ignored, the combined stress from the Si substrate (or
strain-relaxed SiGe buffer layer) and the source/drain regions makes low Ge
molefraction SiGe achieve higher hole mobility and hence higher performance
than the strained Si [20, 21].

1.3 Research Objectives and Thesis Overview

This dissertation addresses challenges for continued transistor area scaling as
follows.

In chapter 2, a hetero-channel FinFET design comprising Si/Si;.xGey/Si is
evaluated and benchmarked against conventional Si FinFET and Si;yGex
FinFET. In particular, x (i.e., Ge molefraction) is chosen to be small so that Si;-
«Gex can be directly fabricated on top of a conventional silicon wafer substrate
via epitaxial growth.

In chapter 3, a cell ratio tuning scheme for iFinFET 6-T SRAM high
density cell (HDC) design is proposed. Specifically, the top nanowire(s) can be
selectively doped via ion implantation to precisely reduce the transistor drive
strength and hence fine tune the bit cell ratio. The feasibility of this approach is
validated via a process simulator, Sentaurus Process [22]. The transistor
performance and impact of process variations are simulated using a 3-D TCAD
software, Sentaurus Device [22]. Finally, the yield of 6-T SRAM is estimated via
an in-house developed software [23].

In the first half of chapter 4, a comparison of advanced transistor structures
with regard to self-heating effects (SHE) is presented. In particular, the
performance of FinFETs (FFs), Nanosheet FETs (NSFs), and Nanowire Gate-
All-Around FETs (GAAFSs) are benchmarked under the constraint of identical
peak temperature. To ensure a fair comparison, the design parameters are set for
FFs and GAAFs so that their on-state current are similar to that of NSFs. The



difference in SHEs for n-channel vs. p-channel transistors is investigated. In
addition, the influence of various transistor design parameters on SHE is also
investigated. In the end, the operating voltages of NSFs and GAAFs are lowered
so that they have the same maximum temperature as that in FFs. Under this
scenario, the performance of FFs, NSFs, and GAAFs are compared. In the second
half of chapter 4, various design parameters are optimized in order to minimize
SHE in NSFs.
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Chapter 2
Si/Si;.xGex/Si Hetero-Channel FinFET for

Enhanced P-Channel Performance in Low-

Power Applications

2.1 Introduction

The FinFET structure was adopted for high-volume manufacture of digital
integrated circuits beginning at the 22 nm technology node because of (1) its
superior electrostatic integrity as compared with the conventional planar
MOSFET structure as well as (2) benefits from layout width scaling [1]. As
conventional gate length scaling becomes more difficult, alternative approaches to
decreasing the layout area of a FinFET, such as fin de-population [2]|, will be

needed.

To increase the drive current per fin and thereby allow for a reduction in the
number of fins required, FinFETs incorporating of high-mobility channel
materials such germanium (Ge) [3], and III-V compound semiconductors [4] have
been investigated. However, these are not as scalable to sub-10 nm gate length
(i.e., beyond the 5 nm technology node) as silicon (Si) FinFETSs, due to their
lighter carrier tunneling effective mass (which results in degraded subthreshold
swing) and larger dielectric permittivity (which results in greater drain-induced
barrier lowering). Furthermore, these high-mobility channel materials are difficult
to grow with low defect density on silicon wafer substrates, due to their lattice
mismatch with silicon, even with the aspect ratio trapping technique (ART) [3].

Recently, silicon-germanium (SiGe) FInFET has been demonstrated to have
better on-state performance than Si based FinFET [5]. Despite additional alloy
scattering [6], a low Ge mole fraction SiGe fin grown on a Si substrate can still
provide for higher hole mobility than a Si fin due to enhanced stress [7]. To
further improve the performance of a SiGe FinFET, we propose herein a
heterogeneous FinFET design in which only the inner portion of the gated fin
channel region is replaced by Si;xGey, as illustrated in Figure 2.1-1. Such a
hetero-channel structure can be fabricated using a conventional fabrication

process flow by starting with a silicon wafer substrate with an epitaxial layer of
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Si; «Gey, if the Ge mole fraction x is low such that the epitaxial layer is thinner
than the critical thickness for strain relaxation to occur. The structure also can

be fabricated using aspect ratio trapping (ART) as described in [3].
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Figure 2.1-1. Double cutaway views of the two transistor structures studied in
this work. (Left: Control Si FinFET, middle: Hetero-Channel FinFET, right:
Control SiGe FinFET). The dashed lines circumscribe the hetero-channel.
Different colors are used for the Si;xGex in the channel region vs. the Sii.;Gey in
the embedded source and drain regions, to denote different Ge mole fractions. In
this work, Sip5Geg s is used for the source/drain contact regions. The fin height is
defined to be the height of the fin above the shallow trench isolation (STI). Leff,
the effective channel length, is defined to be the lateral distance between the
locations where the S/D dopant concentration falls to 2x10!9 cm-3.

2.2 Hetero-Channel (Si/Sip.9Gep.1/Si) FinFET
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The hetero-channel FinFET design parameter values used in this work
(summarized in Table 2.2-1) are based on the ITRS 6/5nm technology node, for
an off-state leakage specification Iost = 100 pA/(um fin pitch) [8]. Due to even
tighter feature pitch than described in [9], we expect the epitaxially grown
Sig.5Geg s source and drain regions to merge between fins, so that they are more
box shaped than diamond shaped. The fin width of 7 nm was selected based on
the average fin width in [10].

The Ge mole fraction in the channel region is first chosen to be 10% so that
the fin height is thinner than the critical thickness [11]. The hetero-channel
FinFET can be fabricated using a process similar to that for a conventional bulk-
Si FinFET, with the following extra steps: (1) after the source/drain regions are
etched back, an isotropic etch is used to laterally recess the Sip9Gep 1 underneath
the gate-sidewall spacers, (2) Si is epitaxially grown to fill in the laterally
recessed regions, prior to epitaxial growth of the Sip5Geg s source/drain regions. It
should be noted that such an isotropic etch has been proposed for a bulk-Si
FinFET process, to increase channel stress [12]. The recess length therefore
corresponds to the Si thickness in the hetero-channel region. See appendix for the
more detailed description on process flow.

To achieve an equivalent oxide thickness (EOT) of 0.6 nm, the gate dielectric
comprises a 0.4 nm-thick interfacial layer (i.e., SiOy for the control Si FinFET
and Sip9Geg 10 for the hetero-channel FinFET) and a 1.28 nm-thick high-
permittivity layer (k = 25). The nominal supply voltage (Vpp) is 0.65 V and the
drain voltage for linear operation (Vpriy) is 50 mV. Sentaurus Process [13] is
used to model stress inside the transistor structures.

Transistor performance is simulated using Sentaurus Device with the drift-
diffusion transport model, ballistic mobility model, density gradient quantum
correction model with orientation dependent coefficients, stress-dependent
mobility model, and band-to-band tunneling model [13]. Such models have been
calibrated to non-equilibrium Green function (NEGF) simulations [14]|. The gate-
sidewall spacer (k = 5) length, source/drain region length, and punch-through
stopper location are co-optimized to provide for the highest on-state current in
the control Si FinFET for the given I specification, within the constraints of
gate pitch and fin pitch. The same design parameter values are used for the
hetero-channel FinFET and Sig9Gep1 FinFET.
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R Hetero-Channel . .
Si FinFET FinFET Sip.9Gegp.1 FinFET
Gate Pitch 29
(nm)
Fin Pitch 20
(nm)
Gate Length 12
(nm)
Low-k Spacer 5
Length (nm)
Raised S/D 3
Height (nm)
Recess Length
(nm) N/A 1/2/3/4 N/A
EOT (nm) 0.6
Fin Width
7
(nm)
Fin Height 46
(nm)

Table 2.2-1. Design parameter values for transistors. Note that as a corner case, a
hetero-channel FinFET with Onm recess length is essentially the same as the
SiGe FinFET since there are no regrown Si regions near the source and drain
regions. EOT is the equivalent oxide thickness, which is calculated by adding the
interfacial layer thickness (i.e., 0.4nm) to the equivalent SiO» thickness of the
high-k HfO, layer (i.e., 0.2nm = 1.28nm/25x3.9). Due to the low Ge molefraction
(i.e., 0.1) used in the designs, we assume the Sip9Gep 10y has the same
permittivity as SiOs.

Figure 2.2-1 shows the longitudinal stress profiles and average values within
each semiconductor region. Hetero-channel FinFETSs has higher, in magnitude,
average longitudinal compressive stress underneath the gate (i.e., Sig9Gep 1
region) due to additional stress from the underlying Si substrate as well as the
regrown Si region. The Sip9Geg; FInFET also experiences higher (in magnitude)
longitudinal compressive stress in the channel also due to the fact that the lattice
mismatch comes from the source/drain Sip5Geg s regions and the bottom Si
substrate.
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Figure 2.2-1. Longitudinal stress contours from S-Process. (Left: Si FinFET,
middle: Hetero-Channel FinFET, right: Sip9Geg1 FinFET). A stress dependent
mobility model is used in the subsequent S-Device 3-D TCAD simulations. The
average longitudinal stress in S/D and channel are annotated over the
corresponding regions.

Figure 2.2-2 shows the simulated FinFET transfer and output characteristics,
and Table 2.2-2 provides a summary comparison of key performance parameters.
The enhanced performance of the hetero-channel FinFET stems from the valence
band (VB) offset between Sip9Gep1 and Si along two directions: In the vertical
(depth) direction, the VB offset provides for lower sub-threshold leakage because
it poses a barrier for holes to enter the Si sub-fin region. Figure 2.2-3 shows the
energy band diagram along the channel direction: The regrown Si regions
underneath the gate-sidewall spacers, corresponding to the shaded regions in
Figure 2.2-3, have higher hole potential energy, as compared to Sig9Gep.1. Hence,
as shown in Figure 2.2-3 (b), in a (p-channel) hetero-channel FinFET, holes see
increased source-side diffusion barrier in the off-state when compared with the
control Sip9Gep1 FInFET (i.e., a baseline “hetero-channel” FInFET with zero
recess length case). The source side barrier in the hetero-channel FinFET is the
same as that in the case of Si FinFET. This effect is similar to that of the “halo”
implant in a planar MOSFET [15].
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Figure 2.2-2. Simulated transfer (left) and output (right) characteristics for
control Si FinFET and hetero-channel FinFET. Output characteristics are
simulated at Vagg = 0.55V and 0.65V.

To decouple the effects of the two valance band offsets, results for the
aforementioned control Sipg9Gep1 FInFET are also included in the third column of
Table 2.2-2. A comparison shows that the vertical VB offset near the top of the
STI accounts for 9% of the improvement in on-state current, while the
longitudinal VB offset accounts for an additional 7%.
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Figure 2.2-3. Band diagram along channel (longitudinal) direction. The shaded
region indicates Si (higher bandgap) material in the hetero-channel FinFET.
Band diagrams of control Si FInFET and SiGe FinFET (with same molefraction
as in channel SiGe in hetero-channel) are also included for reference.
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Metric Si Hetero-Channel FiInFET Sip.9Gep.1
FinFET (Recess Length = 2nm) FinFET

| Losi| (PA) 2.0

|Ton| (uA) 13.8 16.0 (+16%) 15.1 (+9%)

|Lege| (uA) 5.98 6.91 (+16%) 6.62 (+11%)

Vigsat (V) -0.36 -0.36 -0.37

Viin (V) -0.40 -0.40 -0.41

DIBL (mV/V) 67 67 67

SSeat (mV /dec) 74 73 75

Cyo (aF) 44.6 44.2 43.7

Cal Vil Ton] 2.11 1.80 (-15%) 1.89 (-11%)

(ps)

Table 2.2-2. Comparisons of transistor performance metric (Vgsat=Vaa=0.65V,
Vain=0.05V). 8V is extracted at 100nAxWpiten/Letr = 0.113uA. Witen is the fin
pitch. The percentage in parentheses is relative to the control Si FinFET result.

In general, hetero-channel FinFETs with larger recess length exhibit steeper
subthreshold swing. However, there exists a design tradeoff between improved
electrostatic integrity and increased on-state resistance, for the recess length.
Figure 2.2-4 shows how the on/off current ratio varies with recess length. The

optimal design, with recess length = 3 nm, has similar subthreshold swing and

drain-induced barrier lowering values as for the control Si FinFET.
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Figure 2.2-4. Impact of recess length (in nm) on the performance of hetero-
channel FinFET.

There is little difference in total gate capacitance (Cgg) since a relatively low
Ge mole fraction is used in the channel region. Therefore, the intrinsic delay is
reduced by 15% for the optimized hetero-channel FinFET vs. the control Si
FinFET.

2.3 Hetero-Channel FinFETs with Varying Ge

Molefraction

In Section 2.2, the hetero-channel design featuring Sip9Gey.; is presented. In
this section, we extend this study to different Ge molefractions. Modern FinFET's
generally require a fin height of more than 40nm. As shown in Figure 2.3-1, in
order to grow Sij;yGey thick enough for fin height directly on top of the silicon
substrate, the Ge molefraction should be less than 0.25 so that the critical
thickness of Si; yGey is above 100nm. Otherwise, complicated processes such as
ART might be required.

In this study, the Ge molefraction is varied from 0.05 to 0.25, while the high
bandgap channel region is fixed to silicon. Table 2.3-1 summarizes the
performance of different hetero-channel FinFET designs featuring different Ge
molefraction SijxGey/Si channels.
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Figure 2.3-1. Critical thickness of Si; yGey alloy as a function of germanium
content on different substrates. Adapted from [11].

From Table 2.3-1, it is shown that with increasing Ge molefraction, the
control SiGe FinFET has worse electrostatic integrity due to smaller bandgap
and higher permittivity. However, the on-state current of control SiGe FinFET
can be steadily improved due to increased compressive stress in the channel. For
hetero-channel FinFET designs, the best performance case always happens when
the Si channel region is 3nm thick for all Ge molefractions under study. With the
Ge molefraction being 0.15 or 0.2, the best hetero-channel design can achieve
+17% improvement over the control Si FinFET. However, as the Ge molefraction
increases, the sensitivity of performance to the recess length becomes much
larger. For example, when the Ge molefraction is 0.25, if the recess length is 4nm,
the on-state current of the hetero-channel FinFET is only 55% of that of the
control Si FinFET. This is due to the large bandgap difference between Si and
Sig.75Geg.os region and in the on-state, hole injection becomes more difficult and
hence degrades the transistor performance. Therefore, considering the
performance sensitivity, the optimal Ge molefraction is 0.1.
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xGeFin Rece?iri;ngth [Ton| (pA) %lon (rf\?jilTec)
0 Si-FF 13.8 100% 74
4 15.2 110% 74
3 15.4 112% 73
0.05 2 15.1 109% 74
1 14.9 108% 74
SiGe-FF 14.5 105% 74
4 15.3 111% 73
3 15.9 116% 73
0.1 2 15.6 113% 74
1 15.2 110% 75
SiGe-FF 15.0 109% 75
4 14.1 102% 73
3 16.2 117% 73
0.15 2 15.7 114% 74
1 15.4 112% 75
SiGe-FF 15.3 111% 75
4 11.0 80% 73
3 16.2 117% 73
0.2 2 15.8 114% 74
1 15.3 111% 76
SiGe-FF 15.4 112% 76
4 7.6 55% 73
3 15.8 114% 73
0.25 2 15.5 112% 75
1 15.1 109% 76
SiGe-FF 154 112% 76

Table 2.3-1. Performance summary of hetero-channel designs featuring varying
Ge molefraction SiGe. xGeFin is the Ge molefraction used for Si;.xGey channel in
both the control SiGe FinFET and the hetero-channel FinFETs. “Si-FF”
represents the control Si channel FinFET. SiGe-FF” in the second column
represents the control SiGe channel FinFET with the same Ge molefraction as in
the corresponding hetero-channel designs. SiGe-FF can be thought of hetero-
channel design with Onm recess length.

2.4 Conclusion
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In Section 2.2, the performance of a p-channel FinFET comprising a
heterogeneous silicon (Si) and silicon-germanium (Sip9Gep1) channel region is
evaluated using three-dimensional (3-D) TCAD simulations, and benchmarked
against a conventional p-channel Si FInFET and SiGe FinFET (with the same
Ge content). The results show that the optimal hetero-channel design provides
for larger on-state current while maintaining comparable electrostatic integrity as
the conventional design due to the valence band (VB) offset between SipoGep 1
and Si. The enhanced performance is achieved with relatively low Ge mole
fraction (10%) in the channel region, for ease of manufacture.

In Section 2.3, hetero-channel designs featuring varying Ge molefraction (x =
0 - 0.25) are investigated. It is shown that at x = 0.15 or 0.2, even though the
best cases (i.e., recess length = 3nm) can achieve better performance than that in
x = 0.1, the performance sensitivity to the recess length becomes much larger,
making them less favorable for fabrication.

Therefore, the hetero-channel FInFET featuring Si/Sig9Gep.1/Si is a
promising candidate for future low-power applications.

2.5 Appendix: Process Simulation in Sentaurus

Process

Since the hetero-channel consists of two different materials (i.e., Si and
SiGe), it is important to model the channel stress correctly. And the final stress
in the channel depends on the ordering of processing steps in the process flow.
Therefore, the process simulator, Sentaurus Process (S-Process), is used to
construct the hetero-channel FinFET structure. The Sentaurus advanced
calibration is also turned on to accurately model the stress [16].

Figure 2.5-1 shows the process flow for constructing the hetero-channel
FinFETs. This process is largely similar to the conventional bulk Si FinFET,
except for step 1 and 7. In step 1, since only a low Ge molefraction SiGe is used,
it can be deposited directly on top of the silicon substrate via epitaxy growth.
Aspect ratio trapping (ART) growth technique is not required. In step 7, after
the fin recess to make room for the SiGe source/drain regions, an isotropic
etching process is performed, followed by the Si epitaxy. This Si refills the
vacancy left by the prior isotropic etching process and form the high bandgap
region as required in the hetero-channel design. Afterwards, the embedded
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source/drain is grown via SiGe epitaxy. The rest of the process (e.g., replacement
metal gate) stays the same as in a Si FinFET process.

PMOS S/D formation

NMOS S/D formation, RMG ...

Si substrate
TTT7A selectively open PMOS
1 H region and etch away Si
¢ SiGe epi
2 Fin patterning
3 STI formation
4 Dummy gate stack formation
5 Spacer formation
6 PMOS S/D fin recess
—— 2 3 4
a) Isotropic etch
7 1
O
I
I
v

M c-Si M c-SiGe W o-Si
B Oxide M Nitride M Low-K

6 7

Figure 2.5-1. The process flow in S-Process to construct the hetero-channel
FinFETs. S/D epitaxial growth for p-channel MOSFETSs and subsequent
replacement metal gate (RMG) process are not shown since they are the same as
in the conventional bulk Si FinFET process.
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Chapter 3

Cell Ratio Tuning for High-Density
SRAM Voltage Scaling with Inserted-
Oxide FinFETs (iFinFETSs)

3.1 Introduction

Today bulk-silicon FinFET technology is used for high-volume manufacturing
of sub-20 nm-generation CMOS integrated circuits [1, 2]. Due to the {110} fin-
sidewall (channel surface) crystallographic orientation and a higher level of
mechanical strain induced in the channel region by embedded silicon-germanium
source/drain regions, the drive strength of a p-channel (PMOS) FinFET is
comparable to that of an n-channel (NMOS) FinFET of the same fin height [1].
Although this may be favorable for high-speed digital logic applications, it results
in poor write-ability of a minimally sized six-transistor (6-T) static memory
(SRAM) cell comprising two single-fin PMOS pull-up (PU) FinFETS, two single-
fin NMOS pass-gate (PG) FinFETs, and two single-fin NMOS pull-down (PD)
FinFETs [3]. The drive strength of the PU FinFETs can be reduced by making
their effective fin height shorter; however, methods such as selectively adjusting
the physical height of the gated fin by selectively adjusting the recess depth of
the shallow trench isolation (STI) oxide [4] or by adjusting the depth of the
punchthrough-stopper (PTS) fin doping profile are susceptible to significant
process-induced variations which result in lower manufacturing yield. Therefore,
circuit-level “assist” techniques are commonly used to enhance the cell read
margin and/or write margin to allow for lower minimum cell operating voltage

(Vamy) [5].

Inserted-oxide FinFET (iFinFET) technology was proposed to provide an
evolutionary pathway for continued transistor scaling [6]. The electrostatic
integrity of an iFinFET (i.e. gate control of the electrostatic potential in the
channel region) is superior to that of a FinFET due to gate fringing electric fields
through the inserted oxide (SiO2) layers. Although the gate-all-around (GAA)
field-effect transistor (FET) can achieve even better electrostatic integrity, this

comes at the cost of a larger intrinsic delay [6]. Also, to achieve comparable
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layout area efficiency as a FinFET, a GAAFET should comprise multiple
nanowires (NWs) that are vertically stacked apart by 10 nm or more (to allow
sufficient room for the dielectric/metal/dielectric gate stacks in-between the
NWs), necessitating the formation of higher-aspect-ratio fin structures during the
device fabrication process. In contrast, the inserted-oxide layers in an iFinFET
can be very thin (less than 5 nm), and also can serve effectively as dopant
diffusion barriers [7]. In this chapter, a scheme for controllably reducing the drive
strength of an iFinFET is proposed and demonstrated via three-dimensional (3-
D) device simulations and a calibrated compact model that to provide for lower
Vv of a minimally sized 6-T SRAM cell, for high-density cache memory.

3.2 Inserted-Oxide FinFET (iFinFET)

It is generally expected that some form of gate-all-around transistor structure
(GAAFET) will be used in the future to enable further reductions in gate length
with adequate suppression of short-channel effects. To achieve similar or superior
on-state current per unit layout area, the GAAFET must comprise multiple
stacked nanowire (NW) channel regions. In practice, this is done by growing a
“sandwich” of multiple Si/Si;xGey layers using multiple alternating epitaxy
growth steps. The Si;xGey layers are later selectively etched away and replaced
by the gate dielectric and gate metal layer stack. To accommodate these layers,
the Si;.xGey sacrificial layers must be relatively thick (T10nm). As a result, to
form a GAAFET, a very high aspect ratio (height:width > 6:1) fin structure
must be formed. To further improve the current density, more stacked NWs may
be required, which means the aspect ratio will be even higher posing a greater
fabrication challenge.
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Figure 3.2-1. A comparison of the 3 transistor structures (Cross-sectional views
across the channel regions). The fin widths are each 6nm, and the total Si height
is 18nm. The inserted-oxide thickness is 3nm. The spacing between adjacent NWs
in GAAFET is 10nm.

To mitigate these issues, an evolutionary FinFET design - the inserted-oxide
FinFET (iFinFET) [6, 8, 9] is proposed (Figure 3.2-1). iFinFET exhibits superior
electrostatic integrity by allowing the gate fringing field to penetrate the inserted-
oxide and control the bottom of the NWs (except for the bottom NW), as shown
in Figure 3.2-2. The performance can be further improved by recessing the
inserted-oxide in the middle to replace portion of the inserted-oxide (k = 3.9)
with HfO2 (k = 25). This can be done after the dummy oxide removal and before
the high-k dielectric (HfOy) deposition in the replacement metal gate (RMG)
module. Due to the small thickness (3nm) of the inserted-oxide, the gate metal
will not be present in the recessed portion, and hence the increase in total
capacitance is small. In addition, compared to the GAAFET, the aspect ratio of
the fin structure that needs to be formed to make an iFinFET is much smaller.

The fabrication process of the iFinFET is identical to that of the
conventional bulk-Si FinFET, except that a multi-SOI (silicon-on-insulator on
silicon-on-insulator) wafer instead of a bulk-Si wafer is used as the starting
substrate. As shown in [10], the 2-NW iFinFET also offers the benefit of superior
electrostatic integrity over that of FinFET. In that case, a conventional SOI

wafer can be used.
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As shown in Figure 3.2-3, the subthreshold swing (SSsat) and drain-induced
barrier lowering (DIBL) of the iFinFET is better than that of the FInFET, but
worse than those of GAAFET. The situation is the same for the on-state currents
and the intrinsic gain (gm/gdas). The gate-to-drain (Cgq) and total gate (Cg)
capacitance in iFinFET are larger than those of FinFET due to larger overlap
between gate and the drain. This situation is exacerbated in the GAAFET. The
n-channel iFinFET can achieve a similar intrinsic delay (CgVpp/Ion) as the
FinFET. It should be noted that in this study an aggressively thin NW spacing of
6nm is assumed for the GAAFET. In practice this would be challenging to
achieve.

Electrostatic Potential (V)

045 06 075
[ -

FinFET iFINFET GAA

Figure 3.2-2. Electrostatic potential and electric field lines (arrows) in the linear
regime (Vgs=0.75V, Vps=0.05V) in the 3 transistor structures. It can be seen the
iFinFET achieves good gate control over the electrostatic potential at the bottom
of the NW (except for the bottom-most channel region). Adapted from [6].

With regard to process-induced variations, it has been shown that the
performance of the iFinFET is relatively insensitive to variations in the
thicknesses of the inserted-oxide and the inserted-oxide recess [6].
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Device Parameter FinFET /iFinFET / GAA
Nominal Gate Length, L, (nm) 12
Fin/NW Width, W, (nm) 6
Total Si Height above STI (nm) 18
Gate Pitch (nm) 35
Equivalent Oxide Thickness (nm) 0.7
Inserted-Oxide Thickness (nm) 0/3/0
Metal Thickness between NWs (nm) 0/0/6
Specific Contact Resistivity (Q-cm?®) 3.5x10”
FinFET iFInFET GAA
N P N P N P
lIorr| (PA) 0.8 0.8 0.8 0.8 0.8 0.8
on| (BA) 15.1 14.7 18.1 16.9 21.7 19.5
Ierr| (MA) 7.1 7.1 8.6 8.2 10.4 9.5
[Visar| (V) 0.42 0.42 0.41 0.40 0.40 0.39

DIBL (mV/V) 40 36 32 28 23 20
SSsar (mV/dec) 78 78 75 75 71 71

C,q (aF) 81 | 78 | 92 | 89 | 120 | 116
C, (aF) 29.7 | 287 | 356 | 342 | 464 | 444
CoeVorMon] (ps) | 147 | 145 | 147 | 152 | 1.60 [ 1.70
Zu/Cas 224 | 282 | 257 | 301 | 306 | 363

Figure 3.2-3. Design parameter values and simulated transistor performance
values for the 3 different transistor structures (n-channel and p-channel).
Adapted from [6].

3.3 6-T SRAM High Density Cell Design

3.3.1 6-T SRAM Operations

An SRAM circuit mainly consists of two parts: (1) the bit cells and (2) the
peripheral circuits (Figure 3.3-1). The bit cells are arranged in rows and columns
and each bit cell stores 1 bit of information. The peripheral circuits are circuits
that surround the bit cells and are used to store and access information from the
bit cells. Some specific functions of the peripheral circuits include (1) charging
and discharging the bitlines (BLs and BLBs) and wordlines (WLs), (2) sensing
the difference between BL and BLB potentials, (3) decoding inputs, etc. In
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modern SRAM, complex peripheral circuits are also used to assist SRAM read
and write operations [11, 12|, at the cost of a larger layout area and greater

power consumption.

= 1 .J._._] _«—Bit Cell
= i Lo » o
.l ....... - °
= ® °
% . .
N NS Ll

BL GND GND g/ g

Figure 3.3-2. Circuit schematic of a 6-T SRAM bit cell.
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In a 6-T SRAM, each bit cell comprises 6 transistors: (1) 2 pull-down (PD)
n-channel and 2 pull-up (PU) p-channel transistors to form a pair of cross-
coupled inverters, and (2) 2 pass-gate (PG) n-channel transistors to enable read
and write access to the cross-coupled inverters. Figure 3.3-2 shows the schematic
of a conventional 6-T SRAM bit cell. Information is stored at the output of the
inverters (CL and CH).

In a read operation (Figure 3.3-3), the bitlines (BL and BLB) are precharged
to the supply voltage Vpp by the peripheral circuits. Afterwards the wordline
(WL) is pulsed to Vpp to turn on the PG transistors. Assuming CL stores “0”
(OV) before this read operation, the charge stored in BL starts to flow through
the conductive path from BL (at Vpp) and GND via PG3 (Vgs=Vpp-Vr,
Vps=Vpp-Vcr) and PD1 (Vgs=Vpp, Vpbs=Vcr). After some time, WL is
discharged to 0V and PG transistors are turned off. By sensing the voltage
difference between BL and BLB, the peripheral circuit determines the stored
information, completing the read operation.

During the read process, Vcr, is temporarily raised to some low voltage. In
order to avoid changing the information stored (i.e., causing an accidental write
operation), the aforementioned low voltage should not be large enough to turn on
the opposite PD transistor (PD2 in Figure 3.3-3). Hence the drive strength of
PD1 must be stronger than that of PG3. Note in this case, there is not significant
current flowing through PG4 and PD2 since Vpg=0V for PG4 and Vgs=0V for
PD2. Due to symmetry, PD2 must be stronger than PG4. By convention, the cell
beta ratio is defined to be the ratio of the on-state current (drive strength) of a
PD transistor to that of a PG transistor. For successful read operation, a large
cell beta ratio is preferred.
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Figure 3.3-3. Read operation in a 6-T SRAM bit cell.

To quantify the robustness of a bit cell during a read operation, the read
static noise margin (SNM) is used [13]|. As shown in Figure 3.3-4, the SNM is
defined as the minimum voltage noise applied to the internal node (CL or CH) to
cause the stored information to flip in value. By plotting both V¢r, vs. Vcn and
Vcnu vs. Ver on the same plot to create the “butterfly” voltage transfer curves,
the SNM can be extracted by the following method:

(1)  Find the largest square that can fit in each of the two lobes of the
butterfly plot. (If the two lobes are not perfectly symmetric, the
smaller square is used for extraction.)

(2) SNM = the side length of this largest square.
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Veu (V)

Figure 3.3-4. Definition of read SNM.

In a write operation, the bitlines (BL and BLB) are precharged to
complementary logic values. Then the WL is pulsed to Vpp and the bitline at low
voltage starts to discharge the corresponding internal node through the
corresponding PG transistor. The voltage at the opposite internal node will
eventually be raised to Vpp due to the nature of cross-coupled inverters. In
Figure 3.3-5, Vcp is forced from Vpp to OV by BLB. During this process, PU6
starts to conduct and tries to pull Ve back to Vpp. Hence in order to ensure a
successful write operation, PG4 should be stronger than PU6. Similarly, PG3
should be stronger than PU5. By convention, the cell gamma ratio is defined to
be the ratio of the on-state current of PG transistor to that of PU transistor. For
successful write operation, a large gamma ratio is preferred.

To quantify the write operation stability, the write N-curve is used [14]. The
write N-curve can be obtained by sweeping the voltage at the internal node CL
(CH) with BL (BLB) biased at Vpp and BLB (BL) biased at 0V, respectively,
and measuring the current sourced into the internal node. The writability current
(Iw) is defined to be the minimum current past the corresponding inverter (in
this case, PD2 and PUG6) tripping voltage (Figure 3.3-6). Iw must be positive to
ensure a successful read. Iy is simply the difference between the current in PG
and PU.
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Figure 3.3-6. Definition of writability current.
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3.3.2 FinFET High Density Cell Design

As was explained in Section 3.3.1, the PD n-channel transistor should be
stronger than the PG n-channel transistor (to achieve a large cell beta ratio) for
a successful read operation, and the PG n-channel transistor should be stronger
than the PU p-channel transistor (to achieve a large cell gamma ratio). In planar
FET technology, these two cell ratios are usually fine-tuned by changing the
layout width of the transistors. However, this is not an option for FinFET
technology because the effective channel width is quantized; SRAM designers can
only adjust the discrete number of fins for each specific transistor. As a result, to
achieve the most compact 6-T SRAM cell design (i.e., high density cell (HDC)
design), all transistors must comprise 1 fin (Figure 3.3-7).

Due to the use of embedded SiGe source/drain stressors in p-channel
FinFETs and {110}-oriented conduction surfaces in FinFETs, the hole mobility is
much higher than in p-channel planar FETs. This results in comparable on-state
current (per fin) between n-channel and p-channel FinFETs, making it
challenging to meet the write stability requirement. In addition, since the (bulk)
FinFET has a fully-depleted channel region, back biasing is not an effective
means to tune the transistor threshold voltage (V). Consequently, peripheral
assist circuitry is required to facilitate the operation of minimum-size FinFET 6-
T SRAM cells.

GND VDD BLB
L = DG/ : WL X Gate Contact
| R CL i X N SD Contact
L DARNNX T en XX
; X P SD Contact
WL s DLIG DN ; 3 -
g &y Metal Line
BL VDD  GND

Figure 3.3-7. Sample FinFET HDC design layout.

A transistor-level solution would be preferable to save chip area and reduce
power consumption. Previously proposed approaches [4, 15| include

1. selective STI recess so that PD transistors can have shallower STI and
hence larger conduction width,
2. using longer gate length for PG and PU transistors, and
3. doping the fins in PG and PU transistors to fine tune their V’s.
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Each of the above approaches can result in additional process-induced variations.
The last approach, in particular, is susceptible to random dopant fluctuation
(RDF) effects.

3.4 High Density Cell Ratio Tuning Using Doped-
Nanowire iFinFET

3.4.1 iFinFET Drive Strength Tuning

As discussed in Section 3.2, a 3-NW iFinFET can be fabricated using a
conventional bulk-silicon FinFET process, starting with a silicon-on-insulator on
silicon-on-insulator (SOI on SOI) substrate. In this section, the total silicon
channel fin height is assumed to be the same for a 3-NW iFinFET as for the
FinFET. Gate and channel dimensions are the same as in [6], appropriate for 4/3
nm CMOS technology. The effective channel width of the iFinFET can be
controllably reduced by heavily doping the uppermost NW channel region(s) to

render it (or them) non-conductive under normal transistor operating conditions.

This doping can be achieved in practice by selective ion implantation during
the STI formation module (See Section 3.6). Specifically, a photoresist mask is
used to expose only the iFinFETs which are to receive the implant(s) that
effectively increase the threshold voltage (V1) of the uppermost NW(s) to be
above the cell operating voltage (Vpp). This scheme can be used to selectively
reduce the drive strengths of the PU iFinFETs and the PG iFinFETSs (using a
different mask and ion implantation step) in a 6-T SRAM cell. It should be noted
that this scheme may be more difficult to implement for GAAFETSs because of
their larger NW separation which would necessitate deeper implant(s), i.e. larger
projected range(s), which have larger straggle resulting in undesired doping of the
lower NW channel region(s). Figure 3.4-1 shows the cross-section and structural
parameters of the control (bulk-silicon) FInFET and three variants of the
iFinFET.
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Si Si Si Si

3-NW 2-NW 1-NW

FINFET  \einFET  iFInFET  iFinFET
L, (nm) 12 12 12 12
W, (nm) 6 6 6 6
H,, (nm) 18 18 12 6
W, (hm)  40.3 403 24 12
EOT (nm) 0.7 0.7 0.7 07
t,, (nm)  N/A 3 3 3

1-0X

Figure 3.4-1. Cross-sectional views and channel dimensions of the simulated 3-D
bulk-silicon FinFET and iFinFET structures in this work. The uppermost NW
channel region(s) of the 2-NW and 1-NW iFinFETSs are heavily doped, indicated
by darker shading, so that they are non-conductive. The inserted oxide layers are
slightly recessed due to dilute hydrofluoric acid treatment during the cleaning
process prior to the formation of the high-k/metal gate stack. Ly is the nominal
gate length. Wgy, is the fin width. Hg, is defined to be the active Si channel
height above STI. W is defined as the outer perimeter of the active Si channel.
EOT is the equivalent oxide thickness. tiox is the thickness of inserted oxide.

In contrast to the method of V tuning by ion implantation to adjust
FinFET drive strength [15], the proposed scheme to increase V1 above Vpp for a
subset of NW channels in an iFinFET should not result in significantly increased
variation in transistor drive strength because the implanted channels do not
contribute significantly to the transistor drive strength. The implanted NW
channel dopant concentration should not be too high so as to result in large gate-
induced drain leakage (GIDL). Thus, the criteria for optimizing the implanted
NW channel dopant concentration are: (1) the off-state leakage current (Iorr)
should not be much higher than that of the nominal 3-NW iFinFET, and (2) the
on-state drive current (Ion) for the 2-NW (1-NW) iFinFET should be less than
2/3 (1/3) of that of a 3-NW iFinFET. This is because the top NW has larger
effective channel width than the middle and bottom NWs, since its top surface is

also gated.
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Figure 3.4-2. Effect of implanted NW channel dopant concentration on iFinFETSs
(a) off-state leakage current and (b) on-state drive current. Filled symbols
correspond to NMOS iFinFETSs; open symbols correspond to PMOS iFinFETs.
Iorr values are the same for 3-NW NMOS and PMOS iFinFETs.
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Figure 3.4-3. In a 2-NW iFinFET, the top (doped) NW does not conduct in on-
state (Left: Vas=0.75V, Vps=0.05V, Right: Vgs=Vps=0.75V). The doping
concentration in the top NW is 1x1029%¢cm,

3-D device simulations were performed using the technology computer aided
design (TCAD) software tool Sentaurus Device [16] with calibrated models for
carrier transport and quantum mechanical effects described in [6]. The gate work
function, electrical channel length, and punchthrough-stopper doping profile were
co-optimized to achieve maximum Ioy for Iopr = 100pA /pm (normalized to
effective channel width, Weg) and Vpp = 0.75V for the nominal bulk FinFET
and 3-NW iFinFET designs.

Figure 3.4-2(a) and (b) show how iFinFET Iorr and Ion values depend on
the peak dopant concentration in the implanted NW channel(s), respectively.
(Gaussian doping profiles with lateral steepness 3nm/dec are assumed.) From
these plots it can be seen that 1x1020cm™ doping effectively reduces Iox without
dramatically increasing Iorr; therefore, it is selected as the optimal dopant
concentration for achieving a non-conducting NW channel. Table 3.4-1
summarizes key performance parameters of the control FinFET and iFinFETs.
Figure 3.4-3 confirms that in a 2-NW iFinFET (top NW doped), the top NW

does not conduct during on states.
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Torr Ton . SSsar
oA | ey | VST v de)
3-NW 4.0 922.6 0.34 70
” 2-NW 3.9 14.8 0.35 74
o
=
“ 1-NW 2.5 6.6 0.38 78
FinFET | 4.0 19.3 0.35 72
3-NW 4.0 20.6 -0.34 70
- 2-NW 2.6 12.2 -0.36 73
o)
=
A 1-NW 1.7 5.4 -0.39 78
FinFET | 4.0 18.8 -0.35 72

Table 3.4-1. Performance parameters for nominal transistor designs. (Vpgat=
Vpp=0.75V, Vprin=0.05V). 8V is extracted at 100nA*Wg/Lg.

3.4.2 High-Density 6-T SRAM Nominal Performance

To assess the nominal performance (read SNM and writeability current) of
different HDC designs, a compact analytical MOSFET I-V model [17] is used
herein to fit the transistor transfer characteristics simulated in TCAD (Section
3.4.1). As it can be seen from Figure 3.4-4, the compact model parameters are
well calibrated to the TCAD results.
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Figure 3.4-4. Comparison of simulated 1-NW, 2-NW and 3-NW iFinFET transfer
characteristics with the fitted compact model, showing good agreement.
(Vps=Vpp=0.75V).

In the compact model, the inverter voltage transfer characteristics (VTC)
curves are generated by solving Kirchhoff’s current law (KCL) equations at the
internal nodes (CL and CH) iteratively:

Ips,pp1(Vas=Ven, Vbs=Ver) = Ipspras(Vas=Vwi-Ver, Vps=VerL-Ver) +
Ins,pus(Vas=Ver-Vob, Vbs=Ver-Vob)
(

Ipspp2(Vas=Ver, Vbs=Vcn) = Inspaa(Vas=Vwr-Ven, Vps=Veie-Ven) +
Ins,pus(Vas=Ver-Vop, Vbs=Ver-Vob)

Then the read SNM is extracted from the VTCs using the method mentioned in
Section 3.3.1.

On the other hand, for write operation, the Icy vs. Ven and Icp, vs. Vor
curves are generated by calculating the values of Icy and Icp, as Vep and Vr, are

swept:

Icr, = Ipsppi1(Vas=Ven, Vbs=Var) + Ipspras(Vaes=Vwr-Ver, Vps=Ver-Ver) -
Ips,pus(Vas=Ver-Vop, Vbs=Ver-Vob)
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Ica = Ipspp2(Vas=Ver, Vbs=Vcn) + Ipspcs(Vas=Vwi-Ver, Vps=Vere-Vcn) -
Ins,pus(Vas=Vcr-Vop, Vbs=Vcr-Vob)

The writability current (Iw) is then extracted from these curves.

Figure 3.4-5 shows the inverter VI'Cs and Icyg vs. Ve used for SNM and
Iw extraction for the 2:3:3 iFinFET-based minimum-sized SRAM high desnsity
cell design.

0.8 — T T T T T T T T T T T 1
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Figure 3.4-5. (a) Butterfly curve and (b) N-curve of the 2:3:3 design.
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Design Nominal Cell Performance
(PU: PG: PD (Vpp = 0.75V)

NW ratio) SNM (V) Tw (1A)
1:2:3 0.17 11.8
2:2:3 0.18 78
1:3:3 0.13 20.3
2:3:3 0.15 17.0
3:3:3 0.16 13.2

FinFET 0.15 10.7

Table 3.4-2. Nominal cell performance for different HDC designs.

For good read static noise margin (SNM) the PD devices should be the
strongest; hence they are fixed to be 3-NW iFinFETs in this study. Table 3.4-2
summarizes the nominal performance of different HDC designs. By comparing
2:2:3 and 2:3:3 (also 1:2:3 and 1:3:3) designs, it can be seen the read SNM is
improved by using a weaker PG. In addition, the read SNM is degraded when a
weaker PU is used. For write operation, Iy, is increased when PG is stronger than
PU (2:3:3 vs. 3:3:3). Hence, to improve SNM the PG devices should be made
weaker than the PD devices, whereas to improve write-ability current (Iw) the
PU devices should be made weaker than the PG devices.

3.4.3 6-T SRAM HDC Yield Estimation

Transistor performance variability induced by process variations can result in
failure in SRAM read (SNM < 0V) and write (Iw < 0A). We recognize two
family of variation sources: (1) systematic and (2) random.

For systematic process-induced variations, we include variations in gate
length (L) and fin width (Wgy). In this study, we assume they follow Gaussian
distributions with mean value equal to their respective nominal values and 3
standard deviations equal to 10% of their nominal values. Specific to iFinFETs, it
was shown in [6] that iFinFET performance is relatively insensitive to variations
in the inserted-oxide thickness (tiox) and inserted-oxide recess; hence these
variations are neglected in this work (Figure 3.4-6).
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Figure 3.4-6. iFinFET performance is insensitive to the inserted-oxide thickness
(tiox). Adapted from [6].

We consider two random sources of variations: (1) random dopant
fluctuation (RDF), and (2) gate workfunction variation (WFV). In sub-100nm
planar FET technology, several ion implantation steps are used to fine-tune the
V1 and reduce the transistor short-channel effects. V variation due to RDF in
these planar FETs can be significant. This variation is generally due to the
discrete nature of dopant atoms. As the transistor geometry continues to shrink,
the actual number of dopant atoms within the transistor is very small. Due to
the stochastic nature of ion implantation, having more or fewer dopant atoms in
the transistor can cause large fluctuation in doping concentration [18]. As a
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result, it is hard to precisely control Vr via fin doping in FinFET due to the tiny
volume of the fin.

For FinFETSs, previous research identified that WFV is the dominant
contributor to Vr variation [19]. To suppress short channel effects in transistors
with shorter gate length, the physical thickness of the gate oxide must be scaled
down. This causes higher gate leakage due to reduced barrier width for carrier
tunneling. To combat this problem, in 45nm technology node [20], a high-
permittivity (high-k) gate dielectric (HfOx) was introduced. The high-k dielectric
material can achieve smaller electrical equivalent oxide thickness (EOT) with a
larger physical thickness, hence suppressing the gate leakage. Due to the poor
interface between poly-Si and high-k material, metal is selected as the gate
material. The workfunction of the metal gate is determined by the sum of the
metal’s bulk chemical potential and the surface dipole potential. The latter
property is dependent on the crystal orientation. Due to the stochastic nature of
metal deposition, this value can vary and hence cause variation in the gate
workfunction.

Vr variation due to random dopant fluctuations (RDF) and gate work
function variation (WFV) [21, 22, 23| were simulated using the noise-like
Impedance Field Method (n-IFM) in Sentaurus Device [16].

Table 3.4-3 compares the values of oyt due to random sources, for different
transistor designs. WFV dominates random variation in Vr, and becomes worse
as the number of NW channels is reduced [22]. The effect of RDF also increases
with decreasing total channel volume, as expected. In this work, WFV and RDF
are assumed to be independent and the total variation in V1 due to random
sources are calculated by:

_ 2 2
OyT total = J Oyrrpr T Oy wrv
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OVTSAT
RDF Only WEV Only RDF & WEV
Abs. Abs. Abs.
a
(mV) Norm. (mV) Norm. (mV) Norm.
3-NW 2.30 0.007 25.31 0.073 25.41 0.074
n 2-NW 5.01 0.014 29.58 0.084 30.00 0.085
o
=
Z 1-NW 11.08 0.029 36.54 0.095 38.19 0.099
FinFET 2.92 0.008 29.39 0.083 29.53 0.083
3-NW 3.84 0.011 25.13 0.073 25.42 0.074
0 2-NW 6.63 0.019 29.35 0.082 30.09 0.084
o
=
- 1-NW 13.55 0.035 36.02 0.092 38.49 0.098
FinFET 4.33 0.012 28.64 0.081 28.97 0.082

Table 3.4-3. V1 variation due to random sources. ®Normalized values are

calculated by dividing oytsaT by the corresponding nominal Vrgat (listed in
Table 3.4-1).
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Figure 3.4-7. (a) SNM cell sigma vs. Vpp and (b) Iw cell sigma vs. Vpp for
various 6-T SRAM high density cell designs. Cell sigma is defined to be the
smaller one of SNM cell sigma and Iw cell sigma. The dashed line shows the 6
sigma reference line.
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Design Vmin? (V)
(PU: PG: PD NW ratio) (Read / Write)
1:2:3 0.62 / 0.67

2:2:3 0.56 / >0.75
1:3:3 0.71 / 0.55

2:3:3 0.61 / 0.64

3:3:3 0.56 / >0.75
FinFET 0.65 / >0.75

Table 3.4-4. 6-T SRAM high-density yield estimation. ?For a cell design with
Van>Vpp=0.75V, read /write assist techniques are required. The voltage values
highlighted in bold-face font set V.

The manufacturing yield of the SRAM is quantified by the cell sigma. The
cell sigma is defined as the minimum total number of standard variations from
the respective nominal values in all 3 sources of variation (i.e., Ly variation, Wy,
variation, Vr variation due to RDF and WFV) for all the 6 transistors in the cell
to cause a negative read SNM (read failure) or a negative Iy (write failure).
Within each transistor, all variation sources are assumed to be independent. In
addition, variations in different transistors are also assumed to be independent.
Hence in the compact model, the variation space is modeled as 18-dimensional (6
transistors x 3 variation sources/transistor). The origin corresponds to the
nominal device with no variations. Hence there exists a (hyper-)surface of
failures, which are combinations of variations that result in read or write failures.
The cell sigma is then calculated by finding the shortest distance from this
surface of failures to the origin, which is assumed to be the most likely failure

case.

Table 3.4-4 summarizes the yield of various 6-T SRAM HDC designs. Figure
3.4-7(a) and (b) plot SNM and Iw cell sigmas as a function of Vpp. The 2:3:3
(PU:PG:PD NW ratio) cell design achieves the lowest Vyn (0.64V) due to a
good balance between read and write margins with minimal increase in process-
induced variations. This Vyqn value is comparable to that for a 14 nm-generation
FinFET-based high-density SRAM cell design (without assist) [24]. Thus our
proposed scheme facilitates SRAM cell area scaling without a trade-off in Vyn.
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To implement the optimal (2:3:3) cell design, only one extra lithography mask is
needed.

3.5 Conclusion

In this chapter, a novel scheme for controllably reducing the drive strength of
a 3-D transistor is proposed and shown through simulations to facilitate voltage
scaling of a minimally sized 6-T SRAM cell. Specifically, one or more of the
stacked nanowire channels within an iFinFET can be made to be essentially non-
conducting by ion implantation to increase its threshold voltage. Via three-
dimensional device simulations and a calibrated compact I-V model, this scheme
is projected to enable more than 0.1V reduction in minimum cell operating
voltage (Van) for a 6-T SRAM high-density cell design. This technique can also
be applied to other cell designs, e.g., employing multiple-fin devices, for higher-
speed and/or lower-power operation.

3.6 Appendix: Doped-Nanowire iFinFET

Fabrication Process Issues

3.6.1 Feasibility of Using Ion Implantation to Dope Top
NW(s) in iFinFET

In a doped-nanowire iFinFET, the top NW(s) are doped using ion
implantation. In order not to accidentally contaminate the NW(s) below, the
conditions of ion implantation must be carefully selected. In addition, after the
implant step, a high-temperature diffusion process must be used to activate the
dopants in these doped NW(s). Hence it is critical that the inserted-oxide layers
between Si NWs can serve as dopant diffusion barriers so that the dopants in the
upper NWs do not diffuse into lower NWs.

To validate the feasibility of this implant with the aforementioned constraint,
the Synopsys process simulator, S-Process [16], was used to simulate the implant
profile as implanted and after diffusion. The advanced calibration process models
in S-Process were turned on to obtain the most accurate ion implant and
diffusion result. It is shown in Section 3.4 that the best design features a 2-NW p-
channel iFinFET for PU and 3-NW n-channel iFinFET for PD and PG. Hence
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only p-channel iFinFET needs to be doped by donors. To control the straggle in
the implant, the heavier elemental dopant Arsenic is selected. Figure 3.6-1 shows
the implant profiles as implanted and after diffusion in two cases: (1) implant
without a screening oxide layer on top and (2) implant through a 5nm screening
oxide layer. The screening oxide in case (2) is stripped immediately after the
implant and prior to thermal annealing. The boron background profile is included
as reference. Both cases are subjected to a 1000°C 30min annealing right after the
implant.

1E22 T T T
SiWire3 i-ox2 SiWire2 i-ox1 SiWire1 Substrate

1E21 |

1E20

-
m
=
©

-
m
=
©

-
m
=
<]

‘e 1E16 |

Doping Concentration (cm™)

1E15 |

1E14 |
f——Boron (Active)
{=—Arsenic (Active(

{— _Arsenic (As Implanted)

1E13

0 10

1E22

ScrOx_ SiWire3 i-ox2 SiWire2 i-ox1 SiWire1 Substrate

1E21 | 7 N

1E20 |

3

1E19

m m
S =

Doping Concentration (cm™)
m
>

1E15 | > ’\/\
N

1E14 |

0|
H
- L

[y ‘
)
/
/

1E13

Coordinate (nm)

Figure 3.6-1. Implant profiles in p-channel 2-NW iFinFETs (only the top NW is
doped). Top: Implant without a screening oxide. Bottom: Implant through a 5nm
screening oxide. The horizontal axis shows the coordinates along the height
dimension. The substrate is not shown to the full scale.
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Tscox E D
>0 Species nersy Tilt (°) 08¢
(nm) (keV) (cm2)
Case (1) 0 Arsenic 1 7 2.5x1014
Case (2) 5 Arsenic 2 7 1x10%

Table 3.6-1. Implant conditions for the two cases: (1) implant without a screening
oxide, and (2) implant through a 5nm screening oxide.

From Table 3.6-1, it can be seen that when implanting without a screening
oxide, the first NW can achieve a 1x1020cm™ Arsenic doping in the top NW,
while the Arsenic concentrations in the middle NW and bottom NW are <
1x10%cm3, smaller than the Boron background doping. Implanting through a
5nm screening oxide requires a higher dose (due to dopant loss when stripping
the screening oxide) and a higher energy to meet 1x10*’cm doping concentration
in the top NW. The implant straggle is larger than that in case (1). However, in
this case, the Arsenic concentration in the middle NW is still < 1x10%cm™3. The
change in transistor characteristics is negligible. Therefore, we can conclude the
ion implantation in either case does not affect the bottom two NWs.

3.6.2 Proposed Doped-Nanowire iFinFET SRAM

Fabrication Process

As shown in Section 3.4, the best design (PU:PG:PD=2:3:3) only requires the
PU p-channel iFinFET to be doped. One approach to do this is to add a masked
ion implantation during the STT formation module. Figure 3.6-2 shows the
proposed process flow for this best iFinFET HDC design. It should be noted that
the dopant activation step (step (f)) can be combined with later thermal

annealing process to avoid excessive dopant diffusion.
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. (a) l (b)

(e)
(9)
. (f)

Figure 3.6-2. Proposed process flow for the best doped-nanowire iFinFET HDC
SRAM design (PU:PG:PD=2:3:3). Only selected steps are shown: (a) starting
SOI-on-SOI substrate as required by a 3-NW iFinFET; (b) fin patterning; (c)
STT oxide fill and CMP (stopping material: Nitride); (d) recess the nitride hard
mask to expose the top wire of iFinFET; (e) selective ion implantation in PMOS
iFinFETSs; (f) 1000°C 30min annealing/diffusion; (g) dummy gate patterning; (h)
SiGe epitaxy growth (PMOS only); (i) SiP epitaxy growth (NMOS only); (j)
dummy gate removal. (k) high-k dielectric deposition; (1) P&N workfunction
metal layers deposition and W plug deposition. The middle-of-line (MOL) and
backend-of-line (BEOL) are not shown.
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Figure 3.6-3. Proposed additional mask for selectively doping the top wire of PU
PMOS iFinFET.

In this particular case, only 1 additional mask is required (Figure 3.6-3). The
process flow of 6-T SRAM HDC is emulated using Coventor SEmulator3D [25]. It
is also possible that this selective ion implantation is done right after the dummy

gate removal in the replacement metal gate integrated process module.
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Chapter 4

A Comparison of Self-Heating Effects in

Different Transistor Structures

4.1 Introduction

Self-heating effects (hereinafter referred to as “SHE”) are of concern for small-
geometry metal-oxide-semiconductor (MOS) field-effect transistors (FETS)
because they can degrade electrical performance [1| and reliability [2]. As
transistor dimensions continue to be scaled down to achieve higher device
densities, it is anticipated that the semiconductor industry will adopt nanosheet
(also referred to as nano-ribbon [3] and multi-channel-bridge [4]) FET structures
to provide for better electrostatic integrity and design versatility [5, 6] as
compared with state-of-art FinFETs and are considered as a promising candidate
for sub-5nm technology nodes [7]. Previous works focused on the intrinsic
behaviors of self-heating in nanosheet FETs [8, 9, 10]. However, it is also
important to understand how SHE may be worse for nanosheet FETs and
whether they can still outperform FinFETs under the constraint of the same peak

temperature.

In this chapter, we first compare n-channel and p-channel FinFETs
(hereinafter referred to as “FF”) and nanosheet FETs (hereinafter referred to as
“NSFE”) in terms of self-heating and related device performance characteristics
using Synopsys Sentaurus electro-thermal simulations [11]. Gate-all-around
(GAA) FETs (hereinafter referred to as “GAAF”) with approximately square
cross-section nanowire channel regions are also included for reference. This is
because NSFs with small sheet widths are used in static memory (SRAM) cells.
Then, based on the results of this preliminary study, the effect of various
structural design parameters on SHE is studied in p-channel NSF's. Effective
specific thermal resistance, Rgrr, is defined to gauge SHE and facilitate design
optimization of NSFs. Design parameters varied include the nanosheet spacing
(Tsus), the raised source/drain region height (Hgp), the gate sidewall spacer
thickness (Lgp), the source/drain length (Lgp), the sheet width, and the sheet
pitch (SP), and source/drain Ge molefraction.
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4.2 Simulation Methodology

Since the power of the generated heat is directly related to the current and
voltage, all transistors under comparison should be designed so that they operate
at the same supply voltage and have similar on-state current. Hence, to ensure a
fair comparison between FF and NSF, it is critical to have a set of well-defined

guidelines:

1.T he NSF parameters are mostly adapted from [12].

2. T he FF fin height should be the same as the NSF total stack height; we
assume a fixed vertical etching capability in the same technology node.
3.T he FF uses multiple (in this study, 4) fins to (approximately) match the

effective channel width in NSF. Hence, the sheet pitch should be a
multiple of the fin pitch. This is because an NSF is inherently a wide
device, which occupies the same footprint as a multi-fin FF. In practice,
the sheet width and the sheet pitch are lithographically defined and can be
continuously scaled.

4.F in Pitch — Fin Width = Sheet Pitch — Sheet Width. This is to ensure the
same amount of metal, spacer materials, source/drain materials, etc. on
the vertical sidewalls of fins or sheets so that they don’t affect
temperature calculations.

5.T he normalized (per layout width) transistor off-state leakage current
should be the same.

6.A control GAAF (with approximately square cross-section nanowires) is
also included. The GAAF features 4 wires (as opposed to 3 sheets in NSF)
and each wire is 7nm thick, so the total silicon stack is much higher. This
design ensures comparable on-state current compared to FF and NSF.

Key transistor design parameter values for FF, NSF, and GAAF are
summarized in Table 4.2-1.

FF NSF GAAF
CPP (nm) 48
FP/SP (nm) 16 64 16
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L (nm) 12
Lsp (nm) 6
Lsp (nm) 12
H (nm) 42 5 7
Tsus (nm) N/A 9 9
Nrin 4 N/A 4
Nwire N/A 3 4
Total Height (nm) 42 42 64
Hsp (nm) 20
W (nm) 6 54 6
Total Width (nm) 360 354 416

x in SD Si;.xGey

0 (N-Channel) / 0.5 (P-Channel)

Iorr (NA/pm)

1

Vob (V)

0.75

Channel Stress (GPa)

+0.4 (N-Channel) / -2 (P-Channel)

Table 4.2-1. Key design parameters for transistors.

The following lists the definitions of the terms used in Table 4.2-1.

e (CPP: Contacted poly pitch.

e FP: Fin pitch.

e SP: Sheet pitch. This is the spacing (in the layout width direction)

between nanosheets in adjacent devices. This quantity should not be

confused with the Tsys, which is the height difference between adjacent

nanosheets in the same device.

o Lg: Gate length.

e Lgp: Gate sidewall spacer length.
e Lgp: Source/Drain length.
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e H: Silicon height. In FF, this is the fin height (= total height). In
GAAF /NSF, this is the height of a single wire/nanosheet.

e Tgus: Spacing between adjacent nanosheets/nanowires in the same
transistor.

e Npgmnv: Number of fins in a multi-fin FF and GAAF.

e Nwirg: Number of wires per fin in a GAAF or number of nanosheets in a
GAAF/NSF. For GAAF, Nwirg x Nriy = number of channels.

e Total Height: Height of the entire channel stack. In FF, this is the same as
fin height. In GAAF /NSF, this is the height of all nanowires/nanosheets
plus the spacing in between.

e Hgp: Height of source/drain over the top of the conductive channel.

e W: Silicon width. In FF, this is the fin width. In GAAF /NSF, this is the
nanowire /nanosheet width.

e Total Width: total effective width. This corresponds to the total perimeter
of all conductive channels in the transistor. In FF/GAAF, this number
takes into account that a 4-fin transistor is used.

o Iorr: Off-current specification. Measured at Vgs=Vps=Vpp.

e Vpp: Supply voltage.
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Figure 4.2-1. A comparison of the 3 (n-channel) transistor structures studied. (a)

Isometric view, (b) Cross-gate cut view, (c) Cross-fin cut view.
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The isometric and cross-sectional views of the simulated transistor structures
are shown in Figure 4.2-1. To better show the conductive channel(s), the
transistors are cut in half in the middle of the channel(s). Also note that the
bottom portion of the substrate was omitted due to space limitation.

The transistor performance was simulated using the TCAD software package
Sentaurus Device [11], using the drift-diffusion transport model with transport
parameters calibrated to Monte-Carlo simulations, the inversion-accumulation
layer model for carrier mobility [13] with thin-layer correction [14], the bandgap
narrowing model, and the density gradient quantization model with parameters
calibrated to empirical pseudopotential simulations [15|. The density gradient
model is a computationally cheaper alternative to solving the full-blown self-
consistent Poisson-Schrodinger equations [16]. The fin/nanosheet /nanowire
vertical sidewall is assumed to be along {110} crystallographic planes, while the
current flows in <110> direction. A 4+0.4GPa (tensile) and (-2GPa) compressive
uniaxial stress along the conductive channel is assumed for n-channel and p-
channel transistors, respectively. The thermodynamic model [17] is also turned on
to assess SHE by solving lattice temperature equations alongside with the Poisson
and continuity equations.

In order to save computational time, the multi-fin FF and GAAF are
simulated by single fin FF and GAAF, respectively, with appropriate scaling
factor. The validity of this approach is validated by comparing a real 4-fin FF
and a 1-fin FF with the same normalized (to layout width) Iorr. The comparison
is listed in section 4.6.

4.3 Results and Discussion

4.3.1 N-Channel Transistors

Figure 4.3-1 and Table 4.3-1 summarize the electrical characteristics of the
three n-channel transistors. Lgpr is the electrical gate length, defined as the
distance between the two points in the channel that have a doping concentration
of 2x109cm3. These three transistors have equal Lgpr; hence the difference of the
electrostatics should mostly come from their structures [18]. As expected, N-FF
has the worst SS because it is a double-gate structure, while the rest two are
“gate-all-around.” N-NSF has similar SS to that of N-GAAF; this implies that for
n-channel, N-GAAF does not provide for much extra electrostatics benefit in
facilitating further device scaling as compared with N-NSF. Iyiax (i.e., the
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absolute value of the on-state current) is extracted at Vgs=Vps=Vpp and
normalized to FP/SP. It can be seen that N-GAAF has the highest Iyiax, but
achieving so at a much larger total conductive width.

Table 4.3-2 lists the average electron and current densities in each conductive
channel. It can be seen in N-GAAF, the bottom nanowire (channel 4) has the
lowest current density due to increased access resistance in the source/drain. The
access resistance effect is not apparent in N-NSF as N-NSF has a much smaller
total height.

L —'l,,s R I H ! H 420 ; ! H ! Ios (FF) 420
103 L- s (oAwP = ] 103 . . Ay
F [ Tmve) > 7 \ \\ e 44
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Figure 4.3-1. Simulated transistor current and temperatures as a function of gate
voltages: (a) N-channel, (b) P-channel.
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Lerr | Total Width| Vrsar | SSsar InMAX
(nm) | (nm) (V) (mV/dec) (mA /pm)
N-FF 20 360 0.28 75 1.96
N-NSF (20 354 0.27 70 1.92
N-GAAF |20 416 0.25 69 2.02

Table 4.3-1. Electrical characteristics of n-channel transistors.

e Density (cm™3) Current Density (A/cm?)

FF NSF GAAF |FF NSF GAAF
Channel 1 [ 8.41x10'® | 1.92x1019 [ 2.41x10% | 1.26x107 | 1.41x107 | 2.30x107
Channel 2 N/A 1.96x1019 [ 2.40x1019 | N/A 1.65x107 | 2.20x107
Channel 3 N/A 1.94x1019[ 2.33x10™ | N/A 1.61x107 | 2.12x107
Channel 4 |[N/A N/A 2.29x10% | N/A N/A 2.05%x107

Table 4.3-2. Comparison of electron densities and current densities in the

conductive channel(s) (n-channel).

Inax (mA/pm) | Tvin (K) | Tave (K) Twvax (K)
N-FF 1.96 373 383 393
N-NSF 1.92 372 381 391
N-GAAF 2.02 374 386 398

Table 4.3-3. Simulated n-channel transistor currents and temperatures.

In Table 4.3-3, Tavn, Tave, and Tyax represent the minimum, average, and

maximum temperatures in the transistor channel regions, respectively. T,

Tave, and Tyax together provide a convenient means for comparing self-heating

effects in the three transistor structures. It can be seen that for n-channel

transistors, the three structures have similar temperatures. In addition, the

temperatures in these three n-channel transistors are well correlated to the

temperature; that is, a larger Inax leads to a higher temperature.
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(a) FF NSF GAAF
Channel 1 382 387 394
Channel 2 N/A 387 394
Channel 3 N/A 386 394
Channel 4 N/A N/A 392
(b) FF NSF GAAF
Channel 1 386 389 396
Channel 2 N/A 390 397
Channel 3 N/A 388 396
Channel 4 N/A N/A 394
(c) FF NSF GAAF
Channel 1 393 390 398
Channel 2 N/A 391 398
Channel 3 N/A 390 397
Channel 4 N/A N/A 395

Table 4.3-4. Comparison of (a) Ty, (b) Tave, and (¢) Tmax in conductive
channel regions (n-channel). Units in K.

Table 4.3-4 lists the minimum, average, and maximum temperatures in the
conductive channel regions. Comparing with the numbers listed in Table 4.3-3, it
can be concluded that Tyax always occur in the conductive channels. And for N-
NSF and N-GAAF, channels with larger on-state currents have larger Tyax.
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Figure 4.3-2. Temperature contours in n-channel transistors.
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Figure 4.3-3. Heat flux in n-channel transistors.

Figure 4.3-2 and Figure 4.3-3 show the temperature distributions and heat
flux in the transistors. For better clarity, the source region is omitted in these
plots. From Figure 4.3-2; in N-FF, the temperature profile is smooth in the
channel because only silicon is involved; this could potentially reduce the
maximum temperature. In N-NSF', the highest temperature occurs near the
boundary between drain and the channels. Compared with N-FF, the heat

generated inside the nanosheets (channels) cannot easily propagate to the cooler
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regions (e.g., substrate) easily since the materials in between (e.g., gate
dielectrics, spacer materials) are poor thermal conductors. This situation is
exacerbated in N-GAAF in which the current is more concentrated and the
nanowires have smaller geometry. From Figure 4.3-3, we can see the heat is
mostly dissipated towards the substrate from the source/drain-substrate
interface. This is likely due to the fact in n-channel transistors, source, drain, and
substrate are all silicon. It can also be seen that not much heat propagates
through the poor thermal conductors (e.g., spacer materials and gate dielectrics).

4.3.2 P-Channel Transistors

Table 4.3-5 lists the electrical characteristics of the three p-channel
transistors. Similar to the case of n-channel transistors, P-FF has the worst SS,
while P-NSF and P-GAAF have similar SS. P-GAAF has the least on-state
current even with the best SS and the largest total silicon width. P-NSF has
larger on-state current than P-FF mostly due to better gate control.

Lerr | Total Width | Vrsat SSsaT Imax
(nm) | (nm) (V) (mV/dec) | (mA/pm)
P-FF 20 360 -0.28 74 1.76
P-NSF |20 354 -0.26 68 1.85
P-GAAF |20 416 -0.25 68 1.70

Table 4.3-5. Electrical characteristics of n-channel transistors.

ht Density (cm3) Current Density (A/cm?)

FF NSF GAAF |FF NSF GAAF

Channel 1 6.14x1018 | 1.23x1019 1.51x101% | 1.13x107 | 1.52x107 | 1.88x107

Channel 2 |N/A 1.24x1019] 1.53x1019 | N/A 1.45%x107 [ 1.87x107
Channel 3 N/A 1.22x1019[ 1.48%x10% | N/A 1.42x107 | 1.80x107
Channel 4 |[N/A N/A 1.44x101 | N/A N/A 1.75%107

Table 4.3-6. Comparison of electron densities and current densities in the
conductive channels (p-channel).
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IMAX (mA/pm) TMIN (K) TAVE (K) TMAX (K)

P-FF 1.76 367 378 396
P-NSF 1.85 369 381 408
P-GAAF |1.70 361 378 409

Table 4.3-7. Simulated p-channel transistor current and temperatures.

Table 4.3-6 records the hole and current densities in different conductive
channels.

Table 4.3-7 lists the temperatures recorded in the transistors. It can be seen
that P-GAAF has the worst self-heating since it has the highest Tyax with the
lowest Iniax. This shows that for p-channel transistors, the transistor structure
has a large impact on the self-heating. Compared with P-FF, P-NSF has a larger
on-state current and also a larger Tyax, so a further and more detailed analysis
is required.

From Table 4.3-8, it can be seen that for all p-channel transistors, Tyax is
reached inside the conductive channel regions (as in the case of P-FF and P-NSF)
or near the boundary between the drain and channels (as in the case of P-
GAAF). We believe the latter one is an artifact caused by structure
discretization. Compared with n-channel counterparts, p-channel transistors have
significant hotter (higher Ty, Tave, and Tyax) channels than their n-channel
counterparts despite lower Iyax.

As Figure 4.3-4 shows, there is a localized high temperature region centered
at the boundary between drain and channels for all three p-channel transistors.
For example, in N-FF (Figure 4.3-2), there is a continuous temperature contour
from the drain to the fin (channel). As a comparison, in P-FF (Figure 4.3-4),
there is a high temperature island centered at the drain and fin boundary. This is
due to the fact that in p-channel transistors, a 50% Germanium mole-fraction
SiGe is used to boost the stress in the channel. Sip5Gegs has much lower thermal
conductivity to that of silicon [19]; hence the heat generated in the fin (channel)
cannot be well dissipated to the substrate from the drain region.
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(a) FF NSF GAAF
Channel 1 379 400 398
Channel 2 N/A 402 403
Channel 3 N/A 394 400
Channel 4 N/A N/A 389
(b) FF NSF GAAF
Channel 1 384 404 401
Channel 2 N/A 406 406
Channel 3 N/A 308 403
Channel 4 N/A N/A 394
(c) FF NSF GAAF
Channel 1 396 407 404
Channel 2 N/A 408 408
Channel 3 N/A 400 405
Channel 4 N/A N/A 396

Table 4.3-8. Comparison of (a) Tan, (b) Tave, and (¢) Twmax in conductive
channel regions (p-channel). Units in K.
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Figure 4.3-4. Temperature contours in p-channel transistors.

Figure 4.3-5 shows the heat flux inside the p-channel transistors. It can be
seen that in P-FF, the heat flows mostly from the silicon fin to the substrate;
there is much less heat flow from the drain to the substrate. In P-NSF and P-
GAAF, the heat is dissipated from bottom nanosheet/nanowire the spacer
materials down to the substrate. This is likely due to the fact that Sig5Gegs has
lower thermal conductivity (x = 0.088W /cm-K) than the low-k spacer material
(x = 0.18W/cm-K) [19, 20]. As a reference, Si has a much larger thermal
conductivity (x = 1.6W/cm-K) [11]. It should be noted that in P-NSF and P-
GAAF, the top and middle wires usually conduct more current and generate
more heat. The heat generated in the upper nanosheets and nanowires is mainly
dissipated through the spacers to the lower nanosheets and nanowires and
ultimately to the substrate. In addition, for the top nanosheet and nanowire, it is
also possible to dissipate the heat through the top spacer and the upper gate
stack. This observation implies that adding more nanosheets and nanowires to p-
channel NSFs and GAAFs is not optimal as it worsens the thermal heating in the
middle nanosheets and nanowires.
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Figure 4.3-5. Heat flux in p-channel transistors.

4.3.3 Iso-Tmax Performance Comparison

Since the hottest spot in a transistor is correlated to transistor reliability, in
this section, we gradually lower the supply voltage (Vpp) for P-NSF and P-
GAAF to match the Tyax in P-FF and compare its on-state current to that of
P-FF. N-NSF and N-GAAF share the same Vpp as their p-channel counterparts.

|[Vbp| (V) Inax (mA/pm) | Tmax (K)
N-FF 0.75 1.96 (100%) 393
P-FF 0.75 1.76 (100%) 396
N-NSF 0.72 1.76 (90%) 381
P-NSF 0.72 1.72 (98%) 397
N-GAAF 0.71 1.83 (93%) 385
P-GAAF 0.71 1.57 (89%) 396

Table 4.3-9. Vpp scaling of NSFs and GAAFs to match Tyax as in FFs. The
percentages in parentheses are the current ratios to the corresponding FF's.
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It can be seen from Table 4.3-9 that in order to match the maximum

temperature, Tyvax, the Vpp of NSF needs to be lowered to 0.72V to bring Tyax
of P-NSF to 396K. This results in comparable current between P-FF and P-NSF.
However, lowering Vpp reduces N-NSF on-state current to only 90% of that in an
N-FF. For GAAFSs, the Vpp is lowered further to 0.71V; this results in 11%
reduction and 7% reduction in on-state current compared to P-FF and N-FF,

respectively.

4.3.4

Summary

From the above discussions, we conclude that:

1.

N-channel transistors have less self-heating than their p-channel
counterparts.

In n-channel transistors, the maximum temperature (Tyax) is mostly
correlated to the current in the conductive channel(s); a larger current
implies a higher Tyax. The transistor structural difference does not play a
significant role in affecting the temperatures.

Since a silicon source/drain is used in n-channel transistors, the heat
generated in the channels can dissipate through the source/drain to the
substrate. In N-FF, the heat can also flow from the silicon fin to the
silicon substrate, resulting in a smooth temperature profile across the
whole fin (channel). This helps reduce the Tyax in N-FF.

P-channel transistors feature a Sip5Gep s source/drain to apply uniaxial
compressive stress to the channel. However, since Sip5Geps has > 10X less
thermal conductivity than that of silicon, the heat generated in the
conductive channels cannot be well dissipated through the source/drain. In
P-FF, the heat can still flow from the fin to the substrate. In P-NSF and
P-GAAF, since the nanosheets and nanowires are suspended from the
substrate, the bottom nanosheet and nanowire can only dissipate the heat
through the bottom spacer to the silicon substrate. And the top nanosheet
and nanowire can dissipate the heat through the spacer on top. The
nanosheets and nanowires in the middle have the poorest thermal path to
either the top or to the bottom. Hence, for similar on-state current,
GAAFSs are the hottest because a higher aspect ratio structure (e.g., more

nanowires) for performance reasons. This implies adding more nanosheets
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or nanowires is not preferable as it worsens the thermal situation in the
middle wires.

5. Matching Tyax requires lowering Vpp for P-NSF and P-GAAF, which
degrades the performance (i.e., the on-state current of both p-channel and

n-channel are worse).

4.4 Optimization of P-Channel NSF

In section 4.3, it is found that p-channel transistors have worse self-heating
than their n-channel counterparts due to much lower thermal conductivity in
Sip.5Geo s (source/drain) than that of silicon. Moreover, both NSF and GAAF
show worse SHE than FF since the middle nanosheets and nanowires have poor
thermal paths to the substrate or to the top. As a result, to achieve the same
Twyax and reliability, the NSF and GAAF must lower their supply voltages. As
shown in Table 4.3-9, the NSF and GAAF conduct less current than FF when
they have the same Tyax.

In this section, p-channel NSF is optimized under the constraint of self-
heating by adjusting various transistor structural and material parameters and
studying their effects on self-heating. Then the optimized P-NSF is presented to
benchmark against the P-FF.

4.4.1 Optimization Methodology

It is understood that Tyax is a more representative number to show the
degree of self-heating as it correlates with the transistor reliability. But as seen
from section 4.3, it is impacted by the conduction current (Iyiax) and the supply
voltage (Vpp). It is also expected that the transistor maximum current (Inrax)
will change as various structural and material parameters are varied. In addition,
Tamax becomes smaller with a larger layout area and/or less generated power. To
facilitate NSF design optimization, an effective specific thermal resistance, Rgrr,
is proposed as the target of the optimization:

Rgpp = TMA);ﬂ (Equation 4.4-1)
A
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where Thyax is the maximum temperature measured in the unit of K, Py is the
power generated per unit layout area due to Joule heating. And P can be

written as,

FF and GAAF: P, = "2 MAX _ JpDax

NSF: P, = ‘%—f‘;‘;f( (Equation 4.4-2)

A lower Rgrr is considered better (i.e., less self-heating).

As a sanity check, the results from section 4.3 are used to calculate Rgpr
(Table 4.4-1). It can be seen that Rgrr is a good indicator in comparing the self-
heating in different transistor structures. Rgpr is similar across all 3 n-channel
transistors, re-affirming that the structural difference does not play a big role in
self-heating. P-channel transistors have much larger Rgrr than their n-channel
counterparts. And as expected from previous analysis, P-GAAF has the largest
RErr, while P-FF has the smallest Rgpr.

Inax (mA/pm) | Tvax (K) Rerr (K-cm?/W)
N-FF 1.96 393 3.0x10°°
N-NSF 1.92 391 3.0x10°
N-GAAF |2.02 398 3.1x10°
P-FF 1.76 396 3.5x10°
P-NSF 1.85 408 3.7x107°
P-GAAF |1.70 409 4.1x10°

Table 4.4-1 Calculated Rgpr for different transistor structures in section 4.3.

In addition to Rgrr, a pure thermal simulation approach is also proposed to
achieve much faster turn-around time and qualitative understanding in relevant
cases. In this approach, only the heat diffusion equation is solved. Based on the
study in section 4.3, maximum temperature spots are located in the vicinities of
the channels near the drain regions. Therefore, the heat source is placed at the
drain side of the channel with total thermal power generated based on the Pj
calculated based on results from section 4.3. Figure 4.4-1 shows the placement of
the thermal source in NSF.
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Figure 4.4-1. Thermal contact at drain-side.

It should be noted that due to the limitations of the constant-power
assumed in these pure thermal simulations, they may not be appropriate for
parameters that can cause large change in current and heat.

4.4.2 Effect of Nanosheet Spacing (Tsus)

Nanosheet spacing (nominal: 9nm) is varied from 5nm to 50nm. Note that
nanosheet spacing is defined to be the distance between the top surface of the
lower sheet to the bottom surface of the higher sheet; hence it includes the
thicknesses of gate stack in between (Figure 4.4-2). For example, a 5nm Tsyg
consists of 2x0.4nm=0.8nm interfacial oxide layer, 2x1.28nm=2.56nm high-k
dielectric, leaving only ~1.6nm for the workfunction gate metal layers and the
tungsten filling, which would be challenging in practice.

Gate

NS Spacing (Tgys)

Figure 4.4-2. Definition of Nanosheet Spacing.
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Figure 4.4-3. Temperature contours for various Tsys.
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Figure 4.4-4. Rgpr calculated from pure thermal and electro-thermal simulation
as a function of Tgys.

Figure 4.4-3 shows the temperature contours for various Tgusg cases. It can be
seen that the middle nanosheet has the highest Tyax in all cases. In addition, the
thermal situation worsens when Tgys increases. This is because, at large spacing,
the heat has to travel longer path in the S/D region to reach the thermal sinks
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and the heat from the middle sheet cannot dissipate well through the substrate.
Note that the substrate is getting cooler in larger Tgys cases. It is also found that
the top nanosheet has a higher Tyax than the bottom nanosheet when the
nanosheet spacing is large. This indicates that heat dissipates through the
substrate easier than the top source/drain/gate contacts at the top. Figure 4.4-4
also shows that pure thermal simulation and electro-thermal simulation gives the

same trend.

4.4.3 Effect of Raised Source/Drain Height (Hsp)

LatticeTemperature (K)
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.3.500e+02

Figure 4.4-5. Temperature contours for various Hgp.

In the nominal case from section 4.3, all the structures have a raised source
and drain design (i.e., the source and drain top is above the top surface of the
conductive channel). In this study, the source/drain height is varied from 15nm
to 25nm to study its effect on SHE. The nominal value is 20nm. As shown in
Figure 4.4-5 and Figure 4.4-6, the source/drain height variation has a negligible
impact on the thermal resistance. This further confirms the previous discussion
that heat dissipates mostly downwards. It is also found that pure thermal
simulation gives a similar trend as electro-thermal simulation.
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Figure 4.4-6. Rgrr calculated from pure thermal and electro-thermal simulation
as a function of Hgp.

4.4.4 Effect of Sheet Pitch and Sheet Width

In this section, we consider two scenarios: (1) the sheet pitch is varied while
the sheet width is kept constant, and (2) the difference between the sheet pitch
and the sheet width is kept constant while the sheet width is varied.

The first scenario explores the optimal difference between the sheet pitch and
the sheet width (i.e., the optimal width of the sidewall spacers, STI, etc.). A
larger sheet pitch with fixed sheet width implies a wider STI in general. The pure
simulation is appropriate in this scenario as the total current should not change
much due to the fixed sheet width.

Figure 4.4-7 shows the temperature distributions of NSF with 3 different
sheet pitches. It can be seen that NSF has lower Tyax when the sheet pitch
increases. However, Figure 4.4-8 shows Rgpr increases when sheet pitch increases.
This is because when the sheet pitch increases, the additional area is covered by
oxide in STI, which has a much lower thermal conductivity than silicon. Rgpr is
worse due to the waste of area.
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Figure 4.4-7. Temperature contours for various SP.
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Figure 4.4-8. Rgpr calculated from pure thermal and electro-thermal simulations
as a function of pitch. In FF and GAAF, pitch=4xFP; In NSF, pitch=SP. The
specific power (Pa) for each transistor structure used in the pure thermal
simulation is calculated based on Iyjax and Vpp in section 4.3.

In addition, as a reference, the fin pitch of FF and GAAF is also varied in
the same manner and their effects are also studied. As mentioned in section 4.2,
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to ensure a fair comparison, the sheet pitch should always be a multiple of the fin
pitch. In this study, we fix this ratio to 4. That is, for a given sheet pitch, 4-fin
FF or 4-fin GAAF can be placed evenly. It is found that FF still has the best
Rerr while GAAF is the worst (this was found in section 4.3 already). Moreover,
NSF has the worst slope as the pitch increases. This is because NSF has only one
STT opening for the entire structure; while in FF and GAAF, there are 4 STI
openings. Therefore, although it has the same silicon area as FF and GAAF, NSF
enjoys much less heat spreading effect. The pure thermal simulation gives similar
results as electro-thermal simulation as shown in Figure 4.4-8.

One advantage of NSF is that its sheet width can be defined by the
lithography, which can be (theoretically) scaled continuously. In the second
scenario, the difference between the sheet pitch and the sheet width is fixed while
the sheet width is varied. By doing so, we can examine how sensitive SHE is to
the sheet width in the same NSF fabrication process. Since the current varies
much, the pure thermal simulation is not appropriate here.

Sheet Width (nm) | Imax (mA/pm) | Tmax (K) | Rerr (K-cm?2/W)

32 1.54 394 3.9x107
48 1.68 400 3.8x107°
64 1.85 408 3.7x107°

Table 4.4-2 Rgpr for different NSF sheet width (sheet pitch — sheet width
constant).

It can be seen from Table 4.4-2, that NSF with a larger sheet width is better
in both the current density and the SHE. This is because for the same difference
between the sheet pitch and the sheet width, a larger sheet width implies a
higher substrate to STI area ratio, and hence a better heat transfer from the
nanosheets to the substrate.

4.4.5 Effect of Spacer Length (Lsp)

In this section, Lgp is varied while Lg and Lgp are fixed.
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Figure 4.4-9. Left: Iyjax and Tyax as a function of Lgp. Right: Rgpr as a function
of Lgp.

As shown in the left of Figure 4.4-9, for all gate lengths, reducing Lgp
increases the on-state current and the maximum temperature. From the right of
Figure 4.4-9, we can see that a smaller Lgp leads to a smaller Rgrr. In addition, a
smaller Lg also has a larger Rgrr when having the same Lgp; this is due to the
degradation of electrostatics at smaller Lg. Note that the pure simulation is not
appropriate here as the current varies by a large margin.

4.4.6 Effect of Source/Drain Length (Lsp)

In this section, the effects of contacted poly pitch of NSF on SHE are
explored by varying Lsp. Note that CPP and FP/SP are critical numbers that
characterize the process as it directly relates to the density of the transistors.
However, it is still worthwhile to investigate whether by tweaking Lgsp within a
small window, the self-heating can be improved.

Lsp/CPP (nm) Inmax (mA/pm) | Tmax (K) | Rerr (K-cm?/W)
10/44 1.63 403 3.7x107°
12/48 (Reference) | 1.85 408 3.7x10
14/52 1.88 404 3.8x10°5

Table 4.4-3 Repr for different source/drain length (Lgp).

From Table 4.4-3, we can see that a longer source and drain can increase the
on-state current. This is because a longer source and drain has a larger surface
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area which reduces the contact-to-source/drain resistance. Also note that the
pure thermal simulation is not appropriate here as it does not account for the

change in on-state current.

There is also a competing factor: as shown in Figure 4.4-10, a longer source
and drain can help reduce the maximum temperature near the boundary of drain
and the second nanosheet. This is because the heat generated at the boundary
has larger room to spread in the length direction, effectively reducing the

maximum temperature.
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Figure 4.4-10. Temperature contours with various Lgp. Only 12nm (default) and
14nm Lgp case are shown as they have similar current.

However, since Rgrr takes the layout area (CPPxSP) into account, at some
point, the minor change in source/drain resistance and the improvement in heat
crowding do not worth the increase of CPP. As shown in Table 4.4-3, Rgrr does
not vary much when Lgp increases from 10nm to 14nm (+40%), or CPP increases
from 44nm to 52nm (+18%). Therefore, tweaking Lsp within a small range does
not help reduce self-heating in NSF.

4.4.7 Effect of Gate Sidewall Spacer Length (Lg) and
Spacer Length (Lsp)
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In this section, CPP and Lgp are fixed at 48nm and 12nm, respectively, while

Lc and Lgp are varied. More specifically, we look at 3 combinations of (Lg, Lsp):

(12nm, 6nm), (10nm, 7nm), and (14nm, 5nm). The doping gradient are fixed and

hence these three designs have similar Lgpp.

(Lg, Lsp) (nm) Imax (mA/pm) [ Tmax (K) | Rerr (K-cm?/W)
(10, 7) 1.47 390 3.9x10°
(12, 6) (Reference) | 1.85 408 3.7x10
(14, 5) 1.96 413 3.7x105

Table 4.4-4 Rgpr for different Lg and Lgp combinations.

(10nm, 7nm) case has the largest Rerr due to the lowest on-state current

(Table 4.4-4). This is due to a worse electrostatics resulted from a shorter gate
length (Figure 4.4-11). The (14nm, 5nm) and the reference (12nm, 6nm) has

similar REFF~
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Figure 4.4-11. Simulated transfer characteristics for different (Lg, Lsp)

combinations.
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4.4.8 Effect of Gate Sidewall Spacer Length (Lsp) and S/D
Length (Lsp)

In this study, CPP and Lg are fixed at 48nm and 12nm, respectively, while
Lgp and Lgp are varied. In particular, three combinations of (Lgp, Lsp) are
investigated: (6nm, 12nm), (8nm, 10nm), and (10nm, 8nm). To maintain the
same leakage current, the source/drain doping gradients are adjusted so they
have the same Lgpr (extracted at 2x10cm doping concentration) as shown in

Figure 4.4-12.
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Figure 4.4-12. Doping concentration profiles in various (Lgsp, Lsp) combinations.
The effective channel length (extracted at 2x10Ycm doping concentration) is
kept the same by tuning the doping gradient from the source/drain region.

(Lsp, Lsp) (nm) Inax (mA/pm) | Tmax (K) | Rerr (K-cm?2/W)
(6, 12) (Reference) | 1.85 408 3.7x10
(8, 10) 1.78 403 3.7x10°5
(10, 8) 1.64 396 3.7x10°5

Table 4.4-5 Rgpr for different Lsp and Lgp combinations.
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Table 4.4-5 lists the computed Rgpr for these three cases. The change in
RErr is minimal. Note that the degradation in Iyax in the (10, 8) case compared
to (6, 12) case is due to non-negligible doping in the channel region, causing
mobility degradation and hence lower on-state drive current. Also note that in
this study Imax varies, and hence pure thermal simulations are not appropriate as
they assume a constant-power source-side thermal contact.

4.4.9 Effect of Source/Drain Germanium MoleFraction

In this study, the effect of source/drain Si;.xGeyx material is studied. While
the channel is fixed to pure silicon, the source/drain Si,.Ge, is varied from x = 0
(pure Silicon) to x = 1 (pure Germanium). The nominal x is 0.5. The
compressive stress induced in the Si channel is also varied linearly from 0 to -
4GPa to account for the change of mole fraction in the source/drain. The gate
workfunction is tuned so that each transistor has an Iopp=1nA /pm.

Ge Molefraction |Imax (mA/pm) [ Tmax (K) | Rerr (K-cm?2/W)
0 (Pure Si) 1.23 364 3.2x107
0.2 1.61 396 3.8x105
0.4 1.78 405 3.8x105
0.5 (Reference) 1.85 408 3.7x107
0.6 1.85 408 3.7x10°
0.8 1.61 395 3.8x105
1.0 (Pure Ge) 1.13 363 3.6x107

Table 4.4-6. Simulated transistor current and temperatures for different
source/drain Ge molefraction.
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Figure 4.4-13. Channel average mobility as a function of source/drain Ge
molefraction (Vgs=Vps=Vpp).
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Figure 4.4-14. Simulated valance band and hole quasi-fermi level profile along the
channel (Ves=Vps=Vpp). The source-side barrier is at around x=-10nm.
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From Table 4.4-6, when the source/drain Ge molefraction (x) is around 0.5,
the transistor achieves the highest Injax. There are two factors. Firstly, as shown
in Figure 4.4-13, as x increases from 0 to 1 (from pure Si to pure Ge), the
transistor enjoys higher mobility (linear-regime) and higher velocity (saturation-
regime) in the channel due to the higher compressive stress. Secondly, as shown
in Figure 4.4-14, using Si;xGey source/drain with larger x can cause increased
source-side barrier due to the Si; xGey-Si heterojunction. This reduces the number
of holes or electrons diffusing into the channel in the on-state. Since the current is
proportional to the inversion charges, this eventually leads to a reduction of the
on-state current.

In addition, other non-ideal factors might also play a role. For example, a
higher x Si; xGeyx will have a decreased density-of-state.

It should also be clear that from Table 4.4-6, pure Si has the best Rgpr and
pure Ge the second. And the rest using Si; «Gex has larger Rgpr than these two.
This is well expected: pure Si has the largest thermal conductivity and pure Ge
has the second largest thermal conductivity. Most Si; \Gey alloy has about 10X
less thermal conductivity than that of pure Si, and 5X less than that of pure Ge
(Figure 4.4-15). As seen from Figure 4.4-16 (note the different scales for each
plot), most of the heat is dissipated into drain-to-substrate boundary in the pure
Si source/drain case. In the Sip5Geq s source/drain case, the heat is mostly
dissipated through the bottom spacers to the substrate. And in the pure Ge
source/drain case, a portion of heat is dissipated through the drain-to-substrate
boundary, while the rest flows through the bottom spacers.
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Figure 4.4-15. Thermal conductivity of Si, SiGe, and Ge [21].
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Figure 4.4-16. Heat flux in NSFs with different source/drain.

In summary, based on the previous analysis, the pure Si source/drain can
provide the least self-heating (lowest Rgrr), but SipsGegs provides the optimal
trade-off between the performance (Iyiax) and the self-heating (Rgrr).

4.4.10 Iso-Tmax Performance Comparison

Based on the previous study, we identify that there are two design
parameters that can reduce the self-heating in NSFs: 1) a smaller nanosheet
spacing (Tsus) (section 4.4.2), and 2) a smaller spacer length (section 4.4.5 and
section 4.4.7). Although it is found that a larger sheet width (assuming the same
difference between the sheet pitch and the sheet width) can relieve the self-
heating, this cannot be a design parameter as the sheet width is fixed by circuit
design considerations.

In this section, to investigate the best-case scenario for the NSF, we add the
two cases to the comparison in section 4.3.3: 1) Lg=12nm, Lgp=6nm, Tsys=5nm
and 2) Lg=14nm, Lgp=5nm, Tsys=5nm. Note that a 5nm Tgys is practically
challenging to achieve since the gate oxide (oxide interfacial layer and high-k
dielectric layer) from the adjacent nanosheets occupies 2x(1.284-0.4)nm=3.36nm,
leaving only 1.64nm (vertical thickness) for the entire gate workfunction metal
stack and (possibly) the tungsten filling.

Subsequently, simulations were performed with a range of Vpp values to find
the value for which Tyax in NSF matches that in FF with [Vpp|=0.75V. A
summary comparison is provided in Table 4.4-7.
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[Vop| (V) |Imax (mA/pm) Tmax (K)
N-FF 0.75 1.96 (100%) 393
P-FF 0.75 1.76 (100%) 396
N-GAAF 0.71 1.83 (93%) 385
P-GAAF 0.71 1.57 (89%) 396
N-NSF (Design 1) |0.72 1.76 (90%) 381
P-NSF (Design 1) |0.72 1.72 (98%) 397
N-NSF (Design 2) |0.73 1.94 (99%) 388
P-NSF (Design 2) |0.73 1.76 (100%) 396
N-NSF (Design 3) |0.71 1.94 (99%) 384
P-NSF (Design 3) |0.71 1.85 (105%) 397

Table 4.4-7 Vpp scaling of NSFs and GAAFs to match Tyax of FFs. For NSF,
design 1 is the reference case in section 4.3.3 (Lg=12nm, Lgp=6nm, and
Tsus=9nm). Design 2 features Lg=12nm, Lgp=6nm, and Tsys=bnm. Design 3
features Lg=14nm, Lgp=5nm, and Tsys=5bnm. The percentages in parentheses
are the current ratios to the corresponding FF.

It is found that both design 2 and design 3 of NSF's can achieve similar
performance to that of FF by reducing the supply voltage to achieve the same
Twamax in p-channel transistors. It should be noted that although design 3 has
larger (+5%) Ion than that of design 2, its total gate capacitance increases by
21% (141aF@0.73V in design 2 vs. 170aF@0.71V), which is due to a thinner gate
sidewall spacer. Therefore, design 2 still has performance advantage and is
considered the best NSF case.

4.5 Conclusion

In section 4.3, the performance of FinFETs (FFs), Nanosheet FETs (NSFs),
and Gate-All-Around FETs (GAAFSs) are evaluated and compared in the context
of self-heating. It is found that with similar on-state current, FFs have the least
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self-heating (as indicated by the lowest Tyiax), while GAAFs are the worst. And
in general, n-channel transistors have less self-heating than their p-channel
counterparts. In order for NSFs and GAAFs to achieve the same Tyiax, their
supply voltages must be lowered. Under these voltages, NSFs and GAAFs lose
their performance advantage to FFs.

In section 4.4, a new metric “specific thermal resistance” (Rppr) is defined to
gauge SHE for a fair comparison between different transistor structures This
metric normalizes the maximum temperature rise to the layout area and power
generated by Joule heating. The electro-thermal simulation is performed to
evaluate the SHE when p-channel NSF design parameters (e.g., nanosheet
spacing, raised source/drain height, gate sidewall spacer length, source/drain Ge
molefraction) are varied. Effects of Fin Pitch and Sheet Pitch on SHE were also
studied. The pure thermal simulation, which assumes a constant heat power
source, is also performed in relevant cases and it enables much shorter turn-
around time. In conclusion, it is found that:

e The heat dissipates primarily downwards to the substrate. In n-channel
transistors, the heat propagates through the silicon source/drain to the
substrate. In p-channel transistors, however, due to a much smaller
thermal conductivity of Si; «Gey, most of the heat is dissipated through
the bottom spacers to the substrate.

e A smaller nanosheet spacing results in less SHE.

e The raised source/drain height (i.e., the height over the top conductive
channel surface) has minimal impact on SHE.

e When the sheet width is fixed, a larger sheet pitch worsens the SHE due
to the waste of area. When the difference between the sheet pitch and the
sheet width is fixed, a larger sheet width helps reduce SHE, as it increases
the substrate to STI area ratio.

e A thinner gate sidewall spacer (i.e., smaller Lgp) results in less SHE.

e The source/drain length has minimal impact on SHE.

e SHE is more severe when the source/drain material composition deviates
from pure Si or Ge.

e FF has the least SHE of all the advanced FET structures. The NSF is
relatively more susceptible to SHE, compared to FF.

The optimal NSF design (with 6nm Lgp, 12nm Lgp and 5nm Tsys) can
achieve similar performance to that of the FF under the same Tyax constraint
(i.e. operating the NSF with lower Vpp).
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4.6 Appendix: Validity of Using a 1-Fin FF/GAAF
with AreaFactor=4 to Simulate 4-Fin
FF/GAAF

In this section, we compare a full multi-fin FF/GAAF simulation and a
single-fin FF/GAAF simulation with appropriate scaling factors to examine the
correctness of the approach used in this chapter.

Figure 4.6-1 shows the full structure of the 4-fin FF and GAAF. For clarity,
the source region is omitted. All the fins share the same substrate contact at the
bottom (not shown in the plot).

FF GAAF

Figure 4.6-1. A full 4-fin FF and GAAF used for comparison.

As shown in Figure 4.6-2, the simulated electrical characteristics and the
thermal characteristics of FFs are very similar. The current of the 1-fin case is
scaled by a factor of 4 to account for the fact that a 4-fin structure is intended to
be used. The results for GAAFs are similar (not shown). Figure 4.6-3 further
shows that the gate capacitance are also the same under these two scenarios.
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Due to a significant reduction of meshes required, the computation time has
been observed to reduce by at least 4X; in some cases, the improvement is >10X.
Therefore, by using a single fin FF/GAAF with appropriate scaling factor (in this
case, 4), the simulation can correctly capture the characteristics of the full
structure with much shorter turn-around time.
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Chapter 5

Conclusion

5.1 Summary and Contributions of This Work

Moore’s law predicts a doubling count of transistors per chip roughly every
two years [1], which usually translates into halving of the layout area per
transistor in practice since an increase in chip size is limited by cost
considerations [2]. The industry has been successful in following Moore’s law
during the past five decades, even after Dennard scaling [3] became ineffective
around 2005. However, as the industry heads down to single-digit nanometer
technology nodes [4, 5|, transistor area scaling becomes even more difficult due to

ever increasing cost as a result of more complex fabrication process (Figure
5.1-1).
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Figure 5.1-1. Costs per area are increasing dramatically. Adapted from [6].

This dissertation aims to recognize potential problems and propose possible
solutions to these problems as we continue to shrink the area of transistors in

different ways.

To increase the current density of a FinFET, high mobility channel materials

eventually will be required because the approach of increasing fin height starts to
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meet fabrication challenges and diminishing returns in performance gain. Low Ge
molefraction silicon germanium (SiGe) is considered one of the most promising
candidate channel materials for p-channel FinFETs. However, due to increased
permittivity and lower bandgap as compared to silicon, the SiGe FinFET is
expected to have worse electrostatic integrity than Si FinFET. To mitigate this
problem, in chapter 2, the hetero-channel FinFET is proposed. The hetero-
channel region comprises a heterogeneous layer sandwich of silicon (Si) and
silicon-germanium (i.e., Sip9Gep.1). Due to the higher bandgap region (Si) near
the source and drain regions, the hetero-channel design can achieve comparable
electrostatic integrity as the conventional Si FinFET. Moreover, due to the
higher mobility induced by stress in Sip9Geg 1, the hetero-channel design provides
for +16% larger and +9% on-state current compared to Si FinFET and Sip.9Geg 1
FinFET, respectively. It should be noted that only 10% Ge is used; hence a
complex process such as aspect ratio trapping (ART) method is not required, for
ease of manufacture. Therefore, the hetero-channel FinFET is promising for
future low-power applications. Larger Ge molefraction SiGe might achieve even
higher performance, but the increased sensitivity to the recess length makes them
less favorable than SipoGeg 1.

6-T SRAM is one of the most often utilized circuit block in modern SoCs and
for cache memory in CPUs. One particular bit cell design - high density cell
(HDC) is of focus since it is the most compact (i.e., occupying the smallest layout
area) among all bit cell designs. Due to the large number of 6-T SRAM circuits,
voltage scaling becomes critical for power reduction. However, due to the small
geometry, the HDC design usually imposes more stringent requirements on
transistor process variations and design robustness. For an advanced transistor
technology, in order for the HDC to function properly at low voltages, circuit-
level assist techniques are generally required, which results in larger chip area and
greater power consumption. In chapter 3, a novel scheme for controllably
reducing the drive strength of iFinFET (inserted-oxide FinFET) is proposed to
facilitate voltage scaling of the 6-T SRAM HDC cell. Specifically, one or more
nanowire channels in iFinFETs are selectively doped so that the threshold
voltage of the doped nanowires is increased so that, under normal operating
conditions, these doped nanowires do not conduct current. It is shown that after
taken the systematic and random sources of variations into consideration, the
best design can enable more than 0.1V reduction in the minimum cell operating
voltage (Vain).
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As a side effect of aggressive transistor miniaturization, self-heating effects
become more severe. This effect limits transistor performance gains because of
degraded mobility and transistor reliability. In the first half of chapter 4, three
promising candidate advanced transistor structures, namely, FinFETs (FFs),
Nanosheet FETs (NSFs), and Gate-All-Around Nanowire FETs (GAAFs) are
compared in terms of performance under the constraint of maintaining the same
peak temperature. It is found that n-channel transistors have much less self-
heating than their p-channel counterparts. This is due to the fact that in n-
channel transistors, the majority of heat can be dissipated through the silicon
source/drain regions. Differences in SHE for n-channel transistor structures are
not significant. On the other hand, due to the poorer thermal conductivity (10X
less than that of silicon) of silicon germanium, heat cannot be well dissipated
through the source/drain regions in p-channel transistor structures. In p-channel
FFs, the heat can still propagate through the fin to the substrate; hence FFs
have the least self-heating effects among all the advanced p-channel transistor
structures. In GAAFs and NSFs, the Si channels (i.e., nanowires or nanosheets)
are suspended from the silicon substrate. Hence the majority of the heat is
dissipated through the bottom spacers, which are also poor thermal conductors.
P-channel GAAFs have the worst self-heating since to achieve a similar on-state
current, more nanowires must be used; therefore, the localized heating in middle
conductive channels are more severe than that in NSFs. When the operating
(supply) voltage of GAAFs and NSF's is lowered so that their p-channel
transistors have the same self-heating as p-channel FFs, to avoid worsening
reliability, it is found that GAAFs and NSFs have worse performance than that
of FFs, especially for n-channel transistors (n-channel and p-channel transistors
share the same operating voltage).

To understand how various design parameters can impact NSF's self-heating,
in the second half of chapter 4, a new metric “specific thermal resistance” (Rppr)
is introduced to gauge SHE for a fair comparison among different transistor
structures and different design parameters. This metric normalizes the transistor
maximum temperatures with respect to the layout area and the power generated
by Joule heating. A smaller Rgpr is considered better (less self-heating). In this
study, several design parameters are varied: nanosheet spacing, source/drain
height, gate sidewall spacer length, source/drain Ge molefraction, sheet pitch, etc.
In summary, it is found that:

e In p-channel NSFs, even though the source/drain regions are poor

thermal conductors, the majority of heat is still dissipated to the
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substrate heat sink instead of the upper gate or source/drain metal
contacts. As a result, the raised source/drain height (i.e., the height over
the top conductive channel surface) has minimal impact on SHE.

e A smaller nanosheet spacing is beneficial for SHE. But it may lead to
larger process complexity.

e A larger sheet pitch worsens the SHE due to the waste of area as the
sheet width is fixed.

e A larger sheet width helps reduce SHE when the difference between the
sheet pitch and the sheet width is fixed. This is because it increases the
substrate (heat sink) to STI area ratio.

e SHE is mitigated with a thinner gate sidewall spacer (i.e., smaller Lgp).

e The source/drain length has negligible impact on SHE.

e SHE is more severe when the source/drain material composition deviates
from pure Si or Ge. But using pure Si or Ge source/drain can cause large
performance degradation.

In the end, the operating voltage of the optimally designed NSFs is lowered to
reduce the self-heating to the same level of FFs. In this scenario, the optimal
NSF design can achieve similar performance as can FFs.

5.2 Future Directions

In chapter 2, the low Ge molefraction Sij Gey, where x is small (x < 25%)
is investigated. This channel material can be directly fabricated on top of the
conventional silicon substrate without process issues. In the future, to further
improve the mobility, high Ge molefraction SiGe or even pure Ge is projected to
be used. This usually requires a strain relaxed buffer (SRB) intermediate layer to
avoid the formation of crystal dislocations due to large lattice mismatch. The
concept of hetero-channel, which takes advantage of a higher bandgap channel
region near the source/drain region to improve electrostatic integrity, can be
extended to this case.

In chapter 3, the concept of fine tuning SRAM cell ratio via counter doping
the top nanowire(s) in iFinFET can be extended into other SRAM bit cell
designs, such as high performance cell (HPC). In these designs, transistors may
feature multiple fins, which gives extra tuning knobs. In addition, physical
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removal of top nanowire(s) via selective etching might also be worth investigating
as it could potentially reduce the variations due to RDF.

In chapter 4, the self-heating in advanced silicon transistors is evaluated
and compared. This study can be further extended into more advanced
architectures (e.g., Fork-Sheet FETs [7]) and other channel materials (e.g., SiGe
[4]). In addition, the performance evaluation can also be assessed dynamically in
a circuit setup (e.g., inverter, multi-input NAND /NOR, ring oscillator).
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