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ABSTRACT OF THE DISSERTATION

Design and Optimization of Stacked Nanosheet FET and FinHBT for Ultra-Scaled SoC

by
Xicheng Duan
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 2022

Professor Jason C. S. Woo, Co-Chair

Professor Mau-Chung Frank Chang, Co-Chair

Combining digital computation, analog, and radio frequency (RF) circuitry, a highly functional
systems-on-chip (SoC) design is a favorable choice for various applications like mobile systems,
embedded systems, and space applications. While the aggressive scaling continues for digital
applications, the analog/RF performance of these highly scaled devices is lagging. To achieve an
SoC technology with advanced ultra-scaled digital transistors and compatible RF/Mixed-Mode
devices, this work is divided into two major sections. In the first section, TCAD simulation of
Stacked Nanosheet FETs (NSFETSs) based on quantum physics has been performed. The study
focuses on critical device parameters including Lg, Tns, parasitic resistance, and EOT. The TDDB
behavior of NSFETs with different corner rounding radii is studied closely with a discrete trap
based TCAD simulation. In the second section, an innovative lateral SiGe FinHBT is proposed to
leverage the lateral scaling capability of the FInFET CMOS fabrication platform to establish high-
speed BiCMOS VLSI SoCs for THz/mixed-mode applications. A complete CMOS compatible

process flow of fabricating a nanoscale lateral SiGe FinHBT on an SOI wafer has been developed.



A prototype of the lateral SiGe FinHBT has been fabricated and characterized. Based on the results,
it is projected that the lateral SiGe FinHBT can potentially reach fr/fmax > 750 GHz with further

process optimization and scaling.
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CHAPTER 1
Introduction

1.1 Background and motivation

Over the last 50 years, Moore's law has provided continuous improvement in semiconductor
device/circuit technology and has resulted in unprecedented advancement in electronic systems.
Highly functional Systems-on-Chip (SoC) has been developed, combining RF/mixed-mode with
signal conversion and enormous amounts of digital computation and signal processing. Due to its
excellent electrostatic control and capability to deliver high current density per footprint, the
FinFET structure has been adopted for sub-22nm/14nm node. While the FIinFET technology has
granted successful technology node scaling for a decade, it will eventually hit a bottleneck as
scaling proceeds to the sub-5nm era. The aggressively scaling channel length, EOT, and gate/fin
pitch have brought up numerous issues like short channel effect, parasitic resistance/capacitance,
and reliability problems. To enable further scaling, gate-all-around (GAA) FETs have been
proposed as the next mainstream technology for digital applications thanks to their excellent
electrostatic control. Many different GAAFET designs have been reported, including lateral
stacked nanowire FET [1], vertical nanowire FET [2], and stacked nanosheet FET (NSFET) [3].
Among all the different GAAFET designs, NSFET stands out as the most promising solution for
sub-5nm VLSI due to its enhanced electrostatic control, large effective channel width per footprint,
and minimized deviation from the standard FINFET process. In [3], NSFET with aggressively
scaled 12nm Lg can still maintain a subthreshold swing (SS) of 75mV/dec. A 3-nanosheet stack

can also reach comparable effective channel width per footprint with aggressively scaled FINFET



while being able to scale the contact poly pitch to 44nm (7nm node standard). This enables further
scaling to sub-5nm nodes.

With all the benefits of adapting to NSFET, it is most likely to become the technology for ultra-
scaled VLSI and SoC technology. However, as an emerging device, the relationship between the
device’s performance and key design parameters like Lg, EOT, and Twns hasn’t been fully
understood. Its unique gate-all-around structure is accompanied by a severe quantum effect, which
will significantly affect the carrier distribution in the channel region. Moreover, as the scaling
continues, aggressive EOT scaling is needed to compensate for the increased parasitic capacitance.
This will lead to significant reliability concerns, including gate leakage, TDDB, and BTI.
Therefore, it is crucial to obtain a thorough understanding of the performance constraints and
reliability issues of sub-5nm NSFET. In this work, a comprehensive TCAD platform is constructed
for sub-5nm NSFET. Quasi-ballistic transport, 2D Schrodinger equation, and trap-assisted
tunneling have been solved self-consistently. The device performance of sub-5nm NSFET is
simulated and compared to FinFETs. Based on the TCAD platform, a discrete trap TDDB model
has been constructed. A detailed breakdown analysis is done to guide the bottleneck of the TDDB
in NSFET.

While the FInNFET and NSFET keep scaling to sub-5nm nodes, it is very hard to utilize these
devices for very high-frequency mixed-signal SoC applications because of their large parasitic
resistance/capacitance and degraded mobility. An fr/fuax of 300GHz/450GHz has been
demonstrated on Intel 22nm Si FInFET platform [4]. However, it is still much too insufficient for
terahertz sensing and high bandwidth communications. While I11-VV-based devices can approach
THz [5] [6] [7], the lack of integration density constrains their applications in a highly scaled

System-on-Chip system. In the past, BICMOS technology has been the go-to solution for



RF/mixed-mode applications. Vertical SiGe HBT on 130nm node has demonstrated an fr/fmax up
to 505GHz/720GHz [8], which shows potential for THz operations. However, implementing the
conventional vertical HBTs on the FinFET platform is extremely challenging due to the difference
in layout dimensions and heights.

To solve this issue, the lateral SiGe FinHBT is proposed as a promising solution to realize the
FinFET-compatible BICMOS for THz/mixed-mode applications. In this project, a T-base FinHBT
design capable of reaching fr/fuax > 750GHz is presented through simulation. A process flow
featuring lateral SiGe epitaxy growth is proposed to create the lateral SiGe profile to improve the
carrier transfer in the base region. Key process steps, including base definition, SiGe SEG, fin
patterning, and contact silicide formation are developed and demonstrated. An improved T-shaped
base (T-base) structure is proposed to resolve the base resistance issue and improve the DC and
RF performance of FinHBT. The ultimate goal is to develop ultrahigh-performance THz/mixed-

mode devices that can be co-integrated with current FinFET technology.

1.2 Outline
Stacked Nanosheet FET (NSFET) technology is going to replace FinFET in sub-3nm nodes. With

aggressive scaling of both device geometry and effective oxide thickness (EOT), it is crucial to
understand how the change of important parameters affects the performance and reliability of this
novel device. In this study, a physics based TCAD platform is set up for a comprehensive

understanding of the effect of the performance and reliability of NSFET.

Key messages:

e TCAD modeling setup: 2D Schrodinger equation, mobility model, carrier tunneling
e FIinFET and NSFET comparison

e Parasitic resistance analysis



e NSFET performance versus Lg, Tns, EOT

e TDDB simulation with discrete traps in NSFET

A lateral SiGe FIinHBT is proposed as a promising solution to realize the FInFET-compatible
BiCMOS for THz/mixed-mode applications. A process flow featuring lateral SiGe selective
epitaxy growth (SEG) is proposed to create the lateral SiGe profile and the T-shaped extrinsic base
to improve the carrier transfer in the base region. Key process steps, including base definition,
SiGe SEG, T-base patterning, fin patterning, and contact silicide formation are developed and
demonstrated. Measurement of the fabricated DC test devices shows an HBT device with a peak
current gain of 6.5. TCAD Simulation shows that with further base width scaling and doping/Ge

profile optimization, the T-shaped base (T-base) FinHBT is capable of reaching fr/fuax > 750GHz.
Key messages:

e FinHBT concept and structure explanation
e FinHBT process flow: SiGe epitaxial growth, dry etch, contact formation
e FinHBT DC measurement results and analysis

e TCAD simulation of FinHBT with scaled base width, DC and RF characteristics



CHAPTER 2
TCAD modeling

In this work, Sentaurus TCAD platform [9] is used to study the performance of transistors. In ultra-
scaled FINFET and NSFET, quasi-ballistic transport (described in [10]) needs to be considered due
to the sub-20nm channel length. A carrier transport model that is capable of capturing quasi-
ballistic transport is necessary to correctly model the performance of FInFET and NSFET. Apart
from that, the ultra-thin silicon body of FinFET and NSFET leads to severe quantum effects.
Therefore, it is crucial that the quantum effect can be accurately modeled in the simulation. In the
reliability study, the trap-assisted tunneling effect needs to be captured to model the gate leakage
current under gate stress. In this chapter, the detailed model setup and calibration are demonstrated

as the foundation of the TCAD analysis in the later chapters.

2.1 Transport model

In traditional device simulation, a macroscopic approach like the drift-diffusion (DD) model is
used to simulate carrier transport in semiconductors. With the scaling of the device dimension, the
traditional DD model with fixed carrier saturation velocity cannot capture the physics of
microscopic effects like quasi-ballistic transport. Microscopic models based on the Boltzmann
transport equation (BTE) can capture the physics of quasi-ballistic transport. However, it can be
challenging to utilize this approach in a complex 3D device architecture like NSFET. Therefore, a

modified DD model is adapted in this study.



Although the DD model fails to capture the physics of velocity overshoot, it provides a reasonably
accurate electron velocity profile at a low electric field. At a high electric field, the carrier transport
velocity is limited by the saturation velocity (vsa). To account for the carrier velocity overshoot in
short channel transistors, one practical method is to establish a field-dependent v as described in
[11]. With modified vsat, the carrier velocity profile in the DD simulation can match the results in
the Monte Carlo simulation for Ly from 10nm to 50nm. Therefore, this method provides an

efficient approach to simulate the carrier transport in short channel FinFET and NSFET.
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Fig. 2.1 Modified Vsat of electrons vs channel length. The velocity profile is fitted to the Monte

Carlo simulation [11]

The carrier mobility degradation is modeled by a surface roughness scattering model. The model

is described in [9]:

1 — 1 + exp(=x/lcrit) 2.1)

uwx) o ps(EL(x))




Where 0 is the bulk semiconductor mobility, x is the distance from the silicon/gate dielectric
interface, lerit is a fitting parameter, and s is the surface mobility component as a function of the
electric field normal to the silicon/gate dielectric interface. The simulated mobility versus silicon

body thickness is shown in Fig.2.2. The simulated mobility is compared to the reported results in

[12] [13].
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Fig.2.2 Simulated vs experiment electron mobility. Mobility extracted as the weighted average

over the charge in the channel

2.2 Quantum model

The ultra-thin silicon body of FInFET and NSFET leads to severe quantum effects. In this study,
a 2D Schrodinger solver is set up to capture the quantum confinement effect in the channel region
of ultra-scaled FINFET and NSFET. The 2D Schrodinger solver is described in [9]. The 3D device
structure is divided into 2D cross-sections. From the band profile, quasi-Fermi potential, and lattice

temperature, the 2D Schrodinger solver computes the quantum mechanical carrier density in the



2D cross-section. The result is then passed back to the 3D device simulator. The Poisson equation
and quantum-mechanical potential correction are calculated based on the carrier density. The

procedure of the quantum aware TCAD simulation framework is shown in Fig. 2.3.
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Fig. 2.3 Simulation procedure of 2D Schrodinger solver.

The quantum model is verified with the Nanosheet FET results in [14]. The calibrated capacitance
vs silicon thickness is shown in Fig. 2.4. The calibrated parameters are taken from [36] The
simulated gate capacitance (Cg) can fit the experiment results. This indicated that the carrier

density and quantum capacitance can be accurately modeled by the Schrodinger solver.
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Fig. 2.4 The calibrated capacitance vs silicon thickness [36]

2.3 Traps-assisted tunneling model

The reliability issues of the scaled gate dielectric in NSFET are highly linked to traps in the gate
dielectric. The trap-assisted tunneling (TAT) is one of the main mechanisms of carrier transport
across the gate stack. The TAT model is explained and calibrated in this section.

In general, the trap occupation rate (f) is determined by the capture and emission rate:

w=0-Pe—fe (22
where c is the capture rate and e is the emission rate. The capture rate is determined by the
tunneling process and the emission rate can be obtained from the capture rate using the principle
of detailed balance. With a higher capture rate, the trapping time constant will be smaller, and the
traps can be more easily filled.

For elastic tunneling, the initial and final states have the same energy level. The tunneling process

is demonstrated in Fig 2.5. As the gate bias increases, the crossing point between the trap level



and the Fermi level in silicon shifts towards the silicon/dielectric interface. This indicated that the
trapping occurs closer to the interface due to direct tunneling with a shorter tunneling distance,
smaller barrier, and higher capture rate. According to [15], the capture rate can be modeled as:
Cer(E,z) = D(E)f(E)We(E,z) (2.3)
W, = %’TT(E, 2)28(E; — E) (2.4)
Where D(E) is the density of states, f(E) is the Fermi function and T(E,z) is the tunneling rate at

location z, which can be calculated by Wentzel-Kramers—Brillouin (WKB) approximation:

T(E,x) = exp (-2 [, dx \/"’h—m (V(x) — E)) (2.5)

where X is the distance between channel and trap V(x)-E indicates the barrier height along the

tunneling path.
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|_—sm, [L /SiC:[L

/ /

Fig 2.5. Capture involving direct tunneling at (a) low gate bias and (b) high gate bias
The process of inelastic tunneling is shown in Fig. 2.6. The electron in the channel can tunnel to
a trap at a lower energy level by emitting one of more phonons with the energy #®. Therefore, the

capture rate is determined by phonon energy, the number of an emitted phonon (or energy
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difference between electron and trap) and tunneling probability. Due to phonon emission, a larger
range of trap energy can be involved in the tunneling process, and the thermal dependence of this
process can be important. In [9], with single energy phonon approximation, the transition rate

between electron and trap state can be modeled as:

Wyp =75 (1 - §)2 G(Ep, hw)T(E)? (2.6)

Where %o is the phonon energy, p is the number of emitted phonon numbers, S is the Huang-
Rhys factor and G(Er) is a function of trap energy, temperature, and phonon energy as described

in [16].

Inversion
/ charge
b
Metal hw | 1Y v
Gate Y
Er
HfO

Fig 2.6. Inelastic tunneling assisted by phonon emission with energy 4

2.4 Conclusion

In this chapter, the detailed model setup and calibration are demonstrated as the foundation of the

TCAD analysis in the later chapters. A DD model with modified saturation velocity is used to

11



simulate the velocity profile in the ultra-scaled channel in FInFET and NSFET. A 2D Schrodinger
equation solver is used to self-consistently solve the carrier density and potential in the thin silicon
body. The trap-assisted tunneling model considering inelastic phonon emission is used to simulate
the gate leakage current. The models are calibrated to experimental data so reliable simulation

results can be obtained.
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CHAPTER 3
FinFET and NSFET simulation

In this section, the device performance of sub-5nm n-type NSFET is simulated and compared to
n-type FINFETSs. The simulation platform is first fitted to 10nm FinFET. Based on the calibrated
parameters, the performance of 5nm FinFET is projected. Stacked Nanosheet FET (NSFET)
technology is going to replace FInFET in sub-5nm nodes. With aggressive scaling of both device
geometry and effective oxide thickness (EOT), it is crucial to understand how the change of
important parameters affects the performance and reliability of this novel device. In this section,
the sub-5nm NSFET structure is set up, simulated and compared to FINFET. The performance of

NSFET vs important design parameters is studied based on the simulation results.

3.1 10nm FIinFET simulation

The simulated 3D structure of 10nm n-type FinFET is shown in Fig. 3.1. The device structure and
design parameters are determined based on the Intel 10nm technology reported in [17]. The cross-
section of the fin is matched to the SEM picture in [17]. The sidewall taper angle is 2< The gate
dielectric is a dual-layer stack with a SiO: interfacial layer and HfO> high-k layer. Silicon nitride
is used as the spacer dielectric between gate and source/drain.

As mentioned in Chapter 2, a drift-diffusion model with modified saturation velocity is used to
capture the carrier transport in short channel devices. A 2D Schrodinger equation solver is used to

account for the quantum confinement of carriers in the narrow fin structure. Source/drain doping
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and contact resistivity (pc) were used as fitting parameters to calibrate the simulation results to the
experimental data.

The simulated device transfer and output characteristics are shown in Fig. 3.3. The simulated I-V
can fit the reported data with an error smaller than 5% for both on and off regions. This indicates
that a combination of modified DD mode and 2D Schrodinger solver can correctly model the
device performance of scaled FinFET. The calibrated contact resistance (pc) is 1x108Q-cm. The

source/drain doping concentration is 3102 cm?,

Lspacer=7nm

\ Le=18nm
]

Sub-fin
Doping=10'8cm-

Fig. 3.1 (a) Simulated 3D structure of 10nm FinFET (b) cross-section along the channel direction
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Fig 3.3 Simulated vs experiment results of 10nm FinFET

3.2 Sub-5nm NSFET simulation
Based on the results of the 10nm FinFET simulation, 5nm n-type FINFET and sub-5nm n-type

NSFET are simulated. The structure of an NSFET for sub-5nm technology is shown in Fig. 3.4.

The structure is based on the reported data in [3]. A 3-nanosheet stack is used to improve the
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effective channel width per footprint. The thickness of each nanosheet is set to be 5nm, which is
the same as the fin width of a 5-nm node FinFET. With the ultra-thin nanosheet, the short channel
effect can be greatly reduced, allowing further scaling of the channel length. The width of the
silicon nanosheet is set to 30nm. With the gate-all-around silicon body, the short channel effect
can be further reduced. The total height of the 3-nanosheet stack is 50nm, which is the same as a
typical FINFET technology. High-k metal gate technology is used for the gate stack. The gate
dielectric consists of SiO; interfacial layer and HfO2 high-k layer. The key parameters of the sub-
5nm stacked NSFET are summarized in Table 3.1. For comparison, a 5nm FinFET is also
simulated. The projected 5nm FinFET parameters ([18]) were also added as a comparison.
(a) (®) Le=14nm

Spacer Lspacer =5NM —

Contact metal
is not displayed

Source

Sub-fin

3D structure Along Channel Direction

Fig. 3.4 (a) Simulated structure of sub-5nm NSFET (b) cross-section along the channel direction

of the NSFET
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Double layered gate dielectric

STI Sub-fin

2D cut-plane in _ .
the middle of L Cross-section SEM

Fig. 3.5. Fin cross-section of the simulated FInFET and TEM in [3]

Table 3.1 The key parameters of the sub-5nm and 5nm FinFET

Sub-5nm NSFET Snm FinFET

Hxs 50nm Hgn 50nm
Lg 14nm Lg 14nm
L e Snm Lopacer 5nm
EOT 0.6nm EOT 0.6nm
Tys Snm Tsn 5nm
NS pitch 52nm Fin pitch 26nm
Wy 30nm

The simulated transfer characteristics of sub-5nm NSFET and 5nm FinFET are shown in Fig. 3.6.
The lon is normalized to the device footprint (fin pitch) with fixed loff. As shown in Fig. 3.6, the
normalized lon of NSFET is 20% higher than FinFET. This is due to the better SS in the sub-

threshold region. With the gate-all-around structure, the short channel effect is suppressed in
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NSFET. The SS of the NSFET is 68.5 mV/dec whereas the SS of FinFET is 74.6 mV/dec.

Therefore, the lon/loff is better for NSFET than FinFET with the same L.

5nm FinFET
sub-5nm NSFET

Vpe=0.7V

3

10—6 L I . I R I R 1 R L R 1 R
00 01 02 03 04 05 06 0.7
Vas(V)

Fig. 3.6 The simulated transfer characteristics of 5nm FinFET and sub-5nm FinHBT

3.3 Parasitic resistance analysis

As shown in Fig. 3.7, the parasitic resistance can be divided into 3 in-series components. Each

component of the Rparasitics iS Subsequently extracted with the total Rparasitics expressed as:

R = Rcontact + RSD + Rspacer (3-1)

parasitic

where Recontact IS the contact resistance, Rspacer IS the resistance of the spacer region (also known as

the gate underlap region), and Rsp is the total resistance of the heavily doped source/drain.

The extracted parasitic components of 10nm FIinFET, 5nm FinFET and sub-5nm NSFET are
shown in Fig. 3.8. The contact resistivity (pc) is set to be 1x10°Qcm, assuming the laser annealing

technique ([19]) is used. With the small pc, the contact resistivity is greatly suppressed. For all 3
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devices, the biggest contributor of parasitic resistance iS Rspacer. AS FINFET scales from 10nm node
to 5nm node, the Rcontact Will increase by 100% due to the decrease of the source/drain size as
contact poly pitch (CPP) scales down. Meanwhile, Rspacer decreases slightly because of the shorter
spacer length. As a result, contact resistance is more important in scaled devices. For sub-5nm
NSFET, the resistance per device is smaller than 5nm FinFET. This is due to the larger device size
with the wide nanosheet structure. The Rspacer is about 50% smaller than the 5nm FinFET. This is
due to the increased conductive area of the spacer region in NSFET. However, the Reontact and Rsp
were only reduced by about 20% as the resistance of these regions are limited to the size of the
regrown source/drain. Moreover, carriers in source/drain of NSFET funnel into the 3 individual
nanosheets when entering the channel. Therefore, the effective resistance of the source/drain
region is higher than FinFET. As a result, the Rsp and Rcontact 0OCCUpy a larger portion of the total
parasitic resistance. However, Rspacer IS Still the biggest contributor to Rparasitic, @S in 10nm and 5nm
FinFET. Advanced spacer region doping technique like described in [35] can potentially improve
the performance by reducing Rspacer.

Reontact eCurrentDensity (b)
(a)
.l.0e+08

1.0e+05
9.8e+01

.9.5e-02

9.2e-05

8.9e-08
.8.6e-l 1

NG

Source

Fig. 3.7 (a) Parasitic resistance components (b) electron current density and direction in NSFET
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Fig. 3.8. Comparing parasitic components of 10nm FinFET, 5nm FinFET, and sub-5nm NSFET

3.4 Channel length scaling

Channel length (Lg) is a crucial design parameter of NSFET. In this work, the effect of scaling Lc
from 14nm to 10nm is analyzed through TCAD. The results are shown in Fig. 3.9 - Fig. 3.12. Tns
is fixed to be 5nm in this simulation. Key device characteristics like lon, loff, SS are compared.
As the channel length decreases from 14nm to 10nm, the 1on increases from 3.12 mA/um to 3.49
mA/um with fixed work function (WF). This is due to a combination of the reduction of channel
resistance and the Vi roll-off. When Lg reduces, there is a higher electric field in the channel
region and thus higher carrier transport velocity and smaller channel resistance. On the other hand,
the SS also decrease from 68.6 mV/dec to 73.4 mV/dec due to the short channel effect. This
increases lofr by about 10 times. Moreover, the device is more subjected to DIBL at smaller Lc.
Therefore, there is a larger Vth roll-off when Lg reduces, increasing both lon and lost. To further
compare the effect of Lg scaling, the lon at a fixed los is shown in Fig. 10. It can be observed that

lon/loff decreases as Lg scales down due to more severe short channel effect.
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The total capacitance and intrinsic delay (CV/I) vs Lg are shown in Fig. 3.12. As L decreases the
intrinsic gate capacitance also decreases. This results in a smaller intrinsic delay even with reduced
lon at smaller Lg. Therefore, while further scaling L cannot improve lon/los, it still benefits the

digital performance of NSFET by reducing the intrinsic delay.

4.0 T T T T T I
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= ION
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m |OFF
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£ " m %
= | (e
0 34 . L4 o]
[
32+
n -2
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10 11 12 13 14
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Fig. 3.9 lon and loff of n-type NSFET versus Lc. The gate work function is fixed at 4.5eV.
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Fig. 3.11 Subthreshold swing (SS) versus Lc
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Fig. 3.12 Intrinsic delay (CV/I) versus Lg

3.5 Tns scaling

Nanosheet thickness (Tns) is another key design parameter of NSFET. The effect of scaling Tns is
shown in Fig. 3.14 -Fig. 3.16. When TNS reduces, the conductive area per nanosheet decreases,
leading to larger series resistance. This results in the smaller lon. On the other hand, the carrier
density in the NS is higher when Tns reduces. As the silicon volume reduces, the carrier moves
closer to the Si/gate dielectric interface. There is a stronger coupling between the gate and the

carriers in the channel. The short channel control of NSFETs improves as Tns reduces.

The lon & lofs Of n-type NSFET with different Tns is shown in Fig. 14. As Tns increase from 4nm
to 6nm, the lon increases by 28% with fixed WF. This is due to the increased conduction area and

reduced parasitic resistance in the spacer region. On the other hand, los increases by about 10 times
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due to the degraded short-channel control. The SS and lon at fixed loff are shown in Fig. 3.15 and

Fig 3.16. lon/loff increases, and SS decreases as Tns decreases due to better short channel control.
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Fig. 3.13 Carrier density distribution at nanosheet cross-section at Ves=0.7V. The carriers move

closer to the channel/oxide interface as TNS decreases., leading to improved electrostatic control
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Fig. 3.14 lon and loff of NSFET versus Tns. The gate work function is fixed at 4.5eV.
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Fig. 3.16 Subthreshold swing (SS) versus Tns
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3.6 EOT scaling

Scaling down EOT can both affect lon by increasing the gate capacitance (Cgate) and reduce los by
having a stronger gate-channel coupling. NSFETs (Le=14nm) with EOT from 0.8nm to 0.5nm
have been simulated. The charge distribution in the nanosheet at Ve1=0.5V is shown in Fig. 3.17.
As EOT scales down, the electric field in the gate dielectric increases. As a result, the charge peak
moves closer to the Si/gate dielectric interface, enhancing the gate-channel coupling. Due to
quantum effect, the intrinsic gate capacitance (Caint) can be described as the capacitance of the
gate stack (Cgate) and silicon quantum capacitance (Cs;) in series. The total EOT (EOTtotar), Which

corresponds to the Caint, can be described as:
EOT,ptq1 = EOT + EOTs;  (3.2)

where EOTs; is the EOT corresponding to Csi. As shown in Fig. 3.18, EOTs; reduces from 0.7nm
to 0.6nm as EOT reduces from 0.8nm to 0.5nm. This indicates that as EOT scales down, the
NSFET is less susceptible to quantum confinement due to the stronger gate-channel coupling.
EOTota reduces from 1.5nm to 1.1nm, indicating a 35% increase in the intrinsic gate capacitance.
Apart from that, the enhanced gate-channel coupling leads to an improved SS from 71.3 mV/dec
to 67.1 mV/dec as EOT scale from 0.8nm to 0.5nm. A combination of higher Cgate and lower SS
leads to a higher lon/lofr. The lon at fixed losrand intrinsic delay (CV/1) vs EOT is shown in Fig. 3.19.
The lon at fixed lofr increased by 28%. The intrinsic delay, calculated by CV/I at Ve=Vp=0.7V,

decreased by 3.5% as EOT scales down.
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Fig. 3.17 Charge distribution in the channel. Charge peak moves closer to the channel/gate

dielectric interface as EOT scales down
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Fig. 3.18 EOTota and EOTsi versus EOT of n-type NSFET.
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3.7 Conclusion

In this section, the device performance of sub-5nm NSFET is simulated and compared to FinFETS.
Simulation shows that NSFET has a better lon/losf and SS over FINFET with the same channel
length and body thickness due to the superior electrostatic control of the gate-all-around structure.
Parasitic resistance analysis shows that Rspacer IS the main contributor to parasitic resistance. Design
parameter analysis shows that lon/loff of NSFET can be improved by enhancing electrostatic
control, like increasing Lg, reducing TNS, and scaling down EOT. Scaling EOT is considered a
major pathway to further scaling, as it increases the carrier density in the channel, enhances

electrostatic control, and suppresses the effect of parasitic capacitance.
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CHAPTER 4
NSFET reliability study

As discussed in Chapter 3, scaling EOT can both improve on-state current and off-state
electrostatic control of NSFET. Aggressive scaling will increase the parasitic capacitance. To
alleviate this effect, asmaller EOT is needed to increase intrinsic gate capacitance. However, ultra-
scaled EOT can also lead to reliability issues like gate leakage current, PBTI (NBTI), and TDDB.
In the early 2000s, high k/metal gate (HK/MG) technology has been used to improve reliability
and enable EOT scaling to sub-1nm. However, as the EOT scaling continues, reliability has
become an increasingly important issue even with HK/MG. In this work, a TDDB model based on
the Sentaurus TCAD platform is developed. Thermal-chemical stress-induced defect generation
model is used to capture the trap generation under continuous voltage stress. Trap-to-trap tunneling
and trap-assisted tunneling models are used to simulate the carrier transport through dielectric
layers with defects. The model is calibrated and applied to 3D NSFETs. The TDDB behavior of
NSFETs with different corner rounding radii is studied closely. This study aims to provide a

guidance to the geometry related TDDB behavior in NSFET.

4.1 Literature review

TDDB effect in thin gate dielectric has been studied by multiple different methods. One common
practice is the percolation method, like the example in [20]. The gate dielectric is represented by
cubic grids with cell size equal to the lattice constant of the dielectric material. Defects are then
generated randomly in the grids. When there is a pathway between gate and semiconductor where

every cell on the pathway contains a defect, a dielectric breakdown happens. This method has been
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proven to predict the Weibull TDDB behavior of gate stacks with different thicknesses. However,
as a statistical model, it does not provide detailed physical information like the electric field, gate

current, and device geometry-related effects.

Another method is full atomic level kinetic Monte Carlo simulation. As discussed in [21], charge
trapping, charge transport, and trap generation can all be captured based on ab-initio calculation.
The generation, diffusion, and recombination of all the atomic species are calculated individually
through a kinetic Monte Carlo framework. While this method can most accurately describe all the
important physics in TDDB, it requires excessive computational power and works best with a
simple structure, like MIM stack. Therefore, it is very hard to utilize this method on a complicated

3D structure like a NSFET.

In this work, a discrete trap method is based on TCAD and external code. This method is inspired
by the approach in [22]. Sentaurus TCAD is used to solve the Poisson equation, current continuity
equation, and trap tunneling. The electric field in the gate stack is then extracted for trap generation
rate calculations with a thermal-chemical stress-induced defect generation equation. The model

allows for detailed physical analysis of complicated 3D device structures.

4.2 Discrete trap TDDB model

Two models are used to calculate the gate leakage current. The trap-assisted tunneling, as described
in Chapter 2, is used to simulate the gate current at low trap density. The model is calibrated to
MOSCAP experiment data with different trap densities, as shown in Fig. 4.1. The traps are
assumed to concentrate near the interface between interfacial layer and High-k layer (IL/HK). The
calibrated parameters of the traps are shown in Table. 4.1. The trap species in HfO2 and SiO> are

assumed to be oxygen vacancies and the energy levels are reported in [25]. By modifying trap
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density in the gate stack, the simulated I can fit experiment results. The calibrated TAT model is

used to calculate the gate leakage current at the initial state.
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Fig. 4.1 Simulated and experiment MOSCAP gate current vs stress voltage

Table 4.1 Parameters for trap-assisted tunneling

E{(HfO2) 2.5eV from E,
E+(Si02) 3.3 eV from E,
m./m;, (HfO,) 0.42/0.58 [23]
m./m;, (Si0,) 0.3/0.42 [24]

Phonon Energy 0.07 eV

Huang-Rhy Factor | 17

As the trap density increase during the breakdown process, the trap-to-trap transport becomes more
significant. The trap-to-trap tunneling is described by the inelastic phonon model [9]. The capture

rate between two individual traps is described by:
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Where T is the tunneling rate and M is the phonon transition probability. T is calculated using a
WKB method in equation (2.5). M is computed by the phonon-assisted tunneling model in
equation (2.6). The carrier transport through the gate stack is calculated by direct tunneling, trap-
assist tunneling, and trap-to-trap tunneling. This enables gate current simulation with a given trap

distribution.

As described in [26], trap generation in the TDDB process is due to the strong dipolar coupling of
intrinsic defect states with the local electric field in the dielectric. In [27], the probability of bond

breakage can be described by:

2: K F(x, v, 7))

kgT(x,v.2)

[ E,—pg
G(x,v.2) = v-exp|—

4.2)

Where Ea is the activation energy with zero external electric fields, po is the dipole moment and v
is the bond vibration frequency. F(x,y,z) and T(x,y,z) are the local electric field and lattice
temperature at points (X,y,z).

The trap generation in the gate dielectric is calculated from the generation probability. The gate
stack is divided into numerous small regions. The average electric field in the regions is then
extracted from the TCAD result. Assume the number of individual cells in each region is N.
Probability of generating x traps after time t can be described as Poisson function:

e~k
k

P(X =k) = (4.3)

A= NGt (4.4)
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A random number following the Poisson function is generated from external code as the number
of traps generated in the region. The traps are then randomly placed into each region to update
the trap profile in the gate stack.

The schematic of the TDDB simulation framework is shown in Fig. 4.2. The simulation starts with
the initial trap profile at T=0. The electric field profile in the gate stack and current is calculated
by TCAD. The electric field profile is then extracted. External code is then used to calculate the
generation rate based on the electric field. With the generation rate, the new trap profile after At
can be calculated. The updated trap profile is then imported into TCAD, starting the electric field
and trap generation calculation of the next At cycle. The cycle repeats until the simulated gate

current reaches a certain threshold where a dielectric breakdown is considered to occur.

Initial device TCAD: calculate electric
structure & trap field & current using
profile at time T=0 Poisson equation & TAT

Extract electric field,
calculate local trap

attime T generation rate

Input trap profile at Based on trap generation
T =T+At into TCAD rate, create discrete trap
profile after At

Fig. 4.2 The procedure of TDDB simulation with discrete traps

4.3 Breakdown process and calibration

The TDDB model has been demonstrated in a 2D simulation. A metal-insulator-semiconductor
structure is used. A SiO2-HfO; stack is used as the gate insulator. The detailed parameters of the

simulation are shown in Table. 4.2.
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Table 4.2 Parameters of the 2D TDDB simulation

IL thickness Inm Stress voltage 2V
IL dielectric constant 4 Temperature 125°C
HK thickness 2nm
HK dielectric constant 26

The simulated process of dielectric breakdown is shown in Fig. 4.3 and Fig. 4.4. In the initial state,
there are only initial traps located at the IL/HK interface. In this state, the electric field is uniform
across the simulated structure. The next state is the "build-up" state. Traps are first generated in
the IL. As the number of random traps in the dielectric increases, trapped charges lead to a non-
uniform electric field. Apart from that, the area with more traps will have a larger trap-assisted
tunneling current which will cause electric field redistribution. The non-uniform electric field will
eventually cause trap generation to be localized, as shown in Fig. 4.4. In this state, the regions with
more traps in IL will have a larger electric field in HK. Therefore, the trap generation rate in these
regions is higher than in the surrounding regions, forming "weak spots". In the final state, the trap
density in the "weak spots™ increases rapidly. The size of the "weak spot™ also increases, leading
to a larger gate leakage current. The "weak spots™ will eventually become the breakdown sites in

TDDB.

The simulated trap density and gate current vs stress time is shown in Fig. 4.5. The trap density in
IL increases gradually as the stress time increases. When the trap density in IL reaches a certain
level, the trap density in HK starts to increase rapidly. The increase in HK traps coincides with the

increase in gate leakage current, as shown in Fig. 4.6.
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Fig. 4.3 Trap locations and electric field of the initial state (t=0)
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Fig.

4.4 The traps and electric field during the breakdown process
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Fig. 4.6 Gate current versus time

The model is calibrated to the experimental data in [28]. The activation energy and trap capture
volume are adjusted to fit the simulation results into the range of the experiment data. The results

are shown in Fig. 4.8. The simulated gate current vs time fit the range of the experiment data from
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V=2.2V t0 2.5V. The calibrated activation energy of SiO. and HfO- in equation (4.4) are 2.38eV

and 2.8eV, respectively.

Current (A)

time (s)

Fig. 4.7 Experiment current [28] vs time at Vg=2.2 — 2.5V
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Fig. 4.8 Calibrated I versus time simulation. The I¢ falls between the lowest and highest current

of the experiment data

37



4.4 NSFET TDDB Simulation
After calibration, the TDDB model is adapted to 3D n-type NSFET. The 3D structure of the

NSFET TDDB simulation is shown in Fig. 4.9. A single nanosheet is used to reduce the
computation complexity. To understand the effect of the thin-body nanosheet geometry on TDDB,
the electric field and trap generation on the top surface (100), side surfaces (110), and corners will
be monitored. Moreover, different corner rounding schemes (1nm rounding radius and 2.5nm
rounding radius) are simulated to examine the effect of nanosheet geometry on the breakdown

process.

Channel

<

) B
.| |

Grid size 1s not uniform near the corner 30n| n
due to numerical reason

Fig. 4.9 3D simulated structure and cross-section of NSFET TDDB

Cutlines HfO, IL

Silicon

Rounding radius: 1nm Rounding radius: 2.5nm

Fig. 4.10 Simulated nanosheets with different corner rounding radius
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The electric field at time=0 is extracted and shown in Fig. 4.11. It can be observed that the electric
field at Si/IL interface is higher near the corners than the flat surfaces. However, the electric field
in the gate dielectric, especially in the HK layer, the electric field is lower near the corners. To
verify this effect, the electric field profiles in the [100] direction, [110] direction, and 45<in the
corner direction are extracted and shown in Fig. 4.12 -4.14. In the [100] direction, the electric field
profiles in the gate stack of both corner rounding schemes are similar. The electric field in silicon
increases when getting closer to the silicon/IL interface. In the IL and HK layer, the electric field
remains almost as contents. The electric field in the gate stack of the 1nm rounding device is
observed to be ~1% larger than that of the 2.5nm rounding device. This can be a result of the

different quantum capacitance in Si (Cquanmwm) due to the different shapes of the silicon body.
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Fig. 4.11. The electric field near the corners of NSFET with different corner rounding radius

In the [110] direction, the difference between corner rounding schemes is more significant. The
electric field in silicon is higher with 2.5nm rounding. This leads to a higher potential drop in
silicon. As a result, the potential drop in the gate stack becomes smaller. On top of that, the electric
field reduces significantly in IL and HK when getting closer to the gate. This is due to the electric

field spreading out along the rounding curvature of the gate dielectric. For the NSFET with 1nm
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rounding, there is less curvature on the <110> surface, meaning that the electric field drops less

than the 2.5nm rounding NSFET.

In the 45-degree corner direction, the geometry effect is more significant. The electric field
reduces significantly in IL and HK. Moreover, the strong quantum effect near the corners further
increases the potential drop in silicon and reduces the potential drop in the gate dielectric. As a
result, the electric field in the gate stack near the corner of the NSFET is smaller than the flat
surfaces in <100> and <110> directions. Subsequentially, the trap generation rate near the corners

will be lower, making the corners less susceptible to breakdown.
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Fig. 4.12 (a) The cutline position in <100> direction (b) The electric field along the cutline (c)

trap density in the interfacial layer (d) trap density in the high-k
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Fig. 4.14 The electric field near the corners. The electric field decreases quickly towards the gate

The normalized trap density vs stress time is plotted in Fig. 4.12 — 4.14. In the <100> direction,

the trap density of the 1nm rounding device is 10% higher than the 2.5nm rounding device in the
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trap build-up phase. This is due to the 1% higher electric field in the 1nm rounding device. On the
<110> surface, the trap density is more than 2X higher in the 1nm rounding device than in the
2.5nm rounding device. As a result, the time of weak spot formation is shorter for a 1nm rounding

device. This is due to the faster trap generation rate, especially in the [110] direction.

The simulated gate current vs time is shown in Fig. 4.16. Due to the larger trap density and shorter
weak spot formation, the breakdown time of the 1nm rounding device is 35s shorter than the 2.5nm
rounding device. This indicated that the NSFET with more corner rounding will have better TDDB
resistance. The electric field and gate current density near breakdown are shown in Fig. 4.17 and
Fig. 4.18. With the increased trap density in IL and HK layers, the electric field is increased in a
few locations, forming weak spots. The gate current density at the weak spots is increased due to
the increased trap-to-trap tunneling at the weak spots. For the NSFET with 1nm corner rounding,
weak spots are formed on both (100) and (110) surfaces. For the NSFET with 2.5nm rounding, all
the weak spots are located at the (100) surface. As discussed above, the trap generation rate is

lowered at the rounded (110) surface due to geometry and quantum effect.
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Fig. 4.15 Number of traps versus time in devices with different rounding. The traps gradually

build up in IL and increase abruptly in HK.
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4.5 Conclusion

With the scaling of EOT, reliability issues like breakdown becomes increasingly important. The
TDDB process in NSFET with its unique geometry has been studied. A discrete-trap-based TDDB
simulation framework has been set up and calibrated. The simulation shows the trap generation
process during the breakdown of the dual-layer gate dielectric in NSFET. The traps are first
generated in the interfacial layer, forming weak spots. The electric field in the high-k layer is then
increased near the weak spots, accelerating trap generation, and forming a breakdown path. The
study reveals that the corners of the nanosheet are less susceptible to stress-induced dielectric
breakdown due to quantum effect and geometry effect. By increasing the rounding radius, the

NSFET can be more resilient to TDDB due to less trap generation at the rounded corners.
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CHAPTER 5
FinHBT process development

The BiCMOS technology has been the go-to solution for RF/mixed-mode applications. Vertical
SiGe HBT on 130nm node has demonstrated an fr/fmax up to 505GHz/720GHz [8]. However,
implementing the conventional vertical HBTs on the FInFET platform is extremely challenging.
The process flow of vertical HBT is completely different from a FINFET or NSFET. Therefore,
for ultra-scaled SoC, a CMOS-compatible HBT process can be an attractive solution.

In this study, the lateral SiGe FinHBT is proposed as a FinFET-compatible solution to ultra-scaled
BiCMOS. A process flow on SOI substrate featuring lateral SiGe epitaxy growth is proposed to
create the lateral SiGe profile to improve the carrier transfer in the base region. A test device is
fabricated and measured. Based on the measurement results, the simulation predicts that fr/fuax >

750GHz can be reached with further scaled base width.

5.1 Device Architecture

The 3D schematic of the SiGe T-base FinHBT and its Ge composition/doping profile is shown in
Fig. 5.1. SOl substrate is used to eliminate the leakage path and minimize the parasitic capacitance.
The device architecture resembles a FINFET, but with a wider fin because the narrow fin is not
needed to suppress short channel effects. A wider fin can provide a large current conduction area
and reduce the impact of surface scattering on carrier transport. The laterally graded SiGe
heterostructure can be achieved by template-assisted selective epitaxy/confined lateral selective

epitaxial growth. With advanced lithography technology like EUV, a very narrow base width can
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be achieved, which ensures good RF performance. Unlike FInFET, the high-k metal gate process
is not needed. Instead, a T-shaped extrinsic base is located on the top of the intrinsic base. The
area of the extrinsic base is much larger than the intrinsic base, providing a larger contact area.

Therefore, the base contact resistance can be reduced, and a larger fmax can be achieved.

Emitter Collector Emitter Collector

|

Fig. 5.1. 3D structure of FinHBT with T-shaped extrinsic base

5.2 FinHBT Process Flow
In this project, a full FinHBT fabrication process is developed. The key steps of the T-base FinHBT

fabrication process are illustrated in Fig. 5.2. The width of the SiGe base region is defined by the
trench created by Reactive lon Etch (RIE). A reduced-pressure chemical vapor deposition
(RPCVD) system is used for base epitaxial growth, as described in [29]. This RPCVD system
provides the capability of SiGe epitaxial growth, which is essential for the formation of SiGe base
in lateral SiGe FInHBT.

To define the very narrow trench for the SiGe base, e-beam lithography (EBL) with the capability
of defining critical dimensions down to sub-10nm is used. RIE is used to transfer the pattern to the
substrate. A PECVD SiO; layer is used as hard mask. With the combination of SiGe lateral
epitaxial growth, EBL, and RIE, a SiGe lateral pocket can be defined as the base region.

A highly doped extrinsic base is grown on top of the intrinsic SiGe base. By using a longer epitaxy
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growth time, the extrinsic base extends outside the trench, forming a T-shaped extrinsic base
structure. With the T-base, the base contact area is no longer limited by the base width. At the
same time, the in-situ doped extrinsic base can reach a doping concentration > 1x10%° cm, further
reducing the base resistance.

After the epitaxial growth, RIE is used to etch the fin structure. ALD is then used to passivate the
exposed Si surface during the fin etch. Contact openings are created by RIE. The base is contacted
right on top of the T-base region for the reduction of base resistance. NiSi is used to reduce the
contact resistivity with a similar process as described in [30]. For metallization, the 150nm Al
metal wires and landing pads are deposited using single-layer PMMA lift-off. Fig.5.3 summarized
the flow chart for the complete SiGe FinHBT process flow. The comparison between FinHBT and
the standard FinFET process is shown in Table 5.1. Extra steps include base patterning, base SEG,
and extrinsic base growth.

Base Trench Etch Intrinsic Base Epi

SiO, Si0, Si0, SiO,

n*-Si n*-Si n'-Si SIGEY 'S
Emitter Collector Emitter base (Collector

:10).¢
Si Sub

g

Fin etch and passivation

Silicide formation and metallization Extrinsic Base Epi

T-Base

SiO, SiGe SiO,

n*-Si base n*-Si

T- Base

Si0, sige SiO,

n*-Si base n*-Si

NiSi_,
Si0, SiGe

Emitter Collector

BOX
Si Sub

n-Si base
Emitter Collector

BOX

Emitter Collector

1:10).¢
Si Sub

Si Sub

Fig. 5.2. Key process steps of T-base FInHBT

47



Device & Circuit
Measurement

Base Trench etch

Incorrect

Correct width "

Base Growth and

Interconnect

Trench not .
sufficiently Metal Lift-off

filled to form '
T-Base Low

J resistance
TLM Measurement
Trench E/C )
High

sufficiently Leakage No E/C !
filled to form ‘ Leakage f resistance

Fig. 5.3. Flow chart of T-base FinHBT process
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Table 5.1 Comparison between FINFET and FinHBT process

SOl FinFET FinHBT

SOI Substrate SOI Substrate
E/C doping - Base Epi
-> Extrinsic base Epi
Fin pattering Fin patterning
Dummy gate Dummy gate
Spacer Spacer
SD regrowth EC regrowth
Remove dummy Remove dummy
HKMG
Contact Contact

5.3 Base epitaxial growth

SiGe epitaxy growth is done using the Applied Materials Centurion Epitaxial System. It is an
RPCVD system in which dichlorosilane (DCS) and Germane were used as a source gas in a

reduced-pressure environment [29]. To find the optimal growth condition, SiGe blanket growth
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was done on bare silicon wafers. The growth rate and Ge composition versus the mass flow ratio
between SiDCS and Germane at 650<C and 700<C are shown in Fig. 5.4 (a). The AFM imaging

(Fig. 5.4 (b)) indicates that a conformal, high-quality SiGe layer can be obtained after the growth.

To form the highly scaled SiGe base region, a SiGe selective epaxial growth (SEG) technique is
used to selectively grow the SiGe pockets in the base trench. During SEG, HCI is added to the
chamber to reduce the growth rate of amorphous SiGe on the SiO2 hard mask. As shown in Fig
5.5, when the HCI flow rate increases, the selectivity of the growth improves (less growth on SiO).
However, the SiGe growth rate in the opening regions also reduces with a high HCI flow rate.
Therefore, there is an optimal HCI flow window in which both the selectivity and the growth rate

are acceptable.

To reduce the number of defects in the SiGe base region, an annealing process is applied after the
Epi growth. According to [31], SiGe: B/Si grown at 650 <C can sustain 750 <C H2 annealing without
noticeable Ge and dopant diffusion. Therefore, H> annealing at 750<C for 5 minutes is used to

improve the crystalline quality of the SiGe base.

By introducing doping precursors in the growth process, in-situ doped SiGe can be formed. For
growing the base of an NPN transistor, 1% B2Hs is used as the precursor. The doping concentration
between 1x10%*° and 1x10% cm™ can be reached by controlling the B2Hs mass flow. The

relationship between doping concentration and borane/DCS ratio is shown in Fig. 5.6.
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The detailed process flow of base growth with SiGe SEG is shown in Fig 5.7. Narrow trenches
that are created by dry etch will be used to define the base region. SiGe SEG is then used to form
the SiGe base with desired Ge composition profile inside the base. Since all the silicon in the trench
is etched, there will be no seeding layer at the bottom of the trench. Therefore, SiGe will only grow
from the sidewalls, enabling better control of desired Ge composition profile. After the trench is
filled, an extrinsic SiGe base with a higher doping concentration is grown on the top of the intrinsic
base region. The T-shaped extrinsic base will extend outside the trench, extending the contact area

of the extrinsic base.

51



Substrate Oxide PECVD

E— —

e

After EBL
During epi
‘ SiGe Extrinsic Base

After epi Ex-base growth

Fig. 5.7 The process flow of SiGe SEG on SOI substrate including the extrinsic base growth

The SEM picture of the base region after base SEG is shown in Fig. 5.8 — 5.9. The width of the
intrinsic base and extrinsic bases are 100nm and 320nm, respectively. As shown in the cross-
section SEM, the SiGe grown from the sidewalls of the base trench merges in the middle. The
SiGe then grows outside the base trench, forming the extrinsic base. E-beam lithography is then

used to pattern the extrinsic base to the desired width.
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100nm Base

Fig. 5.8 Cross-section view of 100nm base after T-base growth

Fig. 5.9 SEM of a 300nm T-base

5.4 Fin Patterning and contact opening

Fin structure was created using EBL and Chlorine based RIE. The fin after the etch is shown in

Fig. 5.10. An average fin width of 55nm is achieved, with a 77 “taper angle.
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Fig. 5.10. cross-section SEM of the fin

To get desired device structure, the fin structure needs to be aligned to the base region during EBL.
Two-step alignment (with global alignment and chip alignment) was used to make sure the
alignment error was minimized. The alignment marks were cross-shaped, 1um deep trenches to
cause good enough contrast in the back-scatter detector of the EBL system. The error of the

alignment is less than 10nm, which is good enough to achieve desired device structure.

After the fin patterning, ALD is used to passivate the sidewalls exposed during the dry etch with
SiO». The ALD also passivates the extrinsic T-base. After passivation, contact openings are created
using EBL and RIE oxide etcher. The base is contacted right on top of the T-shaped extrinsic base
region for the reduction of base resistance. An example of FinHBT after fin etch and contact

opening is shown in Fig. 5.11.
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Fig. 5.11 FinHBT after contact opening

5.5 Silicidation and Metallization

Due to the small size of the FinHBT, it is crucial to have small contact resistivity for high fr and
fmax. Therefore, the self-aligned nickel silicide process is chosen to reduce the contact resistivity.
The NiSi process on the SOI wafer reported in [30] is used. As described in [30], the contact
resistance is minimum when 60% of the silicon body is converted to NiSi. In this study, the silicon
body thickness is 50nm. Therefore, 16nm Ni is deposited on the SOI substrate to form 30nm NiSi
after the annealing process. Cross-section SEM in Fig. 5.13 shows that the NiSi is 31nm after the
silicidation process. Low resistance NiSi can only be formed with an annealing temperature
between 450<C and 700 <C. Different RTA temperatures of 450, 500, 550, 600, 650, and 700 <C
also have been tested under the same Ni thickness(16nm) and base pressure (1x 107 torr). Fig.

5.14 shows the lowest contact resistivity 9.11x107 Q -cm? is achieved at RTA= 500 T
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Fig. 5.12 Silicide film resistivity versus annealing temperature [30]

Fig. 5.13 Cross-section SEM of the contact after the silicidation process
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Fig. 5.14 Contact resistivity versus RTA temperature

The contact resistivity of Nickel silicide on P-type SiGe (8x10'° cm™®) has also been tested
(Ni=16nm, RTA=500 C, and base pressure=1.2x 10~ torr). The contact resistivity is 3.83x10®
Q -cm?. The contact resistivity is higher on P-type SiGe than on N-type Si substrate. This is due
to the rough interface and nickel germanosilicide agglomeration on the surface of P+ SiGe, as

described in [32].

After the silicidation process, PMMA lift-off is used to form the metal wires and pads. The lift-off
resist is a 200nm PMMA layer patterned by EBL. The 100nm Al layer used for metal pads and
wires is deposited by e-beam evaporation. A completed FinHBT test device after metal deposition

is shown in Fig. 5.15.
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Fig. 5.15 The device after contact opening formation. The alignment error is negligible.

5.6 Conclusion

In this chapter, the lateral SiGe FinHBT is proposed as a FInNFET-compatible solution to ultra-
scaled BiCMOS. A process flow on SOI substrate featuring lateral SiGe epitaxy growth is
developed to create the lateral SiGe profile to improve the carrier transfer in the base region. The
width of the SiGe base is defined by etching a narrow trench on the SOI substrate. SiGe SEG is
then performed to grow SiGe inside the narrow trench, forming a lateral SiGe pocket for the base.
A T-shape extrinsic base structure is designed to reduce the base series resistance. EBL is used to

define the device structure. The silicidation process and metal lift-off are used for metallization.
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CHAPTER 6
FinHBT characterization and simulation
prediction

6.1 FiInHBT DC Characteristics

T-Base FinHBT with a base width of 100nm is successfully fabricated. The estimated parameters
of the device are shown in Table. 6.1. The average doping concentration is measured by sheet-

resistance calculation and the base Ge% is measured by an ellipsometer.

Table 6.1 Parameters of the fabricated FinHBT

Base Width 100nm

Fin Width 100nm

Fin Height 50nm
Emitter/Collector size 1pm/1pm
Extrinsic base width 300nm
Base Ge% 15%
Emitter/Collector Doping | 8x10%cm=
Base doping 2x10%%cm

The measured device DC characteristics are shown in Fig. 6.1 — 6.3. The device’s Gummel plot is
given in Fig. 6.1. While the turn-on slope of Ic is close to the ideal 60mV/dec, the ideality factor

of Ig is larger than 1, especially with a small Vge. This is likely due to the existence of defects in
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the base region. During the SiGe growth in the base trench, grain boundaries will form in the
middle of the base when the SiGe grown from the base trench sidewalls merge in the middle.
Although annealing is done after the growth to suppress the defect density, it still causes notable

Shockley-Read-Hall Recombination (SRH) recombination. This leads to the <1 gain at small Vge.
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Fig. 6.1 Measured Gummel plot of the FinHBT
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Fig. 6.2 Measured Gain versus Ig of FinHBT
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The gain vs Ig is shown in Fig. 6.2. The peak DC gain is about 6.5 at 1=2.5uA/um?. Measured
common-emitter characteristics. Current saturation can be observed. The measured open-base

breakdown voltage is 1.5V.
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Fig. 6.3 Measured common-emitter characteristics of FinHBT

6.2 FinHBT RF performance simulation

Based on the measured data of 100nm base FinHBT, the RF performance of further scaled FinHBT
can be predicted by TCAD. Like in the FinFET and FinHBT study, the Sentaurus TCAD platform
is used for the FINnHBT study. The calibrated hydrodynamic model [33] is adopted to capture the
velocity overshoot in the deeply scaled device. In addition, high field mobility saturation, doping-
dependent mobility, Auger recombination, Shockley-Read-Hall recombination, and bandgap

narrowing have been enabled.

The FinHBT with parameters in Table 6.1 is simulated. The device structure is shown in Fig. 6.5.

The emitter/collector and base contact resistance are used to fit the measured results. The result of
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the fitting is shown in Fig. 6.4. The fitted contact resistance is 1.1 kQ for the emitter and collector
and 4.5 kQ for the base. Although the base contact region has been enlarged by the T-base structure,
the base resistance is still substantially higher than the emitter and collector. This is likely due to

the relatively smaller contact area and larger silicide resistance on p-type SiGe.
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Fig. 6.4 Simulated and measured Gummel plot of FinHBT

Based on this result, the T-base FinHBT structure with scaled base width has been designed and
simulated. The 3D structure and cross-section of the simulated T-base device with 20nm Whase are
shown in Fig. 6.5. The doping and Ge profile is shown in Fig. 6.6. The parabolic-shaped Ge profile
is fitted to the SIMS profile of a vertical SiGe HBT in [34]. The doping profile in the
emitter/collector resembles the doping profile in the source/drain and spacer region of a FInFET
([35]). Enlarged emitter/collector regions are used to mitigate the effect of emitter/collector
contact resistivity. The T-base structure is adopted to reduce base contact resistivity. The doping
concentration in the T-base is 1x10%° cm. The intrinsic SiGe base doping concentration is 8x10%°

cm3,
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Fig. 6.6 Doping and Ge profile in the simulated FinHBT with a base width of 20nm

The detailed parameters and simulated device characteristics are shown in Table 6.2. Two types
of scale FInHBT are proposed. Device 2 has a base width of 20nm, which is similar to the channel
width of a 10nm FinFET. In device 1, the base width is further scaled to 10nm, which can be
defined by the EUV technology in sub-5nm technologies. The contact resistance is 1x10% Q-cm?
for device 1 and further improved to 1x10° Q-cm? in device 2. With the narrow base width, the
base doping concentration needs to be increased to prevent base punch-through. The Ge
composition of the base region is also increased to 30% to boost the current gain and fr/fuax by

enhancing the carrier transport in the base with the built-in electric field.
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The simulated Gummel plot and fr & fmax vs Ic for device 1 and device 2 are shown in Fig. 6.7
and Fig. 6.8. Peak fr /fmax and Ic increase as the base width scales down. As Wg reduces from
20nm to 10nm, fr/fmax increases from 600/620GHz to 814/751GHz. The delay components are

extracted in Fig. 6.9. The forward transit time (tf) of ~156fs is extracted from Fig. 6.9(b) based on:

o = [ir o e G+ CoeRe 4R (61)

where KT/q, Ic, Cpe, Chc, Re, and Rc are thermal voltage, collector current, base-emitter capacitance,
base-collector capacitance, emitter resistance, and collector resistance, respectively. The extracted
1F + ¢ and capacitance charging delay is shown in Table 6.3. The results show that tr and tc are
the main contributors to the reduce of delay time as base width scales down. This is a result of

increased carrier velocity and decreased base width. Therefore, 1r decreases as the base width scale

down, leading to the increased fr.
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Table 6.2. Simulated characteristics of T-base FinHBT

Device 1 Device 2 DC Test Device
Base width 10nm 20nm 100nm
Contact 1x10° Q-cm | 1x10°Q-cm | 1x10° Q -cm
resistivity
Ex-base width 100nm 100nm 300nm
Base Doping 8x10%%m3 8x10%m3 2x10%cm
Base Ge% 30% 30% 15%
fT 814GHz 600 GHz
fMAX 751GHz 620 GHz
DC gain 220 169 6.5
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Table 6.3. Delay components of device 1 and device 2

TF +1C Charging Delay
Device 1 156 fs 42 fs
Device 2 203 fs 60 fs

6.3 Conclusion

A test device has been successfully fabricated and characterized. With a 100nm base width and
15% peak Ge composition, the maximum measured DC gain is 6.5. Based on this result, the T-
base FinHBT structure with scaled base width has been designed and simulated. The simulation
predicts that as Wg reduces to 20nm, the fr/fmax can reach 600/620GHz. Further decreasing Ws
to 10nm can further push the fr/fmax to 814/750 GHz. This shows that with further lateral scaling,

the FinHBT can potentially approach fr/fuax close to THz.
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CHAPTER 7
Conclusion

7.1 Summary

Combining digital computation, analog, and radio frequency (RF) circuitry, a highly functional
systems-on-chip (SoC) design is a favorable choice for various applications like mobile systems,
embedded systems, and space applications. In this work, potential devices to realize ultra-scaled

SoC has been studied.

For digital computation, an extensive TCAD simulation of sub-5nm NSFET has been done. Since
NSFET has been the most promising candidate for next-generation VVLSI technology, it is crucial
to have a thorough understanding of its performance and constraints. The study focuses on critical
device parameters including Lg, Tns, parasitic resistance, and EOT. Based on the Sentaurus TCAD
platform, the ultra-scaled devices are simulated considering quasi-ballistic transport and quantum
confinement. Simulation shows that NSFET has a better lon/loffand SS over FINFET with the same
channel length and body thickness due to the superior electrostatic control of the gate-all-around
structure. Parasitic resistance analysis shows that Rspacer iS the main contributor to parasitic
resistance. Design parameter analysis shows that the lon/loff of NSFET can be improved by
enhancing electrostatic control, like increasing Lg, reducing TNS, and scaling down EOT. Scaling
EOT is considered a major pathway to further scaling, as it increases the carrier density in the

channel, enhances electrostatic control, and suppresses the effect of parasitic capacitance.

With the scaling of EOT, reliability issues like breakdowns become increasingly important. The
TDDB process in NSFET with its unique geometry has also been studied. A discrete-trap-based
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TDDB simulation framework has been set up and calibrated. The simulation shows the trap
generation process during the breakdown of the dual-layer gate dielectric in NSFET. The traps are
first generated in the interfacial layer, forming weak spots. The electric field in the high-k layer is
then increased near the weak spots, accelerating trap generation and forming a breakdown path.
The study reveals that the corners of the nanosheet are less susceptible to stress-induced dielectric
breakdown due to quantum effect and geometry effect. By increasing the rounding radius, the

NSFET can be more resilient to TDDB due to less trap generation at the rounded corners.

For RF/Mixed-mode applications, a novel lateral SiGe FInHBT has been proposed. Utilizing the
advanced lithography technology of ultra-scaled VVLSI, the lateral scaling of base width can greatly
enhance the RF performance of FinHBT. A FinFET compatible fabrication process has been
designed and developed. The lateral base region is created by SiGe SEG. A T-shape extrinsic base
structure is used to reduce the base resistance. A test device has been successfully fabricated and
characterized. With a 100nm base width and 15% peak Ge composition, the maximum measured
DC gain is 6.5. The simulation predicts that the fr/fuax > 750GHz can be achieved with base width

scaling.

Through TCAD simulations and experiments, promising devices for ultra-scaled SoC technology
have been designed and studied. The FINFET and NSFET study can provide a guideline for the
optimization of NSFET. The TDDB study provides an in-depth analysis of the breakdown process
in NSFET and serves as guidance for gate stack reliability enhancement. The proposed lateral SiGe
FinHBT introduces a FinFET-compatible RF/Mixed mode technology for further scaled BICMOS.
With further lateral scaling, the FinHBT can potentially approach 1 THz fr/fuax, which enables

high-speed BiICMOS VLSI SoCs for THz/mixed-mode applications.
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7.2 Suggestions for future research

NSFET TDDB study with further scaled EOT: In this work, a discrete trap model is used
to study the breakdown process in the dual-layered gate stack in NSFET. In future work,
the TDDB of NSFET with further scaled can be investigated. In ultra-scaled NSFET, the
EOT can be increased by increasing the dielectric constant of the gate stack or reducing the
thickness of the gate stack. Novel high-k material like HfZrO, can greatly increase the
dielectric constant of the high-k layer ([37]), resulting in a smaller EOT with same
thickness. Apart from that, the dielectric layer of the interfacial layer can also be increased
by nitrogen treatment as discussed in [38]. While increasing dielectric constant can
decrease EOT without reducing the gate stack thickness, it also results in higher dipole
moment that can reduce the breakdown electric field. Therefore, an extensive study on the
TDDB with higher dielectric constant material will provide guidance to the reliability of
NSFET with further scaled EOT

NSFET BTI study: BTI is another important aspect of device reliability. While the TDDB
focuses on the trap generation and breakdown path formation in the gate dielectric layers,
BTI is more strongly related to the increase of interfacial traps/trapped charges between
gate dielectric and silicon. BT has been studied in detail for planar MOSFET and FinFET
[39], [40]. However, like in the case of TDDB, the unique geometry and quantum effect
can lead to some intriguing BTI behaviors. Therefore, it is important to obtain a better
understanding of BTI in NSFET and gain a more thorough understanding of the reliability
constrains of the NSFET.

Scaled FinHBT fabrication: In this study, a FinHBT with base width of 100nm has been

fabricated. While simulation shows the RF performance of the FinHBT can be substantially
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increased by scaling down base width, it also introduces some difficulties. One issue is the
defects in the base created by the grain boundaries during the base epitaxial growth.
Moreover, as the base width scales down, it can be challenging to fill the base region that
has a higher aspect ratio.

Doping/Ge profile engineering in FInHBT: As stated in this report, the lateral growth of
SiGe during the base epitaxial growth provides a chance to control the lateral doping and
Ge profile. With detailed engineered base doping and Ge profile, the performance of the
FinHBT can be further improved. The profiles can be changed by changing the
Germane/B2Hs flow rate with time during the SEG process. Another way is to control the
thermal Ge/dopant diffusion profile by tailoring the temperature and time of the post-

growth annealing process.
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