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Abstract

Since the invention of the transistor, technological advancements have pushed its
size to the limits. The FinFET replaced planar MOSFETs, and GAAFETs are set to take
over with superior gate controllability and electrostatic characteristics. GAAFETs offer
advantages in scaling down width and achieving high aspect ratios. In 2022, GAAFETs
replaced FinFETs in mass production. Future innovations include Ge-based materials
and the adoption of GAA structure in device architecture.

We explore the fabrication of highly stacked GeSi channels using epitaxial
structures and selective etching. GeSi, a high mobility channel material, is investigated
as an alternative to enhance CMOS performance. The process flow involves epitaxy
growth, lithography, fin formation, and channel release. Wet etching with H>O» is used
to selectively remove sacrificial layers, while NH4OH eliminates unwanted layers
beneath the Ge buffer. Discussion of the wet etching mechanism and the challenges and
successful fabrication of nanosheet and nanowire devices using Geo.95Si0.05 and
Ge0.75S10.25 channel layers are presented. The epitaxy layers are carefully designed to
create a highly stacked device structure. Various techniques, such as TEM, HRXRD,
RSM, and SIMS, confirm the successful growth of epitaxy layers and strain in the GeSi
channels. The fabrication process includes steps such as thinning the SOI substrate,

growing a Ge buffer layer, deposition of sacrificial and channel layers, gate stack
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formation, and S/D contact formation. The process is completed with the sputter

deposition of S/D contacts using Pt. These devices hold promise for high-performance

semiconductor devices and integrated circuits.

The electrical properties of the nanosheets and nanowires are comprehensively

investigated, the 8 stacked Geo.75S10.25 nanosheets, each with an Ly of 80nm, exhibit an

Ion of 36pA per stack (390puA/pum per channel footprint) at Vov and Vps of 0.5V, with a

SS of 121mV/dec and the 7 stacked Geo.95S10.0s nanowires, each with an Ly of 70nm,

exhibit an Ion of 128pA per stack (5800pA/pum per channel footprint) at Vov = Vps =

0.5V, with a SS of 112mV/dec. The effect of parasitic channels is discussed, which

affects the I-V characteristics in the Iorr region of the devices. The microbridge effect is

also explored, showing enhanced tensile strain and electron mobility. In short, the

fabricated GeSi nanosheets and nanowires demonstrate desirable electrical

characteristics and potential for advanced transistor applications.

In the end, future work is summarized in three directions: improve the processing

technique, scale down certain dimensions to improve device performance, and build the

next-generation device CFET, integrating the nanosheet or nanowire structure we

discuss in this article.

Keywords: nGAAFET, Nanosheet, Nanowire, GeSi, Channel Release, Strain Simulation
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Chapter 1 Introduction

1.1 Research Background and Purpose

Since the invention of the first transistor in 1940, continuous technological
advancements have pushed the size of transistors towards their physical limits.
Integrated circuits (ICs) were successfully demonstrated a decade later, and since then,
researchers, scientists, and engineers worldwide have been striving to improve the
power, performance, and area (PPA) properties of small IC chips. Moore's Law [1] was
proposed to describe the consistent increase in transistor count in ICs, stating that the
number of transistors doubles approximately every two years. This trend has been
followed and achieved for several decades, particularly when considering transistor
density.

The PPA of a single transistor plays a crucial role in determining the overall quality
of a chip. While the bipolar junction transistor (BJT) was the first to be demonstrated
(Fig. 1-1), the metal-oxide-semiconductor field-effect transistor (MOSFET), with its
superior design, is the transistor of choice for logic ICs. By combining p-channel and n-
channel MOSFETs, complementary metal-oxide-semiconductor (CMOS) technology

enables the design of logic circuits performing various computations such as NOT,
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NAND, NOR, and more. The CMOS property aligns perfectly with the needs of the
digital world, making MOSFETs the dominant technology in the logic semiconductor

industry.

One-transistor
First bipolar DRAM cell
transistor invented
(1947) (1968)
First
mos¥er o -0 ____
(1960) | VLSl era

] ] ] ] ] ] ]
1940 1950 1 ‘)()’()T 1 9?0} 1980 1990 2000 2010 2020

CMOS

invented
(1963)
IC First micro-
invented processor
(1958) (1971)

Figure 1-1 The history of transistor and timeline. [2]

Furthermore, MOSFET technology continues to evolve (Fig. 1-2). Initially, it
adopted a planar architecture, but as technology progressed, innovators faced
limitations. Many believed that Moore's Law would come to an end. However, the
FinFET was introduced [3], replacing planar MOSFETs in subsequent technology
nodes. Following the FinFET, the gate-all-around (GAA) structure is set to take its place
in the next generation of nodes. The GAA architecture, whether in the form of
nanosheets or nanowires, offers unmatched gate controllability and superior electrostatic

characteristics compared to FinFETs [4-6]. It demonstrates improved performance in
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key electrostatic metrics such as shot channel effect (SCE), drain-induced barrier

lowering (DIBL), and subthreshold slope (SS) [7-9].

Intel Process Technology Innovations

.
| Angstrom era
:

Intel

_ 20A

Performance Per Watt

Intel
Ttal 14nm

Nasl 32nm

Intel 45nm -
o 65nm Il "
90nm . .EL

. Im‘ e i 22nm

accelerated

Figure 1-2 The history of technology node and big innovations timeline. [10]

In contrast, FInFETs face challenges in scaling down fin width (W) and

achieving high aspect ratios due to limitations in lithography and etching processes.

GAAFETs, on the other hand, provide the advantage of flexible width design and a high

channel width to channel height (Wcn / Hen) ratio achieved through selective etching of

different materials and epitaxy techniques. This flexibility in width design allows for

greater optimization and improved control over the transistor's electrostatic properties.

Also, GAA structure with channel stacking can give large current in a fixed area as

compared to FInFET and therefore further enhance PPA of the IC chips [11]. As a result,
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in 2022, gate-all-around (GAA) FETs were successfully commercialized in mass

production, replacing FinFETs in industry products [12].

Looking ahead to the next decade, there are numerous innovations set to become a

reality. According to the International Roadmap for Devices and Systems (IRDS), Ge-

based materials are favored for channel materials (Fig. 1-3). From both academic and

industry perspectives, the GAA structure has been chosen to replace FinFETs in device

architecture (Fig. 1-4).

YEAR OF PRODUCTION 2021 2022 2025 2028 2031 2034

G51M30 G48M24 G45M20 G42M16 G4OM16/T2 | G3IBM16/T4
Logic industry "Node Range" Labeling {nm) 5" "3" "21" "1.5" "1.0eq" "0.7 eq"
IDM-Foundry node labeling i7-f5 i5-f3 i3-f2.1 i21-f1.5 i1.5e-f1.0e i1.0e-f0.7e
Logic device structure options FinFET {EHG;EAT LGAA LGAA LGAA-3D LGAA-3D
Platform device for logic finFET finFET LGAA LGAA LGAA-3D

Channel material technology inflection

SiGe25%

Figure 1-3 The roadmap of IEEE IRDS 2021. [13]
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Figure 1-4 Transistor roadmap of (a) imec, (b) Samsung, (c)TSMC, and (d) intel.

[14] [15] [16] [17]

Currently, in the material of advanced transistor, SiGe high mobility channel has

start to been used in the industry since 5Snm node (Fig. 1-5(a)). If we want to enhance

the current of nanosheet devices, one way to do so is to stack more channels in a given

footprint. This idea is already demonstrated by industry (Fig. 1-5(b)). In the research, a

7 stacked Si nanosheet device is also reported (Fig. 1-5(c)). But there is no work

combining both techniques, high mobility channel and highly stacked nanosheet device,

now. Therefore, this is the ideal we would like to realize and the results are shown in the

(Fig. 1-6).
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High Mobility Channel Drive Current

Figure 1-5 (a) SiGe high mobility channel is used Snm node [18], (b) 3 stacked of
nanosheet transistor is presented by industry [19], (¢c) the TEM of a 7 stacked Si
nanosheet device [20]

@ b) (c)

W,=19nm
Wey=17nm
Wey=19nm
Wey=26nm ™ “Hey=24nm
W,,=23nm _
W,=19nm

"Hcy=23nm
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=== ‘NCH-‘;Q_?’nrn

A

Figure 1-6 Our work of (a) Geo.7sSio.25 highly stacked nanosheet device, (b)
Geo.95Si0.05 highly stacked nanowire device, (¢) Geo.95Sio.0s highly stacked nanowire
without parasitic channel device. [21] [22] [23]

doi:10.6342/NTU202301581



1.2 Thesis Structure Organization

The thesis is structured into five chapters, each focusing on a specific aspect of the
research topic.

Chapter 1 introduces the research background, highlighting the significance of
improving the power, performance, and area (PPA) properties of integrated circuits (ICs).
It also discusses the evolution of transistor technology from MOSFETs to FinFETs and
the emergence of gate-all-around (GAA) FETs.

Chapter 2 delves into the fabrication of highly stacked GeSi nanosheets and
nanowires for GAA structures. It discusses the introduction of channel stacked GAA
structures as a replacement for FinFETs and explores the use of GeSi as a promising
channel material. The chapter presents the process flow for fabricating stacked channels,
including epitaxy growth, lithography, etching, and channel release techniques.

Chapter 3 focuses on the detailed fabrication process of highly stacked GeSi
nanosheets and nanowires for GAA FETs. It explains the growth of epitaxial layers on a
silicon-on-insulator (SOI) substrate, channel release to isolate the GeSi structures, gate
stack formation for effective control of the channel region, and source/drain contact
formation.

Chapter 4 is dedicated to characterizing and evaluating the performance of the

fabricated GeSi nanosheets and nanowires. It discusses the electrical characteristics,
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mobility enhancement, and other relevant parameters of the devices. The chapter also

examines the impact of parasitic channels and provides a comprehensive analysis of the

experimental results.

Chapter 5 concludes the thesis with a summary of the research findings and presents

future work directions. It offers a comprehensive summary of the thesis, highlighting the

key contributions and outcomes of the research. Additionally, it identifies potential areas

for further exploration and improvement, based on the current research findings.

Overall, the thesis structure is designed to provide a systematic and comprehensive

investigation of the fabrication process and performance evaluation of highly stacked

GeSi nanosheets and nanowires for application in advanced technology node.
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Chapter 2 Channel Release for Highly Stacked

GeSi Nanosheets and Nanowires

2.1 Introduction

With the advancement of CMOS technology beyond the 3nm node, the

introduction of channel stacked Gate-All-Around (GAA) structures has been

accomplished as a replacement for FinFETs. The implementation of stacked GAA

structures offers significant improvements in performance, power, and area, along with

increased effective channel width (Wesr) and overall performance enhancement.

Additionally, the use of stacked Si GAAFETs has been extensively researched, but they

have encountered physical limitations during the scaling process. To address this, high

mobility channel materials such as SiGe ([Si]>[Ge]), Ge, and GeSi ([Ge]>[Si]) have

emerged as promising alternatives to enhance CMOS performance without

compromising on the device footprint.

As a result, GeSi has gained attention as a channel material that can be grown on

Ge sacrificial layers using Chemical Vapor Deposition (CVD) epitaxy, leading to the

formation of effective strain for nFETs. This is due to the 4% misfit between Si and Ge,
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as illustrated in (Fig. 2-1).
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Fig. 2-1 Materials properties include Si and Ge. [24]

Besides, the reason why Ge has higher mobility than Si can be observed in their
band structure (Fig. 2-2). Si has 6 valleys and Ge has 8 valleys. The former valley is
like a hot dog because of the ratio of major and minor axis is 5. The valley of the later is
like a bamboo due to the ratio is 20. In order to get the mobility in current direction
[110], we need to project the effective mass to [110]. We can see that the effective mass
of Ge is one order lower than that of Si. Smaller effective mass means higher mobility
and higher mobility brings higher current density. Therefore, using Ge as channel

material can ensure we have a higher intrinsic channel mobility.

10
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Fig. 2-2 The band structure of Si and Ge. [25]

In order to build the highly stacked channel, one feasible method is to deposit an

epitaxial structure of two different materials alternately on the substrate. The sacrificial

layers (SLs) can be removed to release the channels, taking advantage of the disparate

etching rates between the two materials. Therefore, the selection of materials for the

channel and sacrificial layers, defect control, the thickness of the epitaxial structure, and

selective etching play crucial roles in the process.

The objective of this chapter is to fabricate highly stacked GeSi channels using

epitaxial structures and selective etching. Wet etching with H>O> demonstrates sufficient

etching selectivity of Ge over GeSi, enabling the formation of wide stacked nanosheets.

Moreover, we also experiment with different conditions of H>O» to produce nanowires.

Additionally, NH4OH is utilized to remove the SOI layer beneath the Ge buffer and

prevent the formation of parasitic channels. The results pertaining to these techniques

11
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were published in VLSI 2021 [21], TED [22], and VLSI-TSA 2022 [23], which owe

credit to the valuable contributions of senior researchers Liu and Cheng.

2.2 Process Flow of Stacked Channels

Fabricating a stacked channel device involves a series of steps aimed at achieving

the desired structure. Firstly, a superlattice structure is grown, followed by the

utilization of lithography and etching tools to define the fin area. Subsequently, channel

release is conducted to obtain the stacked channel.

For the CVD epitaxy process, an 8" single-wafer rapid thermal CVD (RTCVD)

system is employed to grow the epitaxy structure. All the epitaxy layers utilized in this

study are grown using this machine, employing meticulously designed recipes to

optimize the outcomes. Following the epitaxy growth, field oxide (FOX) deposition is

carried out via plasma-enhanced chemical vapor deposition (PECVD), and then

patterned to prevent oxidation and distortion of the samples.

As our objective is to construct a stacked channels device with gate length (Lg)

ranging from 40 nm to 90 nm and width (W) ranging from 60 nm to 160 nm, electron-

beam (e-beam) lithography is employed to define the fin area. Subsequently, an

anisotropic dry etching tool is utilized for fin formation. This tool ensures the creation

of straight and steep fins through the optimization of etching gas and time parameters.

12

doi:10.6342/NTU202301581



Following the fin formation, wet etching is employed to perform channel release,
where sacrificial layers (SLs) are removed, leaving behind the channel layers. The width

and height of the channels are primarily determined after the channel release process.

Thus, channel release is the key to forming highly stacked channels and determining the

dimensions of channels. One can find the process mentioned in (Fig. 2-3).

(a) CVD (b) E-beam  channel
epitaxy lithography _ Chamnel ©

Buffer layer

Buffer layer

——II—_ (d) Channel
(c) Fin formation™ " _s.o =

release

Fig. 2- 3 Process flow of stacked channels including (a) CVD epitaxy, (b) e-beam
lithography, (c) fin formation, (d) channel release.

2.3 Channel Release for GeSi Channels

2.3.1 H:0:2 and NH4OH Wet Etching Mechanism
During the channel release process for our devices, the objective is to remove the
Ge sacrificial layers while preserving the GeSi layers. To achieve this, we need to find
an etchant that exhibits a higher etching selectivity for Ge over GeSi. Among the

various candidates considered, a hydrogen peroxide (H202) solution is the most suitable

13
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and has been studied for etching Ge/Si [26-27]. Hydrogen peroxide can oxidize Ge,
forming water-soluble GeOx. The reactions involved are as follows:
Ge + 2H202> GeO: + 2H20
GeO: + H20 2 H2GeOs3 (aq) 28]
Oxidation also occurs in the GeSi layers; however, the presence of [Si] helps to
alleviate the etching rate. Consequently, the GeSi layers can be preserved, allowing for
the fabrication of stacked channels (Fig. 2-3).

n*Ge SL

Ge,, ésssltl)_ 25 H.0 Gey 755ig 25
n* Ge .
Gey 75Sig.25 2%2 Geg 75Si0.25

é.eo?v:s%(l;.-25 Wet etc h GeD.TSSiO.ZS

n+ Ge SL .
Gey ésssn?- 25 ‘ Gey 758ig 25

e .
éle Geg 7550y 25

0 éss'?_zs

G‘30 7590025 Gey 75Si 25
Ge SL .
é.eo 753S'o 25 Geg 75Sig 25
n*Ge SL .
Geg 755ip 25 Gey 75Sip 25
GE DTSy Gebuffer
Si __ Si
Sio, Sio,
Si substrate Si substrate

Fig. 2-4 Channel release using H20: for Geo.75Si0.2s device. The Ge buffer and Si

at the bottom is the parasitic channel.

In our epitaxy structure, we grow an 800-nm Ge buffer on SOI, which is thick

enough to mitigate dislocation at the Ge/Si interface after an 800°C annealing.

Subsequently, sacrificial layers and channel layers are grown using epitaxy design.

14
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However, when performing channel release, it proves challenging to completely remove
the SOI beneath the Ge buffer using the hydrogen peroxide recipe mentioned earlier. If
the SOI remains after channel release, it becomes a parasitic channel, leading to
undesired current flow when the device is turned off. The impact of parasitic channels
will be discussed in detail in Chapter 4.

Previous studies have shown that NH4OH can exhibit high etching selectivity for Si
and SiGe at an etching temperature of 75°C [29]. To eliminate the SOI layer beneath the
Ge buffer during the channel release process, we introduce a recipe utilizing ammonium
hydroxide (NH4OH) prior to H>O». The chemical reaction involving NH4OH is as

follows:

Si + 20H" + 4H20 = Si(OH)6* (aq) + 2H2 (g) [30-31]

The product of this reaction are soluble material and hydrogen gas, which
enables the removal of the SOI layer beneath the Ge buffer by utilizing NH4OH in
channel release process (Fig. 2-4). Note that, the gas release is observed during the

NH4OH the process and it requires extra carefulness.

15
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Fig. 2-5 Channel release combines NH4OH and H20: for Geo.95Sio.0s device. The
Ge buffer and Si at the bottom is totally removed.

2.3.2

Discussion of Geo.95Si0.05s and Geo.75S10.25

In pursuit of transistors with higher on-current (Ion), numerous innovative

technologies have been developed, such as high-k dielectric oxides and strain

engineering. In our work, we aim to increase electron mobility by utilizing Ge-based

channels. We grow channel layers with compositions of 75% Ge and 95% Ge.

Increasing the [Ge] in GeSi is not as simple as adding more precursor or adjusting a

single parameter. Several factors need to be considered, necessitating a process of trial

and error. Initially, we grow testing wafers to evaluate the growth rate at each step and

the effects of varying parameters. Since it is not feasible to test all conditions in a single

round or due to cost constraints, multiple iterations are required until we obtain

16
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confident answers to proceed to the next step. Subsequently, we calculate the growth
rate and convert it to the desired conditions for application on our SOI wafer.
Fortunately, we obtain two successful epitaxy samples, enabling us to proceed with e-
beam lithography and fin formation processes.

During the channel release process, H>O» is used as a wet etchant for both the
Geo.95S10.05 and Geo.75S10.25 samples. Etching entails numerous considerations, such as
the quality of the etchant, etching time, and environmental temperature, among others.
This stage also requires trial and error. In our case, we have two types of samples, and
we know that higher [Si] leads to higher etching selectivity. Consequently, the etching
rate of Geo.95S10.05 channels is significantly higher than that of Geo.75S10.25. It was a
challenging task to determine the appropriate conditions for both samples. Eventually,
we successfully fabricate nanosheet devices for the Geo.75S10.25 samples and nanowire
devices for the Geo.95Si0.05 samples.

24 Summary

In this chapter, we emphasize the importance of material selection, defect control,
epitaxial structure thickness, and selective etching in the formation of stacked channels.
Our goal is to fabricate highly stacked GeSi channels through epitaxial structures and
selective etching method. Insights into the process flow for fabricating stacked
channels, involving the growth of superlattice structures, lithography, etching, and

17

doi:10.6342/NTU202301581



channel release are also presented. We employ advanced techniques such as single-

wafer rapid thermal CVD for epitaxy growth and electron-beam lithography for

defining the fin area. Anisotropic dry etching and wet etching techniques are utilized for

fin formation and channel release, respectively.

We discuss the wet etching mechanism using H>O> and NH4OH for GeSi channels,

explaining their selective etching properties and the elimination of unwanted layers.

Furthermore, we present a detailed examination of the growth and etching processes for

Geo.95S10.05 and Geo.75S10.25 channel layers, including the challenges faced and the

successful fabrication of nanosheet and nanowire devices.

18

doi:10.6342/NTU202301581



Chapter 3 Fabrication of Highly Stacked GeSi

Nanosheets and Nanowires

3.1 Introduction

This chapter presents the fabrication process of highly stacked germanium-silicon

(GeSi) nanosheet and nanowire gate-all-around field-effect transistors (nGAAFETS)

without source-drain regrowth. The process entails the growth of 17 epitaxial layers and

a Ge buffer on a silicon-on-insulator (SOI) substrate. Subsequently, channel release,

gate stack formation, and S/D contact formation are performed. The objective is to

attain high electron mobility by utilizing undoped GeSi channel layers, thereby

mitigating impurity scattering and reducing source/drain resistance through heavily

phosphorus-doped germanium (Ge) sacrificial layers (SLs) in the S/D region.

The fabrication process commences with the growth of multiple epitaxial layers on

the SOI substrate. This multilayer structure facilitates the formation of GeSi nanosheets

and nanowires with superior structural integrity. Additionally, the inclusion of a Ge

buffer layer serves to promote the lattice matching between the GeSi layers and the

underlying SOI substrate, minimizing defects and enhancing device performance.

Following the epitaxial growth, the channel release step is executed to isolate the GeSi

structures from the substrate. This is achieved by selectively removing the SLs by using

19
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H>0; and buried oxide layer using NH4OH before H>O». The resulting released
nanowires exhibit enhanced electrical characteristics, as they are no longer influenced
by the underlying substrate. Subsequently, the gate stack is formed to facilitate effective
control of the channel region. EDX will be shown. The gate stack typically consists of a
high-k dielectric layer and metal gate electrode. The high-k dielectric layer helps reduce
gate leakage current, while the metal gate electrode enables efficient electrostatic
control of the channel. Finally, the S/D contact formation is carried out to establish
electrical connections with the GeSi channel. Heavily phosphorus-doped Ge sacrificial
layers (SLs) are diffused during several annealing steps, which will reduce S/D
resistance.

Epitaxy plays a crucial role in semiconductor manufacturing as it allows the
creation of high-performance devices and integrated circuits. By growing epitaxial
layers, we can introduce specific properties, such as different doping levels or channel
Ge to Si ratios, to optimize the electrical and optical characteristics of the
semiconductor material.

3.2 Epitaxy Layers Design

The ideal device architecture image is shown in (Fig. 3-1). So as to work it out, we
need to carefully design our epitaxy structure. Following SOI thin down process, we can
start grow epitaxy. It involves depositing a layer of Ge/Si onto another layer of Ge/Si

20
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which are both single-crystal substrate, creating a structure with precise atomic
alignment and orientation. In order to fabricate a highly stacked channel device, as
Chapter 2 mentioned, we have to deposit sacrificial layers and channel layers repeatedly
and sandwich channel layer by sacrificial layers. In Geo.75S10.25 and Geo.95S10.05 devices,

we both grow 8 channel layers and 9 sacrificial layers as in (Fig. 3-2).

Without S/D regrowth

-l HEEEEN,

B GeSi W Si
¥ Ge buffer W Pt
W TiN -~ Sio,
¥ n*Ge m ZrO,

Al,O,

Fig. 3-1 The 3D schematic of our highly stacked device architecture.
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Ge buffer

800°C anneal

Si
SiO, 145nm
Si substrate

Fig. 3-2 Cross-section image of our device. There are 8 GeSi layers sandwiched by

9 Ge n* sacrificial layers.

Especially note that our design enables us to build this highly stacked device
without source-drain (S/D) regrowth. S/D regrowth is a technique used in
semiconductor processing to create the source and drain regions of a transistor. It

involves selectively re-growing the semiconductor material in the source and drain

22
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regions after the formation of the gate structure. Nowadays, the industry does use S/D

regrowth to improve device performance. However, there are also disadvantages

associated with this technique:

Firstly, it increases complexity and cost: source-drain regrowth adds complexity to

the fabrication process as it requires additional steps and equipment for epitaxial

growth. This complexity can result in increased manufacturing costs, making the overall

process more expensive. Besides, an additional process gives extra variability: source-

drain regrowth introduces additional process variability. Variations in regrowth

thickness, composition, and crystal quality can affect device performance and yield.

In this work, we focus on demonstrating a highly stacked device. Therefore, it

would be suitable to build our devices in this novel way. By doing so, we can use

epitaxy to define how many channels the final devices would have. Later, we can

optimize our etching recipe, so we can make highly stacked devices.

3.3 Device Fabrication

(Fig. 3-3) presents the process flow. The fabrication process begins with the

thinning of the top silicon layer of a 200-mm SOI substrate from 70 to 20 nm through

oxidation and etching. An 800 °C annealing step is performed to confine misfit

dislocations at the Ge/Si interface. Subsequently, an undoped 150-nm Ge bufter layer is
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grown on the SOI wafer at 375 °C. An in-situ annealing step at 800 °C further enhances

the quality of the Ge buffer and reduces dislocations.

! Top Si thin down for the SOl substrate
I CVD epitaxy (18 layers):
Growth of undoped Ge buffer with 800°C anneal
Growth of undoped GeSi channel layers sandwiched by n*Ge SLs
Si0, deposition as the mask
I E-beam lithography
I Fin formation by Cl,-based RIE and FOX definition
I Channel release by wet etching:
(Optional) Si under Ge buffer removal by NH,OH
n*Ge SLs removal by H,0,
Gate stack formation (250°C ALD)
Al,O,;+ 400°C RTO + ZrO, + in-situ TiN + 400°C FGA+ PVD TiN
S/D contact formation with 400°C PMA

Fig. 3-3 Process flow of the 8 stacked Geo.75Si0.25s nanosheet and
7 stacked Geo.95Sio.0s nanowire device with

extra NH4OH wet etching to prevent parasitic channel

For Geo.75S10.25 channels, an alternating growth process involving the deposition of a

21-nm heavily phosphorus-doped Ge sacrificial layer and a 13-nm undoped Geo.75S10.25

channel layer is repeated eight times, followed by the deposition of a top 27-nm heavily

phosphorus-doped Ge sacrificial layer. The same growth process is applied for Geo.95Sio.05

channels, with the layer thicknesses adjusted accordingly. Transmission electron

microscopy (TEM) images (Fig. 3-4) confirm the successful growth of the epitaxy layers.
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Undoped Ge
buffer 150nm
Defect confinement at

Ge/Si interface \
1 20nm

Undoped Ge
buffer 150nm

Defect confinement at

Fig. 3-4 TEM image of (a) epilayers with 8 Geo.7sSio.2s channel, and (b) epilayers
with 8 Geo.95Si0.0s channel both sandwiched by 9 Ge SLs. [21-22]
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High-resolution X-ray diffraction (HRXRD) (Fig. 3-5 (a) (c)) analysis reveals tensile

strain in the Ge buffer and GeSi channel. Reciprocal Space Mapping (RSM) confirms that

there 1s 0.14% and 1.14% tensile strain in Ge and Geo.75S10.05. Also, in the case of Ge and

Geo.95S10.05, there is 0.2% and 0.4% tensile strain respectively (Fig. 3-5 (b) (d)). The strain

of GeSi on Ge is biaxial tensile strain due to lattice mismatch, and that of Ge buffer on Si

substrate is caused by misfit of the thermal expansion coefficient after 800°C annealing.

These strains can further enhance the electron mobility in channels.
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Fig. 3-5 HRXRD of the 2 as-grown epilayers with 8 stacked
(a) Geo.75Si0.25 and (c) Geo.95Si0.0s channels.

RSM of the 2 as-grown epilayers with 8 stacked
(b) Geo.75Sio.25 and (d) Geo.95Sio.0s channels. [21-22]
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Secondary ion mass spectrometry (SIMS) profiles show the distribution of
phosphorus dopants in the GeSi channels (Fig. 3-6), with the lowest [P] concentration at
the top channel due to the shorter growth time that being heated in the chamber during
epitaxy. We design no doping in channels in order to reduce impurity scattering, which
further improve the device performance. In S/D region, the dopant in Ge can diffuse

around, so the whole S/D resistance would be reduced.

(@) nGe sL [p]~2E20cm™ Ge,Si, . Ge

r.

100

w
P
'~
an

[N

o

(wose) [is]
(%um‘fe) [e0]

'
kN

) O o ©o o o o

[P] (atomslcma)

top Depth (nm) bottom

n'Ge SL [P]~2E20cm” Ge, . Si .. e

Mo 2100

1E21 0

nA
2'_|‘ ]

§1E20 0"%do0 ®
@ =2
£ " Eleo®

1E19 5480
(o] 03 o
© =132
~—1E18 0"'S4702
- h{

o [ a5
117} il o Jeo

0 100 200 300 400 500
top Depth (nm) bottom

Fig. 3-6 SIMS of the 2 as-grown epilayers with 8 stacked
(a) Geo.75Si0.25 and (b) Geo.95Si0.0s channels. [21-22]
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After epitaxial growth, a SiO; hard mask is deposited, and e-beam lithography is

employed to pattern the channel and source/drain regions. Reactive ion etching is used to

form the fin structures, and a field oxide (FOX) layer is deposited and patterned to protect

the released channels. Scanning Electron Microscope (SEM) would be used to check the

fin structure. (Fig. 3-7) shows the SEM images of the devices. Wet etching with H,O» and

NH4OH + H»03 is performed to remove the SOI and sacrificial layers, respectively, in the

channel regions.

Fig. 3-7 Tilt 52° SEM images of fin structure. [21-22]

To prepare the GeSi channels for gate stack formation, a native oxide removal step

is performed using a diluted HCI solution to ensure low surface roughness of the GeSi

channels [32]. In-situ passivation with trimethylaluminum (TMA) reduces the interface

trap density [33-34], followed by the conformal deposition of Al,O3 and ZrO; using
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plasma-enhanced atomic layer deposition (PEALD). Rapid thermal oxidation (RTO) is
employed to form an interfacial layer at the A1>O3/GeSi interface because it can reduce
interfacial layer at Al2O3/GeSi surface to reduce Dic[35]. TiN and ZrO, are deposited as
the high-k gate stack, and forming gas annealing (FGA) at 400 °C crystallizes the ZrO2
layer for a large k value [36].

The fabrication is completed with the deposition of a thick sputter TiN layer as the
gate metal pad and the formation of source/drain contacts using Pt deposition and post-
metal annealing (PMA) at 400 °C. The final annealing process can drive phosphorus [37]
from P-doped SLs into undoped GeSi channel layer in the S/D region and improve dopant
activation for low S/D resistance.

The proposed fabrication process enables the creation of highly stacked GeSi

nGAAFETs with improved electron mobility and reduced source/drain resistance.

3.4 Summary

The proposed fabrication process enables the creation of highly stacked GeSi
nGAAFETs with enhanced electron mobility and reduced source/drain resistance. By
leveraging epitaxy and advanced fabrication techniques, the devices achieve precise
control over the number of channels without the need for source-drain regrowth. This

approach eliminates complexity, cost, and process variability associated with regrowth

29

doi:10.6342/NTU202301581



techniques. The resulting GeSi nGAAFETs hold promise for high-performance

semiconductor devices and integrated circuits, paving the way for advancements in IC

technology.
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Chapter 4 Electrical Properties, Device Images,
Strain Simulation of GeSi Nanosheets and

Nanowires

4.1 Introduction

After the carefully performed fabrication process of GeSi nanosheets and

nanowires, it becomes essential to assess their electrical properties comprehensively.

The evaluation includes crucial parameters such as Ion, lorr, lon to Iorr ratio, threshold

voltage (Vy), and subthreshold swing (SS), which can be obtained from the I4-Vgs and Ig-

V4 transfer curves. The measured electrical characteristics provide valuable insights into

the performance capabilities and efficiency of the transistors.

Given the constraints of limited resources, it becomes impractical to analyze every

fabricated device individually. Therefore, we rely on advanced characterization

techniques, such as transmission electron microscopy (TEM) and energy-dispersive X-

ray spectroscopy (EDX), to gain a deeper understanding of why certain devices are

successful. These techniques allow us to examine the dimensions and distribution of

material elements within the GeSi nanosheets and nanowires, providing valuable

information on the structural properties of the devices.

In 4.2, we aim to investigate the electrical properties of GeSi nanosheets and
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nanowires comprehensively. By analyzing the transfer characteristics using the Keithley
S4200 semiconductor system, we seek to characterize the performance of the devices,
including their lon, lorr, Ion to lorr ratio, Vt, and SS. Additionally, through TEM and
EDX analysis, we will gain insights into the factors that contribute to the success of the
fabricated devices, enabling us to optimize the fabrication process further. Following in
4.3, we investigate the effect of parasitic channel in I-V characteristics. Last but not
least, microbridge effect, strain simulation result, and the discussion between the two is

presented.

4.2 Device Images and Electrical Properties of

Nanosheets and Nanowires

The transmission electron microscopy (TEM) images depicts the highly uniform
structure of 8 stacked Geo.75S10.25 nanosheets, exhibiting consistent well-controlled
channel height (Hch) and width (Wch), along with the complete removal of the heavily
phosphorus-doped germanium (n'Ge) sacrificial layers (SLs) after channel release via
wet etching with H>O» (Fig. 4-1). The Geo.75S10.25 nanosheets are enclosed by gate
dielectrics and in-situ titanium nitride (TiN) layers, ensuring the confirmation of the
gate-all-around (GAA) structure through energy-dispersive X-ray spectroscopy

(EDS/EDX) mapping (Fig. 4-2). The 8 stacked Geo.75S10.25 nanosheets, each with a gate
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length (L) of 80nm, exhibit an ON-current (Ion) of 36pA per stack (equivalent to

390pA/um per channel footprint) at a gate overdrive voltage (VOV) and drain-to-source

voltage (VDS) of 0.5V, with a subthreshold swing (SS) of 121mV/dec (Fig. 4-3). It is

important to note that the Ion per channel footprint in this study is normalized based on

the channel width (Wch = 93nm).

S0nm Wc,=93nm

Fig. 4-1 TEM image of 8 stacked Geo.75Si0.2s nanosheet device. [21-22]

Fig. 4-2 EDX mapping of 8 stacked Geo.75Si0.2s nanosheet device. [21-22]
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Fig. 4-3 In—Vcs and Ip—Vbps of 8 stacked Geo.75Si0.25s nanosheet device. [21-22]

(Fig. 4-4) illustrates the Geo.95Si0.25 nanowires, revealing a device configuration
with 7 stacked channels after the removal of the parasitic bottom channel through wet
etching using NH4OH and H2O.. The Geo.95Sio.0s nanowires are encompassed by gate
dielectrics and in-situ TiN layers, ensuring the GAA structure confirmation through
EDX mapping (Fig. 4-5). However, as you can see in the both images, the channel at
the very bottom has a channel height of 27nm which is higher than its epitaxy channel
layer thickness (24nm). It means that the SLs are not fully removed. The 7 stacked
Geo.95S10.0s nanowires, each with a Ly of 70nm, exhibit an Ion of 128pA per stack
(equivalent to 5800pA/pum per channel footprint) at Vov = Vps = 0.5V, with a SS of
112mV/dec (Fig. 4-6). It should be noted that the Iox per channel footprint for the

nanowire device is normalized based on the maximum channel width (Wcn = 22nm).
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Due to the narrower width of the nanowire, the drain current (ID) per footprint is

significantly higher compared to the nanosheet device.
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Fig. 4-4 TEM image of 7 stacked Geo.95Si0.0s nanowire device

without parasitic channel

Fig. 4-5 EDX mapping of 7 stacked Geo.95Si0.0s nanowire device

without parasitic channel
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Fig. 4-6 In—Vcs and Ip—Vbs of 7 stacked Geo.95Si0.0s nanowire device
without parasitic channel

These findings demonstrate the successful fabrication of highly stacked GeSi
nanosheets and nanowires with precise dimensions and controlled structural properties.
The resulting devices exhibit desirable electrical characteristics, such as high Ion and

low SS, paving the way for advanced nanoscale transistor applications in semiconductor

technology.

4.3 Parasitic Channel

In Geo.75S10.25 nanosheet device, as you can see in (Fig. 4-1), there is a parasitic
channel composed of residual Ge buffer and SOI. It’s because we use H>O only to do
the channel release process. In Geo.95Si0.05 nanowire device, Ge buffer and SOI are

totally removed by NH4OH in channel release step, confirmed by the (Fig. 4-4).
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When measuring a transistor, -V characteristic, it’s important to observe the Ion /

Iorr (on to off current ratio). Ion /lorr ratio provides insights into the efficiency, power

consumption, and performance capabilities of a transistor. A higher Ion / lorr ratio

signifies improved control, reduced leakage current, enhanced power efficiency, and

broader applicability in various electronic applications.

But in the 7 stacked Geo.95S10.0s nanowire device (Fig. 4-6), the SS and Ion /Iorr

ratio are not good as the results of our previous work [22-23]. It is because the the

bottom SLs are not fully removed, as you can see in (Fig. 4-4). The channel height of

the bottom channel is 27nm which is higher than the original epitaxy layers thickness

design (24nm).

Back to parasitic channel, its results and effects in I-V characteristics is illustrated

in [22-23] by similar devices. In the Iorr region, the current is dominated by the leakage

current of parasitic channel and that means parasitic would do harm to Ion / Iorr ratio

because our channels should perform lower current in Iorr region due to its better gate

control (Fig. 4-7). On the other hand, parasitic channel only contributed to Ion at a

lower level (5%).

If we can successfully remove the parasitic channel and maintain a good channel,

as we can see in (Fig. 4-8). The SS of the is improved from 90 to 80 mV/dec. The

Ion/IoFr is also improved in about one order.
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4.4 Strain Simulation

4.4.1 Microbridge Effect

Following the channel release step, the floating channels within the device
can experience additional tensile strain through the microbridge structure, as simulated
using ANSYS software [38]. The biaxial tensile strain present transforms into uniaxial
strain due to the lattice mismatch between GeSi and Ge induced by the microbridge
structure. In order to accurately extract the external tensile strain, strain simulations are
performed using ANSYS Mechanical APDL. It is essential to ensure that the simulation
results align with theoretical calculations to ensure the reliability and consistency of the
ANSY'S simulation tools for strain analysis in the nanoscale microbridge device.

The mechanisms and effects of the microbridge structure is based from
refence [39-43]. The theory parameters include wire length (A), wire width (a), bridge
length (B), bridge width (b), bridge length after strain enhancement (B’), initial biaxial
(e0), and uniaxial strain along X' ( exx ). The formula derivation can be easily found in the
reference. By the formula:

A
A —_
Ry
a, A
g, oA
b B-A

Enhance Factor(EF) =

We can have the ideal enhance factor (EF) according to the device e-beam pattern

dimension of the Geo.75S10.25 nanosheet device to be 1.58.

39

doi:10.6342/NTU202301581



4.4.2 Geo.75S10.25 nanosheet Strain Simulation Results

In the strain simulation, we construe the device model (Fig. 4-8) and run the
simulation in line with the real device dimension from epitaxy TEM for S/D epitaxy
thickness (Fig. 3-4 (a)), e-beam pattern design for gate length and S/D region shape and
dimension, and channel TEM for channel height and width (Fig. 4-1). It shows that after
fin formation, the tensile strain along <110> channel direction is 1.3% (Fig. 4-9). After
nanosheet formation, by virtue of the microbridge structure, the uniaxial tensile strain at

the channel center is enlarged to 1.7%, to further enhance electron mobility.

(a) (b)

Fig. 4-9 (a) Device model schematic (b) zoom-in view of the channels (c) strain

distribution in one channel
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Fig. 4-10 Simulated strain of the channel along <110> by ANSYS. The tensile strain at

the channel center are 1.3% and 1.7% after fin and nanosheet formation respectively.

To verify the ideal microbridge effect on our device, it’s necessary to get the as
grown tensile strain from RSM data, which is 1.14% in Geo.75Si0.25 and 0.14% in Ge.
The 1% difference is calculated by the [Si] (25%) times the lattice mismatch between
Ge and Si (4%) because it is fully strain on Ge. Therefore, we can have the EF of the
device to be 1.49X, similar to 1.58X in theory calculation. These findings clearly point
out the benefit of microbridge effect that would improve tensile strain and then electron

mobility, bringing better performance.
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4.5 Summary

The carefully fabricated GeSi nanosheets exhibited a highly uniform structure, and

their electrical properties were characterized using the Keithley S4200 semiconductor

system. The measurements revealed desirable characteristics such as high Ion in both

two kinds of devices. Additionally, TEM and EDX analysis provided valuable insights

into the dimensions and distribution of material elements within the nanosheets and

nanowires. The results of the nanosheet and nanowire device is shown in Table 1-1.

items

8 stacked Geg.75Si0.25

Nanosheet FET

7 stacked Geo.95Si0.05

Nanowire FET

Ion per stack

36}1A at VOV=VDs=0.5V

128[1A at VOV=VDs=0.5V

Ion per footprint

390]1A/ nm at VOV=VDs=0.5V

5800 llA/ nm at VOV=VDs=0.5V

Footprint 93nm 22nm

SS at Vps=0.05V 121 mV/dec 112 mV/dec
Channel Release Recipe H,0; NH,OH+H:0;
Parasitic channel YES NO

Table 1-1 Comparison of the device performance of 8 stacked Geo.75Si0.2s Nanosheet
FET and 7 stacked Geo.95sSio.0s Nanowire FET
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We also investigated the presence of parasitic channels in the GeSi nanowire

devices. The parasitic channel was found to be composed of residual Ge buffer and SOI,

which affected the I-V characteristics of the transistors. The presence of the parasitic

channel contributed to higher Iorr currents, resulting in a reduced Ion / lorr ratio and

compromised gate control.

Furthermore, we explored the microbridge effect and its impact on strain

simulation. Through ANSY'S software simulations, we observed that the microbridge

structure induced additional tensile strain in the floating channels of the devices, leading

to enhanced electron mobility. The theoretical calculations and simulation results

demonstrated the effectiveness of the microbridge structure in improving device

performance. And compared to theory, our simulation results fit quite well with the

calculation predictions.

In short, we focused on assessing the electrical properties of GeSi nanosheets and

nanowires and understanding the impact of parasitic channels and strain simulation on

device performance.
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Chapter S Summary and Future Work

5.1 Summary

This thesis begins with a brief recap of the research objectives and the methodology
employed to achieve them. We summarize the key findings and contributions of the
thesis, emphasizing the successful fabrication of highly stacked GeSi nanosheets and
nanowires for GAA FETs. Highlights include the significance of material selection,
epitaxial structure design, and selective etching in achieving the desired stacked channel
structures. Due to the negative effect of parasitic channel in Iorr, we underscore the
importance of optimizing process parameters and addressing challenges related to
parasitic channels.

Furthermore, we provide an overview of the electrical characteristics and mobility
enhancement by microbridge effect achieved in the fabricated GeSi devices. It
emphasizes the superior performance of the devices and their potential for application in
advanced ICs.

5.2 Future Work

In terms of future work, the chapter identifies several areas that warrant further

investigation and improvement. These include:
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1. Optimization of epitaxial growth parameters: The research can focus on refining the

epitaxial growth process to enhance the crystalline quality and strain engineering in

GeSi channel layers. Exploring different growth techniques and doping profiles may

lead to further performance improvements.

2. Device scaling and integration: Investigating the scalability of the fabricated GeSi

nanosheets and nanowires to smaller dimensions (ex: channel thickness and L) is

crucial. There are many works undergoing [44-46], looking forward to scaling down

channel thickness.

3. Device architecture evolution: It is already predicted that Complementary FET

(CFET) is going to replace GAAFET someday and some research already has started to

work on CFET [47-48]. Thus, next step we should build better CFET integrating

nGAAFET and pGAAFET. Every process would need to be research deeper to make the

advance of CFET sooner.
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